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Editorial

Advances and Applications of Carbon Nanotubes

Simone Morais

REQUIMTE/LAQV, ISEP, Polytechnic of Porto, rua Dr. António Bernardino de Almeida, 4249-015 Porto, Portugal;
sbm@isep.ipp.pt

Carbon nanotubes (CNT) (single-walled CNT, multiwalled CNT, non-covalently func-
tionalized and covalently functionalized CNT, and/or CNT tailored with chemical or bio-
logical recognition elements) are by far the most popular nanomaterials thanks to their high
electrical and thermal conductivities and mechanical strength, specific optical and sorption
properties, low cost, and easy preparation, among other interesting characteristics [1–4].
Current applications comprise the use of CNT-based building blocks in the design of (me-
chanical, thermal, optical, magnetic, chemical, and biological) sensors, pre-concentration
and clean-up schemes in analytical chemistry, (electro)catalysis, environmental protection
(e.g., water quality control and treatment, adsorption of contaminants, desalinization, etc.),
energy conversion including batteries, electromagnetic absorption and shielding materials,
and in other novel tailored (nano)composites or hybrid nanostructures. However, other
potential applications are constantly being discovered by ongoing investigations. Thus,
the main aim of this Topic is to outline the recent advances in and applications of CNT by
gathering a set of multidisciplinary research articles.

In total, twenty-three articles are published on this Topic in the participating jour-
nals Nanomaterials, Applied Sciences, and Materials. The presented knowledge embraces
numerical simulations [2,5–11] and/or experimental data [1,12–23].

The research community has been particularly active in modelling and simulating
different scenarios to better understand the behaviour of natural convection, energy ab-
sorption, and thermal and mass transport, as well as the mechanical, electronic, and
optical properties.

Khan et al. [2,9] conducted a thorough numeral analysis of the heat transfer and fluid
movement between plates under the influence of magnetic fields; for this purpose, a hybrid
nanofluid composed of CNT, ferrous oxide, and water was used. Alsabery et al. [6] also
studied convective flow and heat transfer, but by using alumina nanoparticles water-based
nanofluid inside a cavity with vertical walls. These characterizations [2,6,9] are particularly
important for the design of insulation systems, solar energy storage, and cooling systems,
among others.

Molecular dynamic simulations have provided deep theoretical insights into the
heat transfer mechanisms of branched CNT [5] and improved the tribological features of
CNT/vulcanized natural rubber composites for aeronautics [8] and the energy absorption
capacity of CNT buckypaper [11]. An additional study [7] used density functional theory to
explore the combination of CNT and 2D monolayer germanium selenide (a semiconductor)
for potential optoelectronic applications. Numerical and experimental methods were
coupled to assess the impact of path planning methods on the mechanical performance of
the components [10]. All these theoretical studies pave the way for novel applications of
CNT, particularly in the engineering field and in industry.

The other articles on this Topic delve into different experimental approaches for the
synthesis of new (nano)materials or the development of new analytical tools. A large set of
new (nano)materials is under scrutiny, namely, silica-microsphere-supported N-doped CNT
for electromagnetic wave absorption [13], low crystallinity CNT arrays as potential gas
sensors [14], synthesis of tin dioxide/CNT nanonests for use in lithium-ion batteries [15],

Nanomaterials 2023, 13, 2674. https://doi.org/10.3390/nano13192674 https://www.mdpi.com/journal/nanomaterials
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3D CNT monoliths for controlled adsorption [16], and six different CNT yarns prepared
by various spinning methods [17], among others [18,19]. Further developments were
focused on materials for civil infrastructures such as sand–gel composites [20], cementitious
composites [4,21], and ultra-high-performance concrete [23].

It is worth mentioning that analytical strategies were also addressed in this Topic by
designing a novel biosensor based on SWNT/DNAzyme for calcium determination in
milk [22] and characterization of the photothermal features of CNT films [3].

The remarkable applications of CNT are already uncountable, but their potential is
undoubtedly yet to be fully developed. Advances in their synthesis, characterization,
and application, as concluded by reading the reported studies on this Topic, involve
merging multi- and transdisciplinary knowledge ranging from fundamental science to
technological innovations.

Funding: This research was funded by the Portuguese FCT—Foundation for Science and Technology,
Ministério da Ciência, Tecnologia e Ensino Superior (MCTES) by national funds, project NATURIST
2022.07089.PTDC.

Data Availability Statement: No new data were created in this study. Data sharing is not applicable
to this article.

Acknowledgments: All (co)authors and reviewers, as well as the MDPI assistant, Wing Wang, are
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Abstract: The demand for high-performance two-dimensional gas barrier materials is increasing
owing to their potential for application in optoelectronic devices. These materials can help the
devices maintain their properties over a long period. Therefore, in this study, we investigated the
gas barrier performance of hexagonal boron nitride (h-BN) monolayers grown on copper foils via
electrochemical polishing (ECP). The ECP treatment helped reduce the surface roughness of the
copper foils. As a result, the nucleation density was reduced and highly crystalline h-BN monolayers
were produced. The gas barrier performance of h-BN monolayers on copper foils with ECP was
comparable to that of graphene. Our finding demonstrates the potential of monolayer h-BN as a
high-performance and economical gas barrier material for organic-based optoelectronic devices.

Keywords: two-dimensional; h-BN; Gas barrier; Electro-chemical polishing

1. Introduction

The development of organic-based optoelectronic devices has revolutionized the
electronics industry owing to their superior material properties such as high quantum
efficiency, high carrier mobility, good transparency, and high flexibility [1,2]. Despite the
advantages of organic materials in optoelectronic device applications, their material prop-
erties become seriously degraded over time when they are exposed to water or oxygen [3].
Hence, the use of gas barriers is required to sustain their material properties. Though
several materials have been suggested as candidates for gas barriers, such as metal, glass,
SiOx, and Al2O3 [4,5], two-dimensional (2D) materials have come into the limelight because
they can utilize the properties of organic materials such as flexibility, lightness, and high
optical transparency. Among various 2D materials, graphene has evident potential and is
widely used as a gas barrier on account of its great barrier properties and its thermal and
chemical stability [6,7].

However, graphene has limitations as a gas barrier. The most critical one is that it can
facilitate the oxidation of materials [8]. According to recent reports, the high conductivity
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of graphene can contribute to the supply of electrons for oxidation around defects, instead
of serving as a gas barrier [9,10]. In addition, if the number of layers of graphene increases
to meet the high criteria of modern packaging applications, an optical loss results because
graphene reduces the transmittance by ~2.3% per layer [11]. This reduced transmittance
adversely affects the optical properties of organic devices, such as light extraction in light
emitting diodes and absorption in solar cells.

Hexagonal boron nitride (h-BN) monolayers have recently emerged as an alternative.
An h-BN monolayer has several merits as a gas barrier. First, h-BN monolayers have good
dielectric properties which can prevent electron transfer for oxidation and protect from
strong electric shock [10,12]. Second, h-BN monolayers have great transparency due to the
wide energy bandgap (~6 eV) [13,14]. Furthermore, h-BN monolayers possess the stable
material properties and high thermal stability needed for high-power device applications.
We selected h-BN monolayers for study because of these advantages. However, one
disadvantage is that water or oxygen molecules can penetrate through the defects [15,16],
so a technique to minimize defect density is required to enhance the gas barrier performance
to the commercial level. Several methods to produce large-grain monolayer h-BN have been
reported, such as using an alloy catalyst [17], annealing the catalyst with hydrogen [18],
and reducing the roughness of the catalyst by electrochemical polishing (ECP) [19].

In this work, we investigated the gas barrier performance of monolayer h-BN synthe-
sized on electrochemically polished copper foils. Out of various available techniques for
reducing the defect density of h-BN monolayers, ECP of copper foil was utilized because it
is cheap and simple, and thus suitable for mass production. Scanning electron microscopy
(SEM), Raman spectroscopy, and X-ray photoelectron spectroscopy (XPS) measurements
were conducted to verify the growth of h-BN monolayers. To study the spatial distribution
of the defects and the defect state, atomic force microscopy (AFM) and contact angle analy-
sis of h-BN monolayers were performed. Finally, we measured water vapor transmission
rate (WVTR) and water vapor permeability of h-BN monolayers. The performance of
an h-BN monolayer as gas barrier on copper foils with ECP was comparable to that of a
graphene monolayer [7].

2. Methods

2.1. Electro-Chemical Polishing

To planarize the surface of the copper foils (Alfar Aesar, 046986.RF 0.025 mm thick),
ECP was conducted in a solution with phosphoric acid (Sigma-Aldrich, Saint Louis, MO,
USA, 85 wt.% in H2O, 99.99% trace metals basis, 345245-100 ML) and water at 1.8 V for
10 min using Cu plate as a cathode and copper foils (100 mm × 100 mm) as a working
electrode, as shown in Figure S1 of the supporting information.

2.2. Synthesis of h-BN Layers

The h-BN layers investigated in this work were synthesized on copper foils (Nip-
pon Mining Co. Ltd., Hitachishi, Japan) via chemical vapor deposition (CVD). Borazine
(B3N3H6) was used as a precursor for growing the h-BN and was kept in a chiller at −10 ◦C
in a canister with a bubbler system. Then, the copper foil with ECP treatments was placed
at the center position of a quartz tube and heated by a split-tube furnace. The annealing
process, under 15 standard cubic centimeters per minute (sccm) of H2 gas at low pressure
(specific value), was performed at 1040 ◦C for 60 min. 0.3 sccm of borazine and 70 sccm of
H2 were supplied at 1040 ◦C for 90 s under a growth pressure of 5 mTorr. These are the
optimal conditions for obtaining high quality and uniform h-BN, as shown in Figure S2
of the supporting information. As a final step, the samples were rapidly cooled down to
room temperature under a hydrogen atmosphere. The as-grown h-BN monolayers were
transferred by a method similar to graphene transfer onto various substrates, such as PET
film, glass, and SiO2/Si, to characterize and investigate the gas barrier properties of the
h-BN. Details can be found in our previous report [7].
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2.3. Structure Characterizations

Field emission scanning electron microscopy (FESEM, Quanta 200 FEG, FEI Company,
Hillsboro, OR, USA) was used to observe the domain and surface morphology of the h-BN
studied in this work. The quality of graphene was characterized by Raman spectroscopy
(RX210 Analyser, Renishaw, Wotton-under-Edge, UK) using the 514 nm line of an Ar ion
laser as an excitation source. X-ray photoelectron spectroscopy (XPS, K-Alpha spectropho-
tometer, Thermo Fisher, Waltham, MA, USA) was conducted with an AXIS Ultra DLD
model with a monochromatic Al Kα line at 1486.69 eV. The surface topography of h-BN on
copper foils after a film-induced frustrated etching (FIFE) test was investigated with an
atomic force microscope (AFM, XE-200 System, PSIA, Suwon, Korea) in tapping mode. The
contact angle was measured using a water contact measurement (PHX300, Surface Electro
Optics, Suwon, Korea). The water vapor transmission rate (WVTR) was evaluated by a
commercial AQUATRAN model 3 WVTR analyzer (MOCON, Minneapolis, MN, USA) at
room temperature under 1 atm.

3. Results and Discussion

Figure 1 shows SEM images of h-BN monolayers on copper foils with and without
ECP treatment. In both cases, h-BN monolayer fully covered the copper foils after 90 s’
growth (Figure 1a,b). In these samples, wrinkles were commonly observed for thermal
stress minimization. They could stem from the nucleation of defects on the step edges of
Cu terraces during cooling process, and their presence is indirect evidence of the successful
continuous growth of h-BN monolayer [20].

 
Figure 1. Scanning electron microscopic images of h-BN monolayers synthesized on copper foils
(a,b) for 90 seconds and (c,d) for 60 seconds; (a,c) are without ECP treatment and (b,d) are with ECP
treatment.

Once the copper foils were fully covered by h-BN monolayers, it was not possible to
analyze the difference in the growth of h-BN monolayers on the two copper foil samples
with and without ECP. To investigate how ECP influences the growth of an h-BN monolayer,
we grew h-BN monolayers for a shorter time: 60 s (Figure 1c,d). At the initial stage of
growth, we could detect small domains as well as large ones in both samples. The shape
of the small domains was random, while that of the large domains was triangular. The
areal number density of domains was noticeably different in the two cases; it was higher
on copper foil without ECP than with ECP. The root-mean-square (RMS) roughness of the
copper foils was measured by AFM (Figure S3). The RMS roughness of copper foils with
ECP was measured to be 37 nm while that of copper foils without ECP was 78 nm, which
is consistent with SEM images. It is well known that surface irregularities such as wrinkles,
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steps, grain boundaries, and defects have much higher surface energy than a flat surface,
and such features could serve as nucleation sites [21–23]. Hence, the higher irregularity of
the surface of copper foils without ECP caused a higher areal nucleation density of h-BN
monolayer than copper foils with ECP [7]. If the areal number density of initial domains is
higher, it will lead to a higher defect density when the domains eventually merge as the
growth proceeds [24–26]. As a result, h-BN monolayers grown on copper foils with ECP
are expected to show better gas barrier performance owing to a lower defect density.

Figure 2a shows Raman spectra of the h-BN monolayers grown on copper foils without
ECP (black line) and with ECP (red line). The peaks observed at 1369.8 cm−1 from both the
samples are indicative of an h-BN monolayer [27,28]. Typically, to compare the crystallinity
of h-BN monolayers, the intensities of the spectra are compared. However, it would be hard
to compare the crystallinity directly using this method because of the scattering of the laser
spot by the surface roughness of the copper foils. Instead, we compared the crystalline
quality of h-BN monolayers on copper foils based on the full width at half maximum
(FWHM). The FWHM values of h-BN monolayer grown on copper foils without ECP and
with ECP were ~25.02 cm−1 and ~17.41 cm−1 respectively, indicating that the crystallinity
of h-BN monolayers on copper foils with ECP was higher than that of h-BN monolayers
on copper foils without ECP. To further confirm the growth of the h-BN monolayers, we
measured the 1s core level XPS spectra of boron and nitrogen in the h-BN monolayers
on copper foils with and without ECP (Figure 2b,c). From both samples, peaks in the
XPS spectra were observed at ~190.8 eV, which corresponds to the binding energy of
boron atoms [29,30]. Peaks were also observed at ~398.2 eV in both samples. This energy
corresponds to the binding energy of nitride atoms [29,30].

Figure 2. (a) Raman spectra of h-BN monolayers on copper foils without ECP (black line) and with
ECP (red line). (b,c) show the 1s core level XPS spectra of boron and nitrogen of h-BN monolayers on
copper foils without ECP and with ECP, respectively.

To investigate the spatial distribution of the defects, the surface morphology of h-BN
monolayers on copper foils without ECP and with ECP was examined by AFM (Figure 3a,b).
Before the measurements, a film-induced frustrated etching (FIFE) was completed to
reveal the spatial distribution of the defects. The etched fit densities for h-BN monolayers
on copper foils without ECP and with ECP were estimated to be 1.3 × 108/cm2 and
3 × 107/cm2, respectively (Figure 3c). In addition, etched to total area ratios were obtained
by an image processing program (Image J 1.52p, National Institute of Health, Bethesda,
MD, USA) based on a randomly selected area (indicated by a white rectangle in Figure 3a,b)
of the AFM images of both samples [31]. The etched to total area ratios of h-BN monolayers
on copper foils without ECP and with ECP were 23% and 3%, respectively. It is obvious that
the h-BN monolayer on copper foils with ECP had a lower etched pit density with a smaller
etched area, indicating that the ECP methods significantly reduced the defect density.
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Figure 3. AFM images of the surface of h-BN monolayers on copper foils (a) without ECP and (b)
with ECP after a film-induced frustrated etching. (c) Etched pit density observed from AFM images.
(d–f) Contact angles of water on a (d) native copper foil, (e) an h-BN monolayer on copper foils
without ECP, and (f) that with ECP, respectively.

We also evaluated contact angles of water on native copper foils, an h-BN monolayer
on copper foil without ECP, and one with ECP, respectively (Figure 3d–f). Contact angle
analysis is a fast and straightforward technique for estimating the defect density of 2D
materials such as graphene and h-BN monolayers [32–34]. The measured contact angle
of water on a native copper foil was 46.1◦, which was low due to the high surface energy
between water and copper foil. The contact angles were higher in the other samples
as the copper substrates were passivated by the h-BN monolayers; they were found to
be 67.4◦ without ECP and 80.1◦ with ECP. It is well known that h-BN is totally charge
neutral and nonpolar, satisfying the octet rule. However, when the defects are created,
the resulting dangling bonds break the charge neutrality. Because of this, defects in h-BN
monolayer contribute to a change in the contact angle by increasing the surface energy and
surface polarities [35]. The h-BN monolayer on the copper foil without ECP had higher
surface energy than that with ECP, implying that the defect density of h-BN monolayer
was higher on the copper foil without ECP than that with ECP. This result is consistent
with our discussion of defect density based on the results of SEM, Raman spectroscopy,
and AFM analyses.

WVTR was measured with varying time for bare polyethylene terephthalate (PET),
an h-BN monolayer without ECP on PET, an h-BN monolayer with ECP on PET, and
graphene on PET by a commercial MOCON’s proprietary AQUATRAN model 3 WVTR
analyzer (Figure 4a). Recently, we studied the gas barrier properties of graphene grown
on copper foils with ECP treatment [7]. Here, we compare the gas barrier performance
of h-BN monolayers and graphene. All four samples arrived at a steady state of WVTR
within 1 day. The WVTR values of h-BN monolayers without and with ECP were measured
to be, respectively, 0.798 and 0.774 g m−2 day−1. These values were slightly higher than
that of graphene on PET (0.728 g m−2 day−1), but significantly lower than that of bare
PET (1.101 g m−2 day−1). The gas barrier properties of h-BN are slightly lower than that
of graphene, but after a long term, we believe that gas barrier properties of h-BN will be
improved than that of graphene. This is because h-BN is not easily oxidized by the absence
of itinerant electron. Between h-BN monolayers, the one with ECP showed a lower WVTR
value than that without ECP. We expect that the lower WVTR value of the h-BN monolayer
with ECP is associated with its reduced defects and grain boundaries. The results indicate
that the h-BN monolayer with ECP successfully acted as a protective layer for PET against
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water. Recently, the gas-barrier performance of a wafer-scale single-crystal h-BN monolayer
on PET was reported, and was 0.60 g m−2 day−1 [36]. A single-crystal h-BN monolayer is
ideal for the gas barrier application since it can minimize the diffusion of gas molecules
through the grain boundary. However, the synthesis of a single-crystalline h-BN monolayer
is very expensive and not generic yet. Thus, our approach to use poly-crystalline h-BN
monolayers composed of large grains as gas barriers is more realistic since they are more
economical and can be readily mass produced.

Figure 4. (a) WVTR and (b) water vapor permeability of pure PET, an h-BN monolayer without ECP
on PET, an h-BN monolayer with ECP on PET, graphene on PET.

The water permeability of samples can be obtained from Equation (1) [37]

P◦ = P
(

4d2

πDt

)0.5

∑∞
n=0 exp

[−d2

4Dt
(2n + 1)2

]
(1)

Here, J and Js are the water vapor molar flux at time t and at steady state, respectively,
d is the sample thickness, P is the permeability, D is the diffusivity, S is the solubility, and
P0 = Jd, P = Jsd = SD. The permeability, diffusivity, and solubility of all samples were
determined from the best fitting of Fick’s second law of diffusion in Figure 4b. Table 1
shows the estimated permeability, diffusivity and solubility of bare PET, a h-BN mono-
layer without ECP on PET, a h-BN monolayer with ECP on PET, and graphene on PET,
respectively. The permeabilities were 7.430 × 10−14, 5.36 × 10−14, 5.14 × 10−14, and
4.88 × 10−14 mols−1 m−1 atm−1, respectively. Interestingly, the decreased permeability
was not correlated to the diffusivity; the diffusivity of all samples was nearly identical.
Meanwhile, the solubilities of the h-BN monolayer without ECP on PET, the h-BN mono-
layer with ECP on PET, and graphene on PET were decreased by 25.4%, 26.4%, and 27.0%,
respectively, compared to the solubility of bare PET. These results indicate that when
adopting 2D material as a gas barrier, the reduction of permeability is caused by reduced
solubility rather than the diffusion path blocking effect.

Table 1. Estimated permeability, diffusivity and solubility of bare PET, h-BN monolayer without ECP on PET, h-BN
monolayer with ECP on PET, and graphene on PET.

Bare PET h-BN Without ECP/PET h-BN with ECP/PET Graphene/PET

Permeability
[×10−14 mol s−1 m−1 atm−1] 7.43 5.36 5.14 4.88

Diffusivity
[×10−14 m2 s−1] 0.30 0.28 0.28 0.27

Solubility
[mol m−3 atm−1] 24.8 18.5 18.2 18.1
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4. Conclusions

In summary, we investigated the gas barrier performance of h-BN monolayers on
copper foils with ECP treatment. The ECP treatment of copper foils significantly reduced
the defect density of h-BN monolayers. WVTR and permeability of h-BN monolayers on
PET were significantly lower than those of bare PET and were comparable to those of
graphene on PET. In addition, the ECP treatment of copper foils resulted in improved gas
barrier performance of h-BN monolayers. The results demonstrate the potential of h-BN
monolayers as gas barriers in organic-based optoelectronic devices.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/app11104599/s1, Figure S1: Schematics and experimental conditions of electrochemical
polishing for Cu foils. Figure S2: The optimization process of synthesis conditions for high quality
and uniform h-BN. Figure S3: AFM images and RMS roughness of Cu foils (a) without ECP and (b)
with ECP, respectively.
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Abstract: The main purpose of the current article is to scrutinize the flow of hybrid nanoliquid (ferrous
oxide water and carbon nanotubes) (CNTs + Fe3O4/H2O) in two parallel plates under variable
magnetic fields with wall suction/injection. The flow is assumed to be laminar and steady. Under a
changeable magnetic field, the flow of a hybrid nanofluid containing nanoparticles Fe3O4 and carbon
nanotubes are investigated for mass and heat transmission enhancements. The governing equations
of the proposed hybrid nanoliquid model are formulated through highly nonlinear partial differential
equations (PDEs) including momentum equation, energy equation, and the magnetic field equation.
The proposed model was further reduced to nonlinear ordinary differential equations (ODEs) through
similarity transformation. A rigorous numerical scheme in MATLAB known as the parametric
continuation method (PCM) has been used for the solution of the reduced form of the proposed
method. The numerical outcomes obtained from the solution of the model such as velocity profile,
temperature profile, and variable magnetic field are displayed quantitatively by various graphs
and tables. In addition, the impact of various emerging parameters of the hybrid nanofluid flow is
analyzed regarding flow properties such as variable magnetic field, velocity profile, temperature
profile, and nanomaterials volume fraction. The influence of skin friction and Nusselt number are
also observed for the flow properties. These types of hybrid nanofluids (CNTs + Fe3O4/H2O) are
frequently used in various medical applications. For the validity of the numerical scheme, the
proposed model has been solved by another numerical scheme (BVP4C) in MATLAB.

Keywords: steady; hybrid nanofluid flow; variable magnetic field; parametric continuation method
(PCM); BV4C Schemes

1. Introduction

Heat transfer through the flow of fluid on the plate surface or on the surface of a
revolving disk is gaining incredible interest from researchers due to its many uses in
the aeronautical sciences and engineerings including chemical processes, thermal-energy-
producing systems, geothermal industry, gas turbine rotators, medical equipment, rotating
machinery, and computer storage. The squeezing flow produces by the motion of the
boundaries play a significant role in polymer processing, hydrodynamical machines, lubri-
cation equipment, etc. Due to its wide range of applications in many modern technologies,
it can be considered a good source of heat transmission. Researchers have also updated the
squeezing flow through the introduction of new ideas known as nanofluids. Nanofluids
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13



Nanomaterials 2022, 12, 660

are widely used in the fields of micromanufacturing, cancer treatment, power genera-
tion, microelectronics, microchannels, thermal therapy, drug delivery, and metallurgical
sectors. Choi [1] was probably the first person in technology to work on nanofluid for
cooling purposes. From his study, he concluded that putting some nanoparticles into the
base fluids (oil, water, and blood) make the fluid more efficient for transferring thermal
conductivity. Many researchers in this field have used Choi’s idea while working on
nanofluids. Shahid et al. [2] numerically analyzed nanofluid by gyrostatic microorganisms
in the porous medium on a stretched surface. Turkyilmazoglu [3] analyzed the slip flow
pattern theoretically between concentric circular pipes. Xu et al. [4] performed a numerical
study of the pulse flow of GOP water nanofluids in a microchannel for heat transmission.
Ganji and Dogonchi [5] scrutinized the behavior of time-dependent MHD squeezing flow
of nanoliquids between two plates regarding heat transfer using the Cattaneo–Christov
heat flux model and thermal radiation. Reddy and Sreedevi [6] analyzed the impact of the
chemical reaction and double classification at porous stretching sheets through nanofluid
with thermal radiation regarding mass and heat transport. Arrigo et al. [7] studied the
behavior of multipurpose hybrid nanofluid using carbon nanotubes (CNTs). Khan et al. [8]
observed the behavior of heat transmission on the plate surface using nanofluids formu-
lated by (CNT) nanomaterial. Water and engine oil have been used as the base fluids
by Rehman et al. [9] to analyze the behavior of single and multiwall carbon nanotube
nanofluids. Flow characteristics with convective heat transfer via Cu-Ag/water hybrid-
nanofluid are investigated by Hassan et al. [10]. The numerical and analytical solution of
electro-MHD hybrid nanofluid flow in the porous medium with entropy generation has
been investigated by Ellahi et al. [11]. Using CNT, Raza et al. [12] studied the development
of heat conduction via peristaltic flow in a porous channel in the presence of a magnetic
field. Majeed et al. [13] analyzed the heat transfer behavior with dipole effect for magnetite
(Fe3O4) nanomaterials that are injected into the following basic fluids, namely refrigerated,
water, and kerosene. Hafeez et al. [14] recently studied the flow characteristics at a revolv-
ing disk. Using Fortran Code 21, a numerical simulation of non-Newtonian liquid/Al2O3
nanofluids for (0–4) nanosize particles in a two-dimensional square gap with hot and cold
lid-driven movement is performed by the Richardson method [15]. Magnetohydrodynam-
ics (MHD) plays a significant role in a fluid motion and has many applications in different
technology based on fluid flow. This is the reason most researchers are interested to study
the effects of magnetic fields on the motion of the fluid. Regulating the movement of fluid is
a basic principle of MHD, such as for the purpose of proper cooling. This approach can also
be used in many technologies that involve the improvement of the thermal conductivity
and heat transfer rate. One of the leading applications of this type of study is the merging
process of the metal in the furnace under the magnetic field. Brain therapy, malignant
tumors, blood pressure, and arthritis are well-known uses of magnetic fields. Hsu [16]
analyzed the transient Couette flow between two parallel plates regarding heat transfer in
the presence of a magnetic field. Siddiqui et al. [17] studied the movement of the MHD
fluid flow in order to monitor various diseases through the respiratory tract. A numerical
scheme called the Keller box algorithm has been used to solve MHD flow problems at the
porous media [18]. Subhani and Nadeem in [19] considered the fluid theory to study the
flow of MHD time-dependent hybrid nanofluids at a porous rotating surface. The numeri-
cal study of the 3D flow of Casson nanoliquid with chemical reactions on the stretching
surface has been performed by Lokesh et al. [20]. The flow properties of Cu-Al2O3/water
hybrid nanofluid with Joule heating and MHD on the shrinking/expanding surface has
been studied in [21]. The properties of hybrid nanoliquid flow in the presence of a magnetic
field on the stretching surface with slip condition has been studied by Tlili et al. [22]. In the
current era of technology, the use of hybrid nanoliquids has gained much attention among
researchers due to their excellent thermal properties. Hybrid nanofluids increase the rate of
heat transfer compared to simple nanofluids and provide better results. Experimental stud-
ies of dissolving nanomaterials with volume fraction (1–100) nm have been conducted to
improve heat transfer rate and thermal conductivity [23]. An experimental study has been
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conducted to analyze the temperature and concentration profile of engine oil using small
particles of ZnO-MWCNTs [24]. Bovand et al. [25] investigated the properties of aluminium
oxide–water nanoliquid flow at a constant temperature in the gap of two long parallel
plates. In his proposed model, he also analyzed the thermophoresis power produced by
the temperature variation between walls and liquid. The blending of small components
into conventional fluids is a popular technique used to improve the thematic properties,
which lead to enhancing the drag force [26]. In addition, a recent study of some other types
of nanomaterials used in hybrid nanofluids was conducted by Waini et al. [27,28]. It has
also been found that 5 percent of the volume of nanomaterials in the principle fluid is more
efficient for maximum heat transfer rate. It is concluded from several studies that 5 percent
of the volume fraction of nanomaterials in the principle fluid is more efficient for maximum
heat transfer rate. In water-based Fe3O4 nanoliquids, 12–15 percent volume fraction has
shown a significant influence on the Nusselt number [29–33]. Yahaya et al. [34] examined
heat transfer via Cu-Al2O3/H2O hybrid nanofluid on the stretching plate. The ongoing
work is filling the research gap in the current literature by studying the incompressible
steady flow of hybrid nanoliquid between two parallel porous plates with the variable
magnetic field. The problem under consideration has not been researched and is being
researched for the first time. According to the author’s knowledge, the current study is
a novelty in the field. The authors have also considered several flow properties in the
proposed flow model, such as suction/injection, stretching, and nanomaterial volume
fractions, so that the effect of different emerging parameters regarding velocity profile,
temperature profile, Nusselt number, and skin friction are studied.

2. Mathematical Formulation of the Problem

We consider hybrid nanofluids flow in the gap of two horizontal parallel plates
separated by a distance of H(t) = H

√
1 − αt, where H represent the gap between plates

at t = 0. For α > 0, the two plates are squeezed until they touch at t = 1
α and for α < 0,

the two plates are separated, as depicted in Figure 1. Furthermore, the top plate is moving
toward the bottom plate with velocity v = dh

dt . Khan et al. [35] in their work used both
discs are perfectly conducted. In the present problem, electrical forces are ignored as they
are much smaller than magnetic forces. An applied magnetic field is used to generate the
induced magnetic field (b1x, 0, b2z). Single and multiwalled carbon nanotubes are blended
in base fluid water to form a hybrid nanofluid (CNT-Fe3O4/H2O). Cartesian coordinates
system is taken at the center of the bottom plate, where the x-axis lies along the horizontal
axis and the z-axis is orthogonal to the plate. The bottom and top plates are kept at a
fixed temperature T0 and TH , respectively. The flow properties of the hybrid nanofluid
CNT-Fe3O4/H2O) under consideration are not time-dependent, resulting in more influence
of the variable magnetic field. This sort of influence is considered to be due to magnetic
characteristics. We have formulated hybrid nanofluid by dissolving the volume fraction of
CNT (Φ2 = 0.5) into the originally formulated ferrofluid (Fe3O4/H2O). The mathematical
formulation of the aforementioned hybrid nanofluids by continuity, momentum, magnetic
field, and energy conservation equations are as follows [35].

Continuity equation:
∂u
∂x

+
∂v
∂x

= 0, (1)

The momentum equations with magnetic effect [35–37]:

u
∂u
∂x

+ v
∂u
∂y

= − 1
ρhn f

∂P
∂x

+
μhn f

ρhn f
(

∂2u
∂x2 +

∂2u
∂y2 )−

b2σhn f

ρhn f
(

∂b1

∂y
− ∂b2

∂x
) (2)

u
∂v
∂x

+ v
∂v
∂y

= − 1
ρhn f

∂P
∂y

+
μhn f

ρhn f
(

∂2v
∂x2 +

∂2v
∂y2 )−

b1σhn f

ρhn f
(

∂b1

∂y
− ∂b2

∂x
) (3)
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Figure 1. Geometry.

Maxwell Equations [37]:

u
∂b2

∂y
+ b2

∂u
∂y

− v
∂b1

∂y
− b1

∂v
∂y

+
1

σhn f μe
(

∂2b1

∂x2 +
∂2b1

∂y2 ) = 0 (4)

v
∂b1

∂x
+ b1

∂v
∂x

− u
∂b2

∂x
− b2

∂u
∂x

+
1

σhn f μe
(

∂2b2

∂x2 +
∂2b2

∂y2 ) = 0 (5)

The energy Equation [36]:

u
∂T
∂x

+ v
∂T
∂y

=
κhn f

(ρCp)hn f
(

∂2T
∂x2 +

∂2T
∂y2 )

+
μhn f

(ρCp)hn f
(4(

∂v
∂y

)2 + (
∂u
∂y

)2 + (
∂v
∂x

)2 + 2
∂u
∂y

∂v
∂x

)

(6)

where b1, b2 are the components of the magnetic field, (ρCp)hn f is the heat capacity of
the hybrid nanofluid, P is fluid pressure, T is the temperature, ρhn f is fluid density of
hybrid nanofluid, σhn f is electrical conductivity of hybrid nanofluid, and μhn f is kinematic
viscosity of hybrid nanofluid.

Nanofluid are defined as [31,36]:

νhn f =
μhn f
ρhn f

,
ρhn f

ρ f
= (1 − Φ2)((1 − Φ1 +

Φ1ρMS
ρ f

) +
Φ2ρCNT

ρ f
),

κhn f

κb f
=

κCNT + (m − 1)κb f + Φ2(κb f − κCNT)

κCNT + (m − 1)κb f + Φ2(m − 1)(κb f − κCNT)

κb f

κ f
= (

κMS + (m − 1)κ f + Φ1(κ f − κMS)

κMS + (m − 1)κ f + Φ1(m − 1)(κ f − κMS)
)

(ρCp)hn f

(ρCp) f
= (1 − Φ2)((1 − Φ1 +

Φ1(ρCp)MS

(ρCp) f
) +

Φ2(ρCp)CNT

(ρCp) f
),

σhn f

σf
= (

σCNT + 2σf σb f − 2Φ2(σb f − σCNT)

σCNT + 2σf σb f + Φ2(σb f − σCNT)
),

μhn f

μ f
=

1
(1 − Φ1)2.5(1 − Φ2)2.5 ,

σb f

σf
= (

σMS + 2σf − 2Φ1(σf − σMS)

σMS + 2σf + Φ2(σf − σMS)
),

(7)

with κhn f is the thermal conductivity of hybrid nanofluid, κb f is the thermal conductivity
of the Fe3O4-nanofuid, and Φ1, Φ2 are the volume fraction of CNTs.
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3. Boundary Conditions

The boundary conditions are chosen as [36]:

u = 0, v = V0, b1 = ax, b2 = −aH, T = TH at y = h(t)

u = U0 = ax, v = 0, T = T0, b1 = b2 = 0, at y = 0
(8)

The following similarity transformations [36] are considered for the reducing PDEs
(1)–(6) to ODEs system,

u = ax f ′(η), v = −aH f (η), b1 = axK′(η),

b2 = −aHK(η), η =
y
H

, θ(η) =
T − TH
T0 − TH

,
(9)

Therefore, Equation (1) is satisfied and the remaining Equations (2)–(6) transform into
the following form

f ′′′′ =
ρhn f

ρ f

μ f

μhn f
(S( f ′ f ′′ − f f ′′′)) + M2SRem(

σhn f

σf
)2 μ f

μhn f
( f K2)

− M2S2Re2
m(

σhn f

σf
)3 μ f

μhn f
( f f ′K2 − f 2KK′),

(10)

K′′ = RemS
σhn f

σf
( f ′K − f K′), (11)

θ′′ = −SPr
(ρCp)hn f

(ρCp) f

κ f

κhn f
(θ′ f )− μhn f

μ f

κ f

κhn f
PrEc(4δ f ′2 + f ′′2), (12)

and the transform boundary conditions are

f (0) = 0, f ′(0) = 1, K(0) = 0, θ(0) = 1,

f (1) = A, f ′(1) = 0, K(1) = 1, θ(1) = 0,
(13)

where A is the suction/injection parameter, M2 =
H2aσf
ρ f ν f

magnetic parameter, S = aH2

2ν f

squeeze number, Rem = σf ν f μe Rynold’s Magnetic parameter, Pr =
ν f (ρCp) f

κ f
Prandtl

number, Ec = 1
(Cp) f TH

(ax)2 Eckert number, and δ = H2

x2 .

Required physical parameters are the Nusselt number and skin friction coefficient,
which can be defined as,

Cf =
μn f

ρn f (
−αl

2
√

1−αt
)2
(

∂u
∂z

+
∂u
∂r

)z=h(t), Nu = −κn f ( ∂T
∂z )z=h(t)

k f (T0 − Tu)
, (14)

In case of Equation (16), we get

H2(1 − Φ1)
2.5(1 − Φ2)

2.5((1 − Φ2)((1 − Φ1 +
Φ1ρMS

ρ f
) + Φ2ρCNT

ρ f
))

r2 ReCf = f ′′(1),

− θ′(0) = H
√

1 − αt
κCNT+(m−1)κb f +Φ2(κb f −κCNT)

κCNT+(m−1)κb f +Φ2(m−1)(κb f −κCNT)

Nu.
(15)

4. Numerical Solution by PCM

In this section, optimal choices of continuation parameters are made through the algo-
rithm of PCM for the solution of nonlinear Equations (10)–(12) with boundary conditions
in Equation (13):
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• First order of ODE
To transform the Equations (10)–(12) into first order of ODEs, consider the following

f = P1, f ′ = P2, f ′′ = P3, f ′′′ = P4

K = P5, K′ = P6, θ = P7, θ′ = P8
(16)

putting these transformations in Equations (10)–(12), which becomes

P′
4 =

ρhn f

ρ f

μ f

μhn f
(S(P2P3 − P1P4)) + M2SRem(

σhn f

σf
)2 μ f

μhn f
(P1P2

5 )

− M2S2Re2
m(

σhn f

σf
)3 μ f

μhn f
(P1P2P2

5 − P2
1 P5P′

6),
(17)

P′
6 = RemS

σhn f

σf
(P2P5 − P1P6), (18)

P
′
8 = −SPr

(ρCp)hn f

(ρCp) f

κ f

κhn f
(P1P8)−

μhn f

μ f

κ f

κhn f
PrEc(4δP2

2 + P2
3 ), (19)

and the boundary conditions become

P1(0) = 0, P2(0) = 1, P1(1) = A, P2(1) = 0,

P5(0) = 0, P5(1) = 1, P7(0) = 1, P7(1) = 0,
(20)

• Introducing parameter q, we obtained ODEs in a q-parameter group,
To get ODEs in a q-parameter group, we use q-parameter in Equations (17)–(19),
and, therefore,

P′
4 =

ρhn f

ρ f

μ f

μhn f
(S(P2P3 − P1(P4 − 1)q)) + M2SRem(

σhn f

σf
)2 μ f

μhn f
(P1P2

5 )

− M2S2Re2
m(

σhn f

σf
)3 μ f

μhn f
(P1P2P2

5 − P2
1 P5P′

6),
(21)

P′
6 = RemS

σhn f

σf
(P2P5 − P1(P6 − 1)q)), (22)

P
′
8 = −SPr

(ρCp)hn f

(ρCp) f

κ f

κhn f
(P1(P8 − 1)q)− μhn f

μ f

κ f

κhn f
PrEc(4δP2

2 + P2
3 ), (23)

• Differentiation by q reaches at the following system w.r.t. the sensitivities to the
parameter-q
Differentiating the Equations (21)–(23) w.r.t. by q

d′1 = h1d1 + e1 (24)

where h1 is the coefficient matrix, e1 is the remainder, and d1 = dPi
dτ , 1 ≤ i ≤ 8.

• Cauchy Problem
d1 = y1 + a1v1, (25)

where y1, v1 are vector functions. By resolving the two Cauchy problems for every
component, we then automatically satisfy the ODEs

e1 + h1(a1v1 + y1) = (a1v1 + y1)
′

(26)

and leave the boundary conditions.
• Using by Numerical Solution
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An absolute scheme has been used for the resolution of the problem

vi+1
1 − vi

1
�η

= h1vi+1
1 (27)

yi+1 − yi

�η
= h1yi+1 + e1 (28)

• Taking of the corresponding coefficients
As given boundaries are usually applied for Pi, where 1 ≤ i ≤ 8, for the solution of
ODEs, we required to apply d2 = 0, which seems to be in matrix form as

l1.d1 = 0 or l1.(a1v1 + y1) = 0 (29)

where a1 = −l1.y1
l1.v1

.

5. Error Analysis

Error analysis is performed to study the reliability of the proposed model solution.
The solution of the proposed model by PCM method is validated by BVP4c in MATLAB.
In addition, to further support the validity of the solution of the proposed model, the
numerical results of several parameters are tabulated (2) and (3) and displayed graphically.
Table 1 illustrates the thermophysical properties of water and nanomaterial. Table 2
shows the comparison of the proposed model solution with the solution in [35]. A closed
agreement has been found in the two results for different values of S and Φ. Further
support for validating the model solution is provided in Table 3 for the numerical values of
f ′′(1) and −θ′(1). It is evident that the model solution by two methods PCM and BVP4C
are correct up to two decimal places.

Table 1. The thermophysical properties of water base fluid and hybrid nanoparticles.

ρ Cp κ σ

H2O 997.1 4179 0.613 5.5 × 10−6

Fe3O4 5200 670 6 9.74 × 106

SWCNT 2600 425 6600 106

MWCNT 1600 796 3000 107

Table 2. Comparison of the numerical results for Nusselt number when Ec = 0.

S Present Ali et al. [35]

Φ = 0% 0.1 1.075221 1.078381
0.5 1.401148 1.403658
1.0 1.810361 1.813100
1.5 2.206271 2.201327

Φ = 5% 0.1 1.292331 1.298621
0.5 1.613601 1.619052
1.0 2.021148 2.026519
1.5 2.423006 2.422539

Φ = 10% 0.1 1.572331 1.573849
0.5 1.883601 1.889474
1.0 2.291148 2.292857
1.5 2.693006 2.691972
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Table 3. Comparison of the numerical results by two methods PCM and BVP4C for skin friction and
Nusselt number, with various physical parameters.

PCM BVP4C PCM BVP4C

Φ1 M S f ′′(1) f ′′(1) −θ′(1) −θ′(1)

0.0 0.4 0.2 −3.9734 −3.9704 5.7209 5.7252
0.3 −3.9967 −3.9909 5.7042 5.7038
0.5 −3.9956 −3.9905 0.7386 0.7314

0.6 −3.9388 −3.9317 0.7410 0.7452
0.8 −3.8789 −3.8752 0.7434 0.7481

0.6 −3.6286 −3.6232 0.7397 0.7372
1.2 −3.8337 −3.8323 0.7082 0.7075

6. Results and Discussions

In this section, we discuss the impact of various emerging parameters of the proposed
model quantitatively via different graphs and tables at the velocity and magnetic profile.
Hybrid nanoflow flow is observed between two long parallel plates with variable magnetic
fields and phenomena of heat transfer. The impact of different key involved parameters,
including Prandtl number (Pr), squeezing parameter (S), Eckert number (Ec), magnetic
Reynolds number (Rem), magnetic parameter (M), and nanomaterials volume fraction (Φ1,
Φ2) are studied to analyze the behavior of mass and heat transfer. Table 1 presents the
complete sketch of the thermophysical properties of various nanomaterials. The numerical
outcomes of two key flow parameters such as skin friction and Nusselt number are shown
in Table 2. For the validity of the numerical solution, the proposed model has been solved
through two different numerical schemes (BVP4C, PCM) in MATLAB, and their numerical
outcomes are displayed in Table 3. The results obtained from the solution of the model
reveals that the thermal flow rate of (Fe3O4-SWCNTs-water) and (Fe3O4-MWCNTs-water)
rises from 0.8206 percent to 2.5233 percent and 0.9526 percent to 2.8758 percent, respectively,
when the volume fraction of nanomaterial increases from 0.01 to 0.03 as depicted in Table 4.

Table 4. The heat transfer has been calculated percent wise as for the various nanoparticles Pr = 6.2,
S = 1.8, Ec = 0.8, using the percentage formula %increase = With Nanoparticle

Without Nanoparticle × 100 = Result, Result-
100 = %enhancment.

Φ1, Φ2 −θ′(1) for Fe3O4, SWCNT −θ′(1) for Fe3O4, MWCNT

0.0 5.5324 5.5324
0.01 5.5778 5.5851

(0.8206% increase) (0.9526% increase)
0.02 5.6242 5.6381

(1.6593% increase) (1.9106% increase)
0.03 5.6720 5.6915

(2.5233% increase) (2.8758% increase)

In fact, as the surfaces move, fluids are squeezed in the channels, resulting in an
increase in the velocity of the boundary region. Figure 2b demonstrates the impact of
magnetic parameter M on the transverse velocity. The magnetic parameter is defined as the
ratio of fluid flux to the magnetic diffusivity and it plays an important role in determining
the diffusion in the magnetic field along streamlines [36]. From the figure, it has been
noticed that the transverse velocity is declining due to a rise in the magnetic parameter
M. In the same way, it has been noticed that the creation of Lorentz force due to magnetic
field surging the resistance in the flow region. As the plates move forward, the flow of
fluid in the channel wall is suppressed, resulting in increased velocity in the boundary
area. Figure 3a illustrates the variational impact of the squeezing parameter S on the axial
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velocity. The squeezing Reynolds number, S = βl2

2v f
, is the ratio of the normal velocity

on the upper plate to the kinematic viscosity of the fluid. It is important to note that the
large or small values of S indicate slow or rapid movement of the lower plate toward the
upper plate. The positive values of S indicate that the bottom plate moves away from the
top plate, or the distance between the plates is increased, while the negative values of S
indicate that the upper plate moves away from the lower plate, or the distance between two
plates is decreased. The figure illustrates that the area that lies in the domain 0 ≤ η < 0.55
represents the area near to the lower wall and the area that lies in the domain 0.55 ≤ η ≤ 1
represents the area adjacent to the upper wall. It has been noticed that the increase in flow
velocity is improving the velocity profile in the domain η < 0.55 It has been observed that
the fluids pass rapidly through the narrow channel when the surfaces are compressed,
in this way, the velocity profile decline in the domain η > 0.55, and the fluid encounter
additional resistance in the wide channel. The crossflow exists in the centre of the fluid
domain. It has been demonstrated in Figure 3b that the velocity profile does not vary at the
critical point η = 0.55 with the fluctuation in the squeezing parameter and diminish for
the magnetic parameter M. In addition, for the injection processes, the rising values of the
magnetic parameter M reduce the f ′(η).

(a)

(b)

Figure 2. Effect of f (η) for (a) S and (b) M.
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(a)

(b)

Figure 3. Effect of f ′(η) for (a) S and (b) M.

The impact of two nanomaterials ( CNTs and Fe3O4) with volume fraction (Φ1 and Φ2)
have been demonstrated in Figure 4. It reveals that the fluid flow is positively influenced
by the increase in volume fraction parameters. The augmenting values of nanomaterial
volume fraction Φ1 and Φ2 reduce the boundary layer thickness of the flow, thus increasing
the axial velocity f ′(η) of the fluid flow in the interval η < 0.56, and decreasing in the
interval η > 0.56. It has been observed that the axial velocity profile is cross-flow in
the centre of the boundary layer. Figure 5a demonstrates the impact of the squeezing
parameter of the magnetic field profile K(η), it reflects that the magnetic profile K(η) is
almost linear at S = 0.1, and it becomes parabolic at a larger value of S, and approach to the
maximum value at the middle of the channel. Figure 5b illustrates the impact of Rem on the
magnetic field profile K(η), showing that the rising value of the magnetic Reynolds number
increments the kinematic viscosity of the fluid flow. A rise in the kinematic viscosity means
a fall in fluid density, which increases the magnetic field from the bottom to the upper plate,
as displayed in Figure 5b.
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Figure 4. Effect of f ′(η) for Φ1.

(a)

(b)

Figure 5. Effect of K(η) for (a) S and (b) Rem.

Figure 6a is plotted to notice the impact of squeezing parameter S on the temperature
profile. The incrementing value of the squeezing parameter S for the fluid flow produces
friction, which generates a certain amount of heat, as well as increases the kinematics
energy of the fluid, which also produces heat. As a result, the mean temperature of the
hybrid nanofluid flow in the middle of the channel increases. A rise in Eckert number Ec
lead to an increase in the thermal flow rate, as displayed in Figure 6b. In fact, due to the
increasing values of Eckert number, fluid friction in nanomaterial is produced with greater
intensity. In this physical process, kinetic energy is converted into thermal energy, which
ultimately assists the increase in temperature profile, and for high values of Eckert number,
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the profile of θ(η) becomes parabolic and attains the maximum value at the middle of the
channel. In addition, increasing the volume fraction of nanomaterials leads to an increment
in the density of fluid particles. In this physical process, fluid flow is appreciated and the
thermal properties of the fluid flow particles reduce. Therefore, the increasing value of Φ1
lead to diminishing the temperature profile, as portrayed in Figure 7, and at higher values
of Φ1, the θ(η) profile becomes parabolic, and approaches to the bottom at the middle of
the channel.

(a)

(b)

Figure 6. Effect of θ(η) for (a) S and (b) Ec.

Figure 7. Effect of θ(η) for Φ1.
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7. Concluding Remarks

Hybrid fluid flow between two plates in the presence of variable magnetic field is
considered using continuity, Navier–Stokes, Maxwell’s, energy, and transport equations.
The governing equations of the proposed flow model are converted into highly nonlinear
systems of ODEs using similarity transformation. The numerical scheme PCM has been
used for the solution of the flow model. The impacts of many involved parameters in the
flow model are discussed via different graphs and tables on the velocity profile, temperature
profile, and magnetic profile. The main findings of this research work are:

• As the magnetic field parameter M is increasing, the transverse velocity of the hybrid
nanofluid is decreasing because of the increase of electromagnetic force.

• The Lorentz force, which is produced by a magnetic field, has been observed to
increase flow resistance.

• The velocity profile is reduced in the region η > 0.55 because the fluid faces more
resistance in the wide channel.

• The increase in the volume fraction of nanoparticles has a favorable impact on fluid
flow. If Φ1 and Φ2 are increased, the thickness of the boundary layer is reduced,
resulting in an increase in axial velocity f ′(η) for η < 0.56, otherwise it decreases.

• The fluid friction increases as the Eckert number rises, converting kinetic energy into
thermal energy and raising the temperature profile. The Eckert number θ(η) becomes
parabolic as the value of θ(η) increases, approaching the maximum value at the center.
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Abstract: Because carbon nanotube (CNT) films have high photothermal conversion efficiency
(PTCE), they have been widely used in bolometric and photothermoelectric photodetectors, seawater
desalination, and cancer therapy. Here, we present a simple, quick, and non-destructive method to
measure the PTCE of CNT films. According to the linear relationship between the Raman shift of the
G+ peak and the temperature of a CNT, the offset of the G+ peak under varying excitation light power
can characterize the changed temperature. Combining the simulation of the temperature distribution,
the final value of the PTCE can be obtained. Finally, a CNT film with a high PTCE was chosen to be
fabricated as a bolometric photodetector; a quite high responsivity (2 A W−1 at 532 nm) of this device
demonstrated the effectiveness of our method.

Keywords: CNT film; Raman shift; photothermal conversion efficiency

1. Introduction

Carbon nanotubes (CNTs) are widely used in seawater desalination [1–6], environmen-
tal protection [7], thermal energy storage [8–11], photothermal dynamic therapy [12–14],
and photodetectors [15–18] because of their efficient photothermal conversion ability. How-
ever, the synthesis process of CNTs is difficult to control strictly, which often induces
complex morphologies and chirality distribution; simultaneously, some defects and impuri-
ties are also introduced. These factors will lead to significant differences between the values
of the photothermal conversion efficiency (PTCE) of CNTs. Therefore, the measurement of
the PTCE before practical applications is a critical step that can effectively help to identify
the CNT materials with a high PTCE.

Previously, the general methods for measuring PTCE used infrared cameras or infrared
photodetectors to observe the temperature changes. These methods always exhibited some
drawbacks of low accuracy, small dynamic range, poor resolution, and great damage [19–21].
Here, we proposed a simple, quick, and non-destructive method to measure the PTCE of CNT
films based on a Raman spectrum. Due to the linear relationship between the Raman shift of
the G+ peak and the temperature of a CNT [22–24], the changed temperature of a CNT film
under laser excitation can be equivalently expressed as the offset of the G+ peak. The value of
the PTCE was calculated through integrating the simulated temperature distribution. The
results indicated that the impurities and defects can significantly reduce the PTCE of CNT
films and fibers. The PTCE of a pure CNT film was 4.8 times larger than that of a dirty one. In
another sample, the PTCE for a position with few defects was 2.5 times larger than that for a
position with many defects. This method was able to very quickly compare the PCTE values
among different CNT materials, and to identify ones with high PTCE. Finally, a CNT film
with the highest PTCE was used to fabricate a bolometric photodetector. The responsivity
of the device under illumination of 532 nm laser reached 2 A W−1, which was the highest
among the bolometric photodetectors based on CNTs [15,16,25].
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2. Materials and Methods

The CNT films used in this paper were synthesized following the CVD method in
a previous report, and the process of fabricating a suspended structure also followed
that work [26]. The CNT fibers were drawn from an as-prepared CNT film. Then, the
CNT film or fibers were stretched between two substrates. Alcohol was used to wet the
CNT materials to promote intimate contact between the CNT materials and the substrates
(deposited Au/Ti on SiO2) [15].

The relationship between the Raman shift of the G+ peak and the temperature of
a CNT film was calibrated by a high-resolution Raman spectrometer (HORIBA T64000,
Kyoto, Japan) with a tunable thermostatic sample cavity. Then, the Raman shift of the
G+ peaks under different excitation powers were measured by a Laser Confocal Raman
Microscope (WITec Alpha 300RAS, Stuttgart, Germany). A laser with a wavelength of
532 nm was used as an excitation light, which heated and also probed the samples. An
objective (Zeiss EC Epiplan- Neofluar 100×/0.9, Oberkochen, Germany) was used to focus
the laser beam to a spot with a diameter of 0.5 μm. The integration time was 0.7 s and the
number of accumulations was 10. A SourceMeter (Keithley 2400, Beaverton, OR, USA)
unit was used to characterize the photoresponse of the bolometric photodetector under the
illumination of a 532 nm laser.

3. Results

Several previous articles demonstrated that the temperature of a single CNT is linearly
related to the Raman shift of the G+ peak [22–24]. Further, the temperature of a CNT film
remained linearly related to the Raman shift of the G+ peak [27]. Here, we also measured
the Raman shift of the G+ peak under different temperatures, as Figure 1 shows [28]. The
Raman shift of the G+ peak exhibited a linear relationship with the temperature, with a
slope of −0.031 cm−1 K−1, which was a little larger than the previously reported value [27].
This difference in slopes is possibly due to the suspended structure, because the stress
within suspended CNT film is larger than that in a supported structure, and the stress can
also change the Raman shift of the G+ peak [29].

Figure 1. Raman shift of G+ peak as a function of the temperature for CNT films.

Figure 2 shows the optical images and the Raman spectral under different excitation
light powers for Sample 1 and Sample 2. Figure 2b,d shows that both of the CNT films
have the same experimental phenomenon, i.e., that a higher excitation light power induces
a red shift of the G+ peak. If we define a proportionality coefficient R = Δω/Δp, where Δω

and Δp represent the offset value of the G+ peak and the increased light power respectively,
the R of Sample 1 (8.47 cm−1 mW−1) is almost five times larger than that of Sample 2
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(1.77 cm−1 mW−1). Therefore, together with the result in Figure 1, the ratio of the increased
temperature to the light power at the tested point in Sample 1 was obtained as 273 K mW−1

and the value in Sample 2 was 57 K mW−1. However, when the changed temperature was
high enough, the relationship would be non-linear; this condition was not considered in
this work.

 

Figure 2. (a) Optical image of Sample 1; (b) Raman spectra of Sample 1 under different excitation
powers; (c) Optical image of Sample 2; (d) Raman spectra of Sample 2 under different excitation
powers. The middle part between the two black dash lines is the suspended CNT film. The widths of
the trenches for Sample 1 and Sample 2 are both 120 μm. The crosses mark the probe points.

The experimental results indicated that Sample 1 could better convert the incident
photon energy into heat. Comparing the optical images of Sample 1 and Sample 2,
it is obvious that the surface of Sample 1 is cleaner, but a large number of impurities
(metal catalysts and amorphous carbon) can be observed on the surface of Sample 2 (see
Figure S1a,c). In addition, Figure 3 exhibits that under the same excitation light power, the
intensity of the G+ peak in Sample 2 is much larger than that in Sample 1, indicating that
these impurities on the surface can greatly enhance the Raman scattering intensity. During
the synthesis process of the CNT films, iron and copper nanoparticles were introduced
as catalysts (see Figure S1b,d). Hence, the surface-enhanced Raman scattering from iron
nanoparticles could dominate the enhanced intensity of the G+ peak for Sample 2 [30–33].
According to previous reports, the ratio of ωG

− (the Raman shift of the G− peak) to the
temperature is the same as with ωG

+, which was also demonstrated in our work, as the
green dash lines show in Figure 2b,d [22–24]. Together, these results indicate that impurities
could dramatically weaken the ability of photothermal conversion for a CNT film.

 

Figure 3. Raman spectra of Sample 1 and Sample 2.
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The same experiments were also conducted on a CNT fiber noted as Sample 3, and the
experimental results are shown in Figure 4. The R of point 1 in Sample 3 is greater than
that of point 2. The Raman spectra of point 2 display some obvious shoulder peaks that
show a linear relationship with the excitation light power, but the slope is different from
the G+ peak. Hence, these shoulder peaks were possibly due to defects. Some reported
works demonstrated that the existence of defects and impurities in carbon nanotubes had a
greatly negative impact on photothermal conversion [34], which was very consistent with
our experimental results. According to the optical image of Sample 3, it is obvious that
point 2 is closer to the edge of the suspended film. Therefore, we assumed that the defects
may be introduced by the strong tensile effect at the edge, or by damage during the transfer
processes [35].

 

Figure 4. (a) Optical image of Sample 3, in which the position of blue cross marks point 1 and the
position of red cross marks point 2; (b) Raman spectra of point 1 at different excitation light powers;
(c) Raman spectra of point 2 at different excitation light powers.

4. Discussion

The photothermal conversion efficiency η of CNT film can be expressed as:

η = Q/P (1)

where Q is the heat generating power of the CNT film (generated heat per unit time) and
P is the incident light power [36].

Under the illumination of a continuing laser, a CNT film absorbs the light energy
and converts it into heat. Some of the heat can transfer to the surrounding air, and the
remaining heat will increase the temperature of the CNT film. Therefore, the stored heat
within the CNT film per unit time can be expressed as:

Q − Qsurr = c ×
∫

Σ
ρ · h · (dT(x, y)/dt) · ds (2)

where Qsurr is the heat dissipation power from the CNT film to air, c is the specific heat
capacity of the CNT film, ρ is the density of the CNT film, h is the thickness of the CNT
film, T(x, y) is the temperature distribution of the CNT film, and t is time.

After a fast process of increasing temperature, the heat generated by the CNT film
and the heat dissipating to air will become equal. Therefore, the temperature of the CNT
film will remain stable. The heat-generating power at the thermal equilibrium state can be
expressed as:

Q = Qsurr = 2G0 ×
∫

Σ
(T − T0) · ds (3)

where G0 is the heat transfer coefficient of air and T0 is the room temperature, 300 K.
Therefore, the PTCE can be expressed as the ratio of Qsurr to incident light power P.

However, the calculation of an accurate solution to the temperature distribution
T(x, y) at a steady state is very complicated. Here, we obtained the temperature distribution
through numerical simulations with the following conditions: the length of the CNT film
along the x axis was 120 μm; the width of the CNT film along the y axis was infinite; the
thickness of the CNT film was 0.15 μm; the thermal conductivity of the CNT film was
6 W m−1 K−1 in the xy-plane and 0.1 W m−1 K−1 on the z axis; the density of the CNT
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film was 850 kg cm−3; the specific heat capacity of the CNT film was 1200 J kg−1 K−1; the
heat transfer coefficient of air was 140 W m−2 K−1; the excitation laser power was 0.1 mW,
the laser spot diameter was 0.5 μm; and the temperature of the air was maintained at a
constant 300 K [37]. Because the length of the trench was much larger than the diameter of
the laser spot, an assumption was introduced that the generated heat would completely
transfer to the air before arriving at the substrate, and the influence of the substrate on the
final temperature distribution could be neglected. This assumption proved to be true, as
Figure S2 shows. The heat power transferred from the CNT film to the substrate was only
3% of the total heat dissipation, which demonstrated that the influence of the substrate was
weak enough to be ignored. Figure 5a,c displays the simulated results for the temperature
distribution. Figure 5b,d shows the temperature distributions of Sample 1 and Sample 2
along the x axis at the center. Considering that the temperature distribution under the
illumination of the point light source indicates central symmetry, Equation (3) can be
rewritten as:

Q = Qsurr = 2G0 ×
∫ l/2

0
(T − T0)2πr · dr (4)

where l is the length of the film along x axis. The PTCEs of Sample 1 (η1 = 0.26) and
Sample 2 (η2 = 0.05) can be calculated by Equation (4). The average temperature within the
laser light spot were consistent with the results calculated based on the value of R. Because
the impurities in Sample 2 led to a reduced in-plane thermal conductivity, the real PTEC of
Sample 2 should be smaller.

 

Figure 5. Simulated in-plane temperature distribution for (a) Sample 1, and (c) Sample 2. The
temperature distributions of (b) Sample 1 and (d) Sample 2 along x axis at the center.

According to the above theoretical analyses and discussion, we tried to fabricate a
bolometric photodetector based on a suspended CNT film with extremely high PTCE. We
chose a thicker CNT film to reduce the defects caused by transfer, and then soaked the
CNT film in a hydrogen peroxide solution and ethanol successively to remove the impurity
(metal catalysts and amorphous carbon) in the films. Because the thickness of the CNT
film was increased, the volt-ampere characteristic curve had a large linear range, as shown
in Figure 6a. The photoresponse curve of the device under the illumination of a 532 nm
laser is shown in Figure 6b. The device exhibited a responsivity of up to 2 A W−1, and
the resistance change rate of the device was 4% mW−1, while the response time was only
0.2 ms. The performance of the device was much better than that of many photodetectors
that only contained carbon nanotubes [15,16,25,37,38].
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Figure 6. (a) I–V characteristic curve, whose linear range was extended to 0.8 V; (b) Photoresponse
curve under 532 nm laser illumination in air; bias voltage was 0.8 V. The dark current was subtracted.

5. Conclusions

In conclusion, we proposed a simple, quick, and non-destructive method to measure
the PTCE of different CNT films. Combining the increased temperature within the light
spot and the simulated temperature distribution of the CNT films, the final values of the
PTCE were calculated accurately. In addition, the impurities from metal catalysis and
defects on the CNT film were demonstrated to have a great negative influence on the PTCE
of the CNT film. Finally, a CNT film with the highest PTCE was identified by this method
to be fabricated as a bolometric photodetector; the high performance (2 A W−1 at 532 nm)
confirmed the effectiveness of the method. With the expanding applications of CNTs, this
measurement method has huge potential in the future.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/nano12071101/s1, Figure S1: Characterization results of SEM for
Sample 1 and Sample 2. Figure S2: Influence of the substrate on the temperature distribution.
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Abstract: Nowadays, nanomaterials in cement pastes are among the most important topics in the
cement industry because they can be used for several applications. For this reason, this work presents
a study about the influence of changing the molarity of dispersed multiple wall carbon nanotubes
(MWCNTs) and varying the number of storage days on the mechanical properties of the cement paste.
To achieve this objective, dispersions of 0.35% MWCNTs, varying the molarity of the surfactant as
10 mM, 20 mM, 40 mM, 60 mM, 80 mM, and 100 mM, were performed. The mixture of materials
was developed using the sonication process; furthermore, materials were analyzed using UV-Vis,
Z-potential, and Raman spectroscopy techniques. Materials with a molarity of 10 mM exhibited the
best results, allowing them to also be stored for four weeks. Regarding the mechanical properties,
an increase in the elastic modulus was observed when MWCNTs were included in the cement paste
for all storage times. The elastic modulus and the maximum stress increased as the storage time
increased.

Keywords: MWCNT; dispersion; sonication energy; stability; cement paste

1. Introduction

Carbon nanotubes (CNTs) have been used in a variety of applications due to their
versatility. Some of their applications are as additives in polymers, catalysts, autoelectron
emission for cathodic rays in illumination components, absorption and filters of electromag-
netic waves, energy conversion, anodes of lithium batteries, hydrogen storage, and sensors,
among others [1]. CNTs are a carbon allotrope phase that possesses intermediate properties
between graphite and fullerenes [1,2]. These materials are composed of sp2 hybridization
carbon bonds and can be produced as structures with a simple wall or multiple walls
separated by around 0.35 nm [3]. In this sense, multiple wall carbon nanotubes (MWCNTs)
have gained more attention due to their high performance and low cost of production per
unit. In addition, their thermodynamic stability and capacity to sustain and improve the
electrical properties make them excellent candidates for applications that require these
special properties [3].

For instance, the cement industry has used MWCNTs as an additive in cement matrices
to improve the electrical and mechanical properties [4]. MWCNTs are added in proportions
of 0.2% of the cement weight to enhance the flexural strength; this is an important aspect that
may have to be taken into account, because when the mixture is performed using traditional
mechanical methods, if they are included in higher ratios, the MWCNT dispersion can
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present strong drawbacks such as exhibiting possible agglomerations and clusters [5].
To avoid these problems, the ultrasound technique is mostly used because it fragments
the MWCNT agglomerations [6–9]. The dispersion is perhaps the most critical factor
that influences the mechanical properties of cement pastes [10]. Some experiments have
confirmed that MWCNTs can be effectively dispersed in water using ultrasound energy
and commercial surfactants [11–13]. In the literature, it is possible to observe works
focused on applying surfactants to sustain the dispersion [14]. For example, Mendoza [15]
studied several dispersion concentrations of surfactants such as sodium lauryl sulfate,
cetylpyridinium chloride, and Triton X-100, finding that the reinforcing effect of MWCNTs
is masked by the negative effect of the surfactants.

The main limitations of using MWCNTs are (i) achieving a total dispersion in water
and (ii) reaching the stability for a long storage time [16]. Because the van der Waals forces
are responsible for these phenomena, the size of the agglomerates can reach the micrometer
scale [17–19]. Furthermore, these agglomerations can cause a stress concentration because
they behave as weak spots in the cement paste, reducing the fluidity of the material
because they absorb the free water [20]. Because of this, different investigations and several
approaches have been proposed for their dispersion [21–23]. Physical methods such as
sonication and adsorption of the surfactant are the most currently used. Regarding the
use of surfactants, they are considered a surface-active agent that has an amphipathic
structure, containing a lyophobic (solvent repulsive) and a lyophilic (solvent attractive)
group. It has been found that using low surfactant concentrations allows the molecules to
be absorbed on the surface or interface, decreasing the interfacial tension and improving
the dispersion [24]. This is due to the variation in the dielectric constant of the water
depending on the surfactant type used; for example, if it is an ionic surfactant, the particles
are stabilized via a repulsive electrostatic force, whereas if it is a nonionic surfactant, an
interparticle repulsion via steric-hydration forces is produced [25].

Researchers have evaluated nonionic surfactants for dispersing MWCNTs, graphene,
and graphene oxide, among others [26–32]; nevertheless, these studies have focused on us-
ing different surfactants without considering changes in the concentration of the surfactant.
For example, Blanch et al. [25] reported than the increase in the surfactant concentrations
above a certain value led to the flocculation of the CNTs, possibly due to the attractive
depletion interactions. This effect generated a poor dispersion. The surfactant concen-
tration influences the dispersion, generating an encapsulation of MWCNTs in cylindrical
micelles, adsorption of hemimicelles, or random adsorption; then, each surfactant must
be working below the critical micelle concentration. Although it has been demonstrated
that optimal concentrations exist for nanotube dispersion [33], few studies have presented
a more in-depth analysis of the influence of the surfactant concentration on nanotube
dispersion.

In this work, we have produced dispersions of MWCNTs with Triton TX-100 sur-
factant for introduction into the cement matrix. A detailed analysis of the Triton X-100
concentration for values of 10, 20, 40, 60, 80, and 100 mM was carried out to find the
optimal concentration. Firstly, UV-Vis, Z-potential, and Raman spectroscopy analyses were
performed to determine the dispersion at different storage times (1, 2, and 4 weeks), and
secondly, three types of cylinders of cement paste were produced: (i) without MWCNTs,
(ii) with MWCNTs + TX-100 (one week of storage), and (iii) with MWCNTs + TX-100 (four
weeks of storage).

2. Materials and Methods

2.1. Materials

For the samples built, a mixture of water type 1, MWCNTs, and Triton TX-100 was
carried out.

Water type I was used because it is required to avoid elements that alter the electrical
properties of the surfactant and MWCNTs.
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Triton TX-100 was used as a surfactant because it exhibits a nonionic character and
contributes negative charges; thus, it does not affect the electrostatic repulsion or attraction
of the nanotubes.

Finally, industrial grade MWCNTs NC7000 produced by Belgium Nanocyl SA were used.

2.2. Dispersion Procedure

In order to identify the influence of the percentage of surfactant on the behavior of
the mixture, the Triton TX-100 surfactant was used with molarities of 10 mM, 20 mM,
40 mM, 60 mM, 80 mM, and 100 mM. The percentage of the MWCNTs was chosen as 0.35%,
according to the literature [15]. The steps performed during the materials production were:

- The TX-100 at different molarities (10 mM, 20 mM, 40 mM, 60 mM, 80 mM, and
100 mM) and water type 1 were mixed for 5 min using a magnetic stirrer at room
temperature;

- After that, MWCNTs were added;
- The mixture was placed in the ultrasonic cube with a power of 500 W and 40%

amplitude, applying an energy of 390 J/g;
- Sonication was performed with 20-s on/off cycles;
- The room temperature was kept constant using a cold bath that consists of immers-

ing the beaker containing the mixture in a larger beaker containing a mixture of
ice and water. The temperature was constantly measured and maintained at room
temperature;

- Materials were stored for 1, 2, 4, 10, and 13 weeks;
- After that, the materials were characterized in order to determine the stability of the

samples;
- The test cylinders were made from the mixtures stored for 1 and 4 weeks because for

2 weeks, the results were very similar to those of 1 week, and for 10 and 13 weeks, the
material had already become unstable, according to the UV-Vis spectroscopy analysis.

The sonication time (tson) was calculated with the relationship obtained by Mendoza-
Reales [11]. According to this report, the time for dispersing 155 g is 60 min, with an energy
ratio of 390 J/g. With these values, the calculated energy is 390 J/g × 155 g = 60,450 J. From
this reference, the proposed time of sonication is:

tson =
((mwater + mdis + mMWCNT) ∗ Edis) ∗ 60

60, 450 J
(1)

where mwater, mdis, and mMWCNT are the masses of the water, dispersant, and MWCNTs,
respectively, and Edis is the dispersion energy. Table 1 shows the values of the total mass,
dispersion energy, and sonication time for the experiments. A diagram of the experimental
setup is shown in Figure 1.

Table 1. Mass of TXT-100, total mass of the mixture, and sonication time for each molarity of TXT-100,
following the parameters: energy—390 J/g and 0.35% mass MWCNT of the sample.

Molarity of TXT-100
(mM)

Mass of TXT-100 (g) Total Mass (g)
Sonication Time

(min:s)

10 0.647 ± 0.001 100.997 ± 0.001 39:10 ± 0:0.01

20 1.29 ± 0.001 101.64 ± 0.001 39:35 ± 0:0.01

40 2.59 ± 0.001 102.94 ± 0.001 39:85 ± 0:0.01

60 3.88 ± 0.001 104.23 ± 0.001 40:35 ± 0:0.01

80 5.18 ± 0.001 105.53 ± 0.001 41:25 ± 0:0.01

100 6.47 ± 0.001 106.82 ± 0.001 41:35 ± 0:0.01
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Figure 1. Scheme of the procedure to produce and analyze the dispersion of MWCNTs dissolved in
type 1 water, varying the molarity of the surfactant between 10 mM and 100 mM.

2.3. Materials Characterization

A UV-Vis UV2600 (Shimadzu—Chicago, IL, USA) with a 200 to 850 nm spectral range
was used to obtain the UV-Vis spectra. Z sizer nano Ze3690 de Malvern was used to obtain
the Z-potentials, with water as the solvent and 1.33 refraction indices. For both UV-Vis
and Z sizer characterizations, the samples had to be diluted in a ratio of 1 to 100 in type
1 water. Moreover, the measurements were obtained for the six samples by varying the
molarity of the surfactant. Furthermore, the measurements on all samples were carried
out by varying the weeks of storage (1, 2, 4, 10, and 13 weeks). Each measurement was
performed five times for statistical purposes, and the average value and standard deviation
were determined.

A Raman Confocal LabRam HR Evolution, Horiba Scientific (YOBIN IVON), was used
to obtain the Raman spectra with the following conditions: 532 nm laser, optical microscopy
with 10X magnification, and a 1250–1690 cm−1 spectral range. Raman spectra were taken
by varying the molarity of the TXT-surfactant. Data were acquired for samples stored for
one week. For one week, the mixtures exhibited the highest stability; in addition, in the
case of using the materials in a particular application, costs must be reduced—for example,
those related to storage. This means that the mixture with greater stability was selected,
which implies less economic and time costs.

2.4. Construction of the Test Cylinders

Cylinders of the cement paste with a H2O/cement ratio of 0.4 were built according to
the following equation:

MWCNTs/TXT − 100/H2O
Cement

= 0.4 (2)

The cylinders were built with a 1-inch diameter and a 2-inch length (C109/C109M
ASTM norm) [34]. The samples were made with the NTC 550 norm. Firstly, the cement was
mixed with the MWCNTs/TX-100/H2O solution; secondly, the mixture was introduced
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into the cylinders through three equal layers using the compaction method. This was
carried out using 50 beats for each layer to decrease the porosity. Finally, the cylinders were
brought to room temperature and, after 24 h, were introduced to a calcium oxide-cured
process (see Figure 2), according to ASTM C192 norm [35]. Figure 3a shows the specimens
during the drying process, while Figure 3b presents a photograph of the specimens in the
curing and storage processes.

Figure 2. Scheme of the procedure to produce and analyze cement specimens with MWCNT solution
dispersed at 390 J/g and with a molarity of surfactant of 10 Mm.

(a) (b)

Figure 3. Image of the test cylinder (a) during the drying process and (b) during the curing and
storage process.

2.5. Properties of the Cylinders

Finally, a Humbolt HM 5030 Master Loader (Manizales, Colombia) with a 50 kN
capacity load cell was used in the test of the specimens. The established parameters were a
speed of 0.25 mm/min, taking the strain data every 0.010 mm, and measuring the load in
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kN for each strain reading [36,37]. The elasticity modulus and maximum strength were
obtained from the stress—strain curve. The parameters used were 0.25 mm/min velocity
and data taken each 0.010 mm. A Carl Zeiss EVO MA 10 scanning electron microscope
(Oxford model Xact) equipped with a silicon detector of 10 mm was used for morphological
examination. Images were taken with a resolution of 5 nm.

3. Results

The first result analyzed was the degree of dispersion of the MWCNTs into the cement
using UV-Vis spectroscopy. This analysis was carried out on the samples of MWCNTs
mixed with type 1 water and with the TXT-100 dispersant, varying the molarity and storage
time. The degree of dispersion of the nanotubes within the TXT-100 dispersant is directly
related to the presence of peaks in the spectra, which are an indication of the generation of
certain bonds, as will be explained later.

The maximum absorbance in the UV-Vis spectra was identified at 300 nm. It is well
known that the agglomerated CNTs absorb in the ultraviolet region at around 300 nm;
meanwhile, the individual CNT is active in the Vis region. Hence, it is possible to estab-
lish a relationship between the absorbance intensity and the degree of dispersion [36,37].
Moreover, the behavior of each sample was evaluated by varying the number of weeks of
storage and determining the stability as a function of time. Figure 4 shows the intensity
of the absorbance peak at 300 nm as a function of the molarity and the weeks of storage
using UV-Vis. According to this figure, when the molarity is increased, the intensity of the
maximum absorbance (at 300 nm) increases. This behavior is due to the presence of a great
quantity of benzene rings and alkyne chains that causes many interactions between the
surfactant and the MWCNTs (π-π stacking and van der Waals forces). This effect would
entail a higher π plasmon resonance [38,39].

Figure 4. Evolution of the 300 nm absorbance peak depending on the number of weeks of MWCNT
dispersion in water with different TX-100 molarities.

The presence of the peak in the UV-Vis spectra is an indication that there is good
dispersion and integration between the MWCNTs and the TXT-100 dispersant. By way
of their hydrophobic group, the surfactants get adsorbed onto the exterior surface of
the MWCNT via noncovalent attraction forces [40], including hydrophobic interaction,
hydrogen bonding, π–π stacking, and electrostatic interaction [41], which improve the
dispersion of CNTs through steric or/and electrostatic repulsion [42]. It should be noted
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that the solutions (H2O + TX-100 + MWNTC), varying the TXT-100 molarity, exhibit a good
dispersion (stability) for 1, 2, and 4 weeks, showing a high intensity of the absorbance
peak at 300 nm. Nevertheless, at the 10th and 13th weeks, the intensity of the absorbance
peak abruptly decreases to zero, indicating that the MWCNTs were agglomerated. This
is a promising result because as far as we know, there have been no studies about the
time for which the solution (H2O + TX-100 + MWNT) remains active. The fact that the
absorbance intensity decreases as a function of the weeks of storage indicates that the
MWCNTs remained dispersed for a few weeks of storage. For many weeks of storage, the
nanotubes tend to agglomerate. MWCNTs produce small clusters/agglomerates due to
their high affinity. As the storage time increases, the nanotubes tend to agglomerate, taking
into account that just as other nanostructures, they have a large number of free bonds on the
surface that are highly reactive. This high reactivity generates a strong attraction between
them, causing them to get closer until they agglomerate [18].

On the other hand, the Z-potential spectra were obtained for 1, 2, 4, 10, and 13 weeks
for samples with varying TXT-100 molarity. The Z-potential is related to the surface of
hydrodynamic shear. When the MWCNTs are immersed in the surfactant, the surfactant
layer surrounding the nanotubes can be divided into two parts: an inner region (Stern
layer) where the ions are strongly bonded and an outer (diffuse) region where they are less
bonded. There exists a notional boundary within the diffuse region where the ions and
the nanotubes form a stable interaction. When a nanotube moves, for instance, due to the
gravitational force, the boundary is shifted due to the ion movement. Those over-the-limit
ions remain with the TXT-100 bulk dispersant. The potential formed at this boundary
region is named the Z-potential. A schematic representation for the nanotubes is presented
in Figure 5 [43].

Figure 5. Schematic representation of the zeta potential for nanotubes. The plus and minus signs
represent the positive and negative charges, respectively. Colors of charges represent the potentials
(charges from surface potential are red; charges from stern potential are green and black; charges
from Z-potential are yellow and purple).

The value of the Z-potential gives an indication of the potential stability of the colloidal
system. If the nanomaterials in suspension exhibit a large negative or positive zeta potential,
they tend to repel each other, avoiding agglomeration. Nevertheless, if nanomaterials
present a low zeta potential value, no forces exist to prevent the nanomaterial agglomeration
and flocculation. Nanomaterials with Z-potentials more positive than +30 mV or more
negative than −30 mV are stable; this depends on the type of dispersant. Considering these
aspects, the Z-potential analyses were carried out.

Figure 6 shows an increasing tendency of the Z-potential when the molarity and stor-
age period are increased. In the case of the increase in molarity, the amount of moles present
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in solution of course increases. This makes that the tense-active micelles produce a decrease
in the structural damage and the electrostatic charges present in the MWCNTs surface [38].
It is known that when a minor electrostatic charge is present in the MWCNT surface, the
repulsive force and electrostatic attractions also decrease; furthermore, as the molarity
of the surfactant is increased, a great quantity of mass is found around the MWCNTs,
avoiding their agglomeration. On the other hand, as the period of storage is increased, the
Z-potential decreases. It can be explained through the minimum energy principle: a stable
system can experience instability when it is subjected to external energy; nevertheless,
when this energy is suppressed, the system comes back to its initial state. This instability
is generated by electrostatic charges present in the MWCNT surface. This electrostatic
charge is produced by the rupture of energetically weak bonds [44,45]. Furthermore, it is
well known that colloids tend to precipitate because of the gravitational force; then, as the
number of weeks increases, the MWCNTs tend to agglomerate due to the precipitation, and
the Z-potential decreases drastically. This means that the samples with better conditions for
building the test cylinder in order to determine the mechanical properties are those cured
for 1, 2, and 4 weeks, taking into account that the sample cured for one week exhibited the
greater Z-potential values. On the other hand, for the case of four weeks, an intermediate
behavior was observed. Then, these two samples were chosen for the next stage of the
experiment; that is, the mechanical properties evaluation.

Figure 6. Z-potential of MWCNT dispersions in water with different TX-100 molarities and weeks of
storage.

Before the mechanical properties evaluation was carried out, a Raman study was
performed to identify the evolution of the samples in which the surfactant molarity was
increased. Figure 7 shows a superposition of the Raman spectra belonging to each sample
for the case of one week of storage. It is possible to observe three characteristic peaks:
(i) The D band at 1344 cm−1 is due to the phonon induced by defects associated with
the breakdown of kinematic restriction disorders (breathing mode A1) [46]. This band is
attributed to the disorder of the solution because of the presence of vacancies and due to
lattice defects caused by the mixture of Sp2 and Sp3 bonds. (ii) The G band at 1591 cm−1

is due to the phonon mode allowed by Raman, which shows the Sp2 vibration bonds
(carbon–carbon), due to the graphene-type bonds [47]. Finally (iii) the G’ band at 1622 cm−1

is related to the second-order dispersion process that can involve two phonons of the same
mode (overtone) or phonons of different modes (combinations) having a similar origin
of the D band [48]. Using the ID/IG relationship, the structural order of the MWCNTs
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was estimated; the D band intensity decreases with the decrease in the defect density. To
calculate the ID/IG ratio, the spectra were deconvoluted with Lorentzian functions.

Figure 7. Raman spectra of MWCNT dispersions in water with different TX-100 molarities.

Figure 8 shows the evolution of the ID/IG relationship as the molarity increases, show-
ing a tendency to grow. That means that the disorder may increase in the system. According
to the literature, spectral properties vary depending on the mechanical conditions of ten-
sion by stretching or compression of the MWCNTs and the temperature to which they are
subjected. This phenomenon is especially relevant in the case of CNTs mixed with other
substances. In this case of the D and G bands in the Raman spectrum of the mixed material,
these bands become a sensor of high sensitivity at the microscopic level, giving information
about the stress conditions due to the stretching or compression to which they are subjected
once they are dispersed [49,50]. Then, as the molarity of the dispersant increases, the stress
can increase because of the greater quantity of mass producing greater friction between
the nanotubes and dispersant, increasing the disorder. This behavior can be explained
by the effect of the dispersant that consists in retaining the separation between MWCNTs
when they exhibit a Brownian movement, due to the influence of the ultrasonic tip. For this
reason, local cuts are produced in the unraveled MWCNTs, increasing the disorder and
then the ID/IG relationship; on the other hand, an interaction between surfactant molecules
and MWCNTs is produced that increases the friction as the molarity increases [51,52].

This increase in disorder indicates a transformation from Sp2 and Sp3 bonds in the
solution. Then, it can be concluded that the mixtures of MWCNTs, water, and TXT-100
exhibit a lower disorder for lower values of the surfactant molarities.

In previous works, it has been reported that 10 mM is the most suitable molarity [11,53].
It was possible to see that the tense-active molecules act as (i) an exfoliant in the MWCNT
agglomerations and (ii) a delay factor in the reagglomeration of MWCNTs in the period
of storage. Based on previous works [52] and the stability observed using Z-potential
and Raman analyses, three samples of paste cement were prepared, including MWCNTs,
10 mM molarity (TX-100), and 390 J/g sonication energy. Table 2 includes the nomenclature
of the test cylinder (samples). This procedure was carried out to evaluate if the mechanical
properties are maintained over time. For this study, the samples were cured for 7, 14, and
21 days according to the ASTM-C39 standard.
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Figure 8. ID/IG ratio of MWCNTs dispersed in water with different TX-100 molarities.

Table 2. Description and notation of the samples used for the mechanical properties characterization.

Description of the Mixtures Used for Building the Test
Cylinders

Nomenclature of the
Samples

cement + H2O + TX-100 S1

cement + H2O + TX-100 + MWCNT (one week of storage) S2

cement + H2O + TX-100 + MWCNT (four weeks of storage) S3

Mechanical Test

Stress vs strain curves for each sample were obtained after both one and four weeks of
storage. Figure 9 presents a compressive test for S2 and S3, from which the elastic modulus
and maximum strength are obtained, according to the procedure described in Figure 10.
These results are presented in Figure 11. It can be observed that the Young’s modulus
(Figure 11a) and the maximum stress (Figure 11b) increase for the case of samples S2 and
S3 compared to the S1 sample.

Figure 9. Compressive tests for cement cylinders with the dispersion for S2 and S3.
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Figure 10. Scheme of the gradual exfoliation processes of the MWCNTs.

Figure 11. (a) Elastic modulus and (b) maximum stress to S1, S2, and S3 samples.

An experiment was carried out that consists of measuring the elastic modulus and
the maximum stress of the material with three different metal components. For this,
measurements were made on three different days, i.e., on day 1, a week later, and 15 days
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later. Therefore, it is valid to use the design of experiments with the factor (S1, S2, S3) and
the factor (day 7, 14, 28).

The factorial design of the experiments was used to check the influence of the material
and the day of measurement on the properties of the elastic modulus and maximum
strength in two separate experiments. For this design of experiments, it is necessary to
check the assumptions of normality, homoscedasticity, and randomness. For this, graphical
and statistical diagnostic tests were used, which are not presented in this article because
they do not expand on the results. Using a significance of σ = 0.05 and, therefore, a
confidence of 95, the assumptions of normality and equality of variances were confirmed,
as shown in Table 3.

Table 3. ANOVA for the results obtained for the Young’s modulus and maximum strength.

Factor
p-Value

Young’s Modulus Maximum Strength

Sample 0.00215 0.01721

Time of curing 0.01019 0.00414

Given that the assumptions for both experiments were met, two ANOVA tables were
made to verify whether the day of measurement or the material significantly influence the
elasticity or the maximum force. Using a significance of 0.05, that is, a confidence of 95%,
the p-values of the ANOVA tests carried out to validate the influence of the day and the
material on both properties are summarized. It is observed that all the p-values are less
than 0.05; therefore, it is concluded that both the material and the day of measurement
significantly influence the elasticity and maximum strength of the metal.

Using Dunnett’s method with a significance of 0.05, it was observed that in the first
measurement, on day 1, significantly lower average values of elasticity and maximum
strength were obtained. In addition, it was also verified that the maximum force with
material S3 is considerably higher than with materials S1 and S2; however, these two are
comparably similar. However, for elasticity, the value for material S1 is less than those for
S2 and S3, but these two are considered equivalent.

These results can be explained due to the fact that: (i) The MWCNTs unravel during
the sonication process (Figure 10). The MWCNTs (reinforcement phase) exhibit a good
interaction with the matrix phase (cement paste) through the radicals available on the
surface, establishing good binding within the sample. (ii) There is a shortage of secondary
bonds and van der Waals forces (as observed in the UV-Vis analysis); that avoids the
presence of energetically weak bonds. By including a surfactant, a more significant amount
of carboxylic residues are formed, transforming sp2 bonds into sp3 (as observed in the
Raman analysis) [54]. These bonds interact within the cement matrix with C-S-H phases,
generating different bridges (bridge effects) to link capillary pores and inhibit the crack
propagation [44,45,55,56]. On the other hand, as the curing time increases, the mechanical
properties also increase. This is due to the fact that the hydration is accelerated by the
addition of MWCNTs because these act as crystallization centers for the hydrated cement.
Moreover, it fills the holes between cement grains, giving as a result an immobilization
of water and generating a decrease in the porosity of the samples. Figure 9b shows the
behavior of the maximum stress vs. the curing time of the specimens, where the increase in
the S2 sample is evident. It manages to reach the maximum effort, so it will have a greater
resistance before breaking or reforming. This maximum value of this sample is possible
due to it exhibiting a greater stability according to the Z-potential analysis.

In the literature, there are several works that report the enhancement of the mechan-
ical properties of Portland cement by adding MWCNTs; for instance, Yousefi et al. [57]
present results showing that the addition of a surfactant employing the mild ultrasonication
technique facilitates the homogeneous dispersion of MWCNTs in the cement matrix and en-
hances the mechanical properties of the hardened concrete. A more recent work by Shahzad
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et al. [58] reported a study focused on different techniques for dispersing MWCNTs in
cementitious materials and the impact on the mechanical properties. As MWCNTs are
better dispersed, they tend to fill the micropores, thus increasing the density of the matrix
and improving the mechanical properties. Then, it is concluded that there is an enhance-
ment of mechanical properties of MWCNTs’ cement pastes for low sonication energies
(less than 1000 J/mL). For higher sonication energies, the mechanical properties decrease,
especially because of the higher cohesion of the pastes and the consequent higher difficulty
of molding, the incorporation of empty spaces, and/or the higher damages suffered by the
MWCNTs [59].

Figure 12 shows an SEM image for sample S3 after mechanical failure. In this image,
three forms of arrangement of the MWCNTs can be observed, i.e., bridge effect, spiderweb,
and cement fragment without MWCNT anchorage. This image was taken with a scanning
electron microscope at resolutions of 2 and 10 μm. Based on the results obtained in the
mechanical evaluation, it can be deduced that the bridging effect occurs because a large
number of MWCNTs have sufficient length to join capillary pores and act as crack bridging
as a result of the covalent bonds, inhibiting the propagation of cracks. This behavior
generates a better load capacity, ductility, and fracture energy of the pastes. On the other
hand, the spiderweb effect is due to the fact that there was not a total dispersion of
nanotubes or, at the time of constructing the test cylinders, a great homogeneity was not
reached.

Figure 12. SEM image obtained for a cement paste after the compressive test. This image was taken
of sample S3.

As a prospective work, a study of the effect of other different dispersants, possibly
more affordable, on the physicochemical, electrical, and mechanical properties of the
systems including MWCNTs should be carried out.

Regarding future work, considering that corrosion is a process that affects construc-
tions and buildings, it is necessary to carry out an investigation on the corrosion resistance
of steel embedded in cement with the addition of MWCNTs.

A great challenge and limitation for these investigations are the MWCNTs, as stated
by another author [60]. Despite being used in various areas, carbon nanotubes still have a
high cost, which can be an obstacle to the use of this material in cementitious compounds.
It is believed that with the increase in demand and with the possibility of synthesizing
CNTs for the manufacture of various applications, the material will become more accessible.
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Thus, even though the cost of the material is currently a negative aspect, the tendency is for
this drawback to be overcome over time.

Moreover, according to the literature, the addition of MWCNTs improves several
properties of the concrete (comprised of water, aggregates, and cement), including the
mechanical properties. The results reported by Mohsen et al. [61] indicated that a high
CNT content (greater than 15%) would increase the flexural strength of concrete by more
than 100%. Furthermore, the results also showed that CNTs would increase the ductility
of concrete by about 150%. Adhikary et al. [62] also reported that the utilization of CNTs
significantly improves the mechanical performance of lightweight concrete. An almost 41%
improvement in the compression of lightweight concrete was observed at 0.6 wt% CNT
loading.

4. Conclusions

Multiple wall carbon nanotubes (MWCNTs) were mixed with cement paste and Triton
TX-100 surfactant while varying the molarities (10 mM, 20 mM, 40 mM, 60 mM, 80 mM,
and 100 mM) and the time of storage (1, 2, 4, 10, and 13 weeks). This procedure was
implemented to study the influence of the molarity and time of storage on the mechanical
properties of the samples.

The UV-Vis results showed that as the molarity is increased, the intensity of the
maximum absorbance (at 300 nm) increases. This peak is due to the presence of the
interaction between the surfactant and MWCNTs (π-π stacking and van der Waals forces).

On the other hand, an increasing tendency of the Z-potential as the molarity and
storage period were increased was observed. The increase in the molarity generates an
increase in the tense-active micelles that decreases both the structural damage and the
electrostatic charges present in the MWCNT surface.

According to the Raman results, three characteristic peaks were observed: D band at
1344 cm−1 attributed to the disorder of the solution, G band at 1591 cm−1 due to the phonon
mode of the graphene type bonds, and G’ band at 1622 cm−1 related to the second-order
dispersion process.

The evolution of the ID/IG relationship as the molarity increases is an indication of a
growth tendency. This indicates that the disorder increases in the system.

Regarding the mechanical properties, it can be observed that the Young’s modulus
and the maximum stress increased for samples of cement + H2O + TX-100 with MWCNTs.
Furthermore, as the curing time increases, the mechanical properties also increase due to
the hydration being accelerated by the MWCNTs.

The SEM image for sample S3 after mechanical failure shows the formation of three
arrangements of the MWCNTs: bridge effect, spiderweb, and cement fragment without
MWCNT anchorage. The bridging effect occurs because a large number of MWCNTs have
sufficient length, acting as a crack bridging as a result of the covalent bonds, inhibiting
the propagation of cracks. The spiderweb effect is due to the fact that there was not a
total dispersion of nanotubes or, at the time of constructing the test cylinders, a great
homogeneity was not reached.

For future work, studies with other surfactants and with concrete containing different
aggregates are proposed. In addition, we propose to carry out research with carbon
nanotubes produced in our research laboratory. We also propose to make a variation of the
sonication energy to reach values close to 1000 J/g.
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Featured Application: Our findings provide deep insights into the thermal transport mechanisms

of branched carbon nanotubes, which may be useful in thermal management applications.

Abstract: This study investigated the thermal transport behaviors of branched carbon nanotubes
(CNTs) with cross and T-junctions through non-equilibrium molecular dynamics (NEMD) simulations.
A hot region was created at the end of one branch, whereas cold regions were created at the ends
of all other branches. The effects on thermal flow due to branch length, topological defects at
junctions, and temperature were studied. The NEMD simulations at room temperature indicated
that heat transfer tended to move sideways rather than straight in branched CNTs with cross-
junctions, despite all branches being identical in chirality and length. However, straight heat transfer
was preferred in branched CNTs with T-junctions, irrespective of the atomic configuration of the
junction. As branches became longer, the heat current inside approached the values obtained through
conventional prediction based on diffusive thermal transport. Moreover, directional thermal transport
behaviors became prominent at a low temperature (50 K), which implied that ballistic phonon
transport contributed greatly to directional thermal transport. Finally, the collective atomic velocity
cross-correlation spectra between branches were used to analyze phonon transport mechanisms for
different junctions. Our findings deeply elucidate the thermal transport mechanisms of branched
CNTs, which aid in thermal management applications.

Keywords: ballistic; phonon; branched CNT

1. Introduction

Since the discovery of carbon nanotubes (CNTs) in 1991, considerable research has
been conducted on their mechanical, optical, and electronic properties. CNTs have been
proposed as the most promising building blocks for nanoelectronic devices and thermal
management applications due to their high thermal conductivity and mechanical stabil-
ity [1,2]. However, the quasi-one-dimensional thermal transport of CNTs has restricted
their applications. Therefore, branched CNTs [3,4] have been proposed as alternatives
to CNTs. Due to their strong sp2 covalent bonds, branched CNTs exhibit lower thermal
resistance than those structures with van der Waals interactions (e.g., CNT bundles [5,6],
intermolecular junctions [7–9], and CNT networks [10,11]). In addition, high-quality and
high-purity branched CNTs have been synthesized using various approaches [12–18].
Moreover, branched CNTs demonstrate potential in rectifying electrical currents [12–14]
and heat [3,19]. Therefore, the thermal transport behavior inside branched CNTs should be
investigated to identify their possible applications.

Molecular dynamic (MD) simulation is an appropriate tool for characterizing the
collective and individual behavior of atomics or molecules at the nanoscale level. Com-
pared with other atomistic methods, such as the use of Boltzmann transport equations,
lattice dynamics, and non-equilibrium Green’s function, MD simulation can more ac-
curately capture the dynamics of lattice vibration, including harmonic and anharmonic
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interactions [20]. MD simulations have been widely adopted to investigate the thermal
transport mechanisms of pristine CNTs. A frequently researched aspect of pristine CNTs is
their length-dependent thermal conductivity, which involves ballistic or diffusive phonon
transport behavior at varying lengths [21–23]. However, similar examinations on the
phonon transport mechanism or thermal energy transfer inside branched CNTs have rarely
been conducted. Branched CNTs possess topological defects and the possibility of multi-
directional thermal transfer in junction regions, whereas pristine CNTs do not. Some
studies have examined the influences of the aforementioned phenomena on the thermal
transport behavior [3,4,24–26]. The topological defects at the junction area of branched
CNTs must satisfy Euler’s polyhedral formula [27,28]. Topological defects often cause con-
siderable phonon scattering and thus an increase in thermal resistance, which subsequently
influences heat transfer [24,26]. Moreover, the connections of different carbon structures,
such as CNTs and graphene, must facilitate multi-directional thermal transfer; however,
dimensional mismatch occurs at the junction, which causes an increase in resistance, a
decrease in transmission, and changes in the incident phonon mode [24,29,30].

Some researchers have investigated thermal ratification behaviors for branched CNTs
by conducting experiments [19], heat pulse simulations [3], and wave packet simula-
tions [4]. Chen et al. [31] investigated the thermal transfer inside a branched CNT with
T-junctions and observed that the heat preferred to flow straight rather than sideways,
especially for short branch lengths. They also noticed that symmetric temperature setups
exhibited lower transmission than asymmetric temperature setups because the phonons
were forced to change their propagation directions in the symmetric temperature setups.
The aforementioned phenomenon has been attributed to the occurrence of ballistic phonon
transport and topological defects (i.e., heptagons and octagons). However, the underlying
dominant mechanisms of the directional heat transfer inside branched CTNs have yet to
be determined.

In the present study, the heat flow inside branched CNTs with cross and T-junctions
was investigated using non-equilibrium molecular dynamics (NEMD) simulations. The
junctions in the CNTs were constructed through thermal welding. All of the CNT branches
had the same chirality and length and were attached to the cross and T-junctions to form
branched CNTs. The effects on thermal transfer due to branch length, topological defects
at the junction, and temperature were studied. Moreover, the collective atomic velocity
cross-correlation spectra between branches were used to analyze the phonon transport
mechanisms in the branched CNTs.

2. Methodology

All NEMD simulations were conducted using the Large-scale Atomic/Molecular Mas-
sively Parallel Simulator (LAMMPS) package [32]. The adaptive intermolecular reactive
bond order (AIREBO) potential [33] was employed in this study to describe the interatomic
interaction between carbon atoms. T-junctions and cross-junctions were created using
the thermal welding method proposed in [17]. Some atoms were removed intentionally
from one pristine 4 nm (6, 6) CNT to create a crossing region. The atoms were removed
such that the topological requirement described by the Euler polyhedral formula was
satisfied [28]. This formula regulates the numbers of vertices, faces, and edges in a con-
vex three-dimensional polyhedron. The number of pentagons (n5), heptagons (n7), and
octagons (n8) at a junction must satisfy the following equality: 2n8 + n7 − n5 = 6. A 1.5 nm
(6, 6) CNT was placed vertically with respect to the crossing region of the defect-containing
4 nm (6, 6) CNT. Subsequently, the two aforementioned CNTs were moved closer and
simultaneously heated up to 4000 K to perform thermal welding. A high temperature was
adopted to accelerate the creation of interlinks and surface reconstruction. Finally, the
T-junction model was cooled to 300 K.

Through the sequential removal of carbon atoms, topological defects in the junction
area could be quantitatively controlled to satisfy the Euler polyhedral formula. Thus,
T-junctions with two atomic configurations containing different topological defects were
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constructed, as illustrated in Figure 1a,b. One atomic configuration, which is hereafter
referred to as T-junction 1, contained two heptagon rings (one in the back) and two octagons
in the corner region, as depicted in Figure 1a. The second atomic configuration, which is
hereafter referred to as T-junction 2, contained four heptagon rings (two in the back), two
pentagon rings (one in the back), and two octagons in the corner region, as depicted in
Figure 1b.

Figure 1. Atomic configurations of the two T-junctions: (a) T-junction 1 and (b) T-junction 2 (P, H, and O represent pentagons,
heptagons, and octagons, respectively).

Cross-junctions were constructed by further removing atoms from the bottom region
of the T-junction model, which is hereafter referred to as the defect-containing T-junction,
as illustrated in Figure 2. For symmetry, the atoms removed from the bottom of the
aforementioned model were the same as those in the top crossing region of this model. A
1.5 nm (6, 6) CNT was assembled with the defect-containing T-junction model by using
the thermal welding process to form cross-junctions, as depicted in Figure 3a,b. The cross-
junction models depicted in Figure 3a,b were called cross-junctions 1 and 2, respectively.
The cross-junction models had twice the number of topological defects that their T-junction
counterparts did.

Figure 2. Defect-containing T-junction model.
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Figure 3. Atomic configurations of two cross-junctions: (a) cross-junction 1 and (b) cross-junction 2
(P, H, and O represent pentagons, heptagons, and octagons, respectively).

Equal-length (6, 6) CNTs were connected to T-junctions and cross-junctions to form
branched CNTs. To investigate the effect of branch length on the heat flow inside the
branched CNTs, various branch lengths between 25 and 200 nm were considered for the
simulations. The entire system was relaxed using a canonical (NVT) ensemble at the
junction region under a temperature of 300 K. The time step used for all simulations was
1 fs. To release the stress inside branched CNTs, the atoms on each individual branch were
allowed to move only along the axial direction of the CTNs under the microcanonical (NVE)
ensemble and the equilibrating process was run for 1 ns. Through the aforementioned
relaxation procedure, both longitudinal and transverse stresses inside the branches were
eliminated. Relaxing the structure was crucial because the residual stress from the initial
model can influence the material properties and can thus affect the heat flow [30].

The temperature setups of the cross and T-junctions are displayed in Figure 4a,b,
respectively. To avoid rigid body motion (i.e., translational movement and rotation) of
the branched CNTs, all of the branches were fixed at their ends for a length of 0.5 nm
adjacent to a 5 nm temperature-controlled region. The temperatures in the hot and cold
regions were controlled at 300 ± 30 K by using the Langevin thermostat setting. To observe
the thermal flow, a hot region was created at the end of branch 1 of the branched CNTs
whereas cold regions were created at all of the other branch ends. The NVE ensemble was
implemented in the free area of branched CNTs for 1 ns to enable the heat current to reach
a steady state. All of the results were collected in the following 1 ns. Each model was
simulated and averaged six times with different initial velocities.

In the branched CNT with cross-junctions, the heat current flowed from branch 1 into
the other three branches (branches 2, 3, and 4; Figure 4a). To investigate the heat flow
behavior inside this branched CNT, we defined the heat current ratio beyond the junction
as follows:

Ri =
Ii

∑ Ii
, i = 2 ∼ 4 (1)

where Ii is the power removed from the temperature-controlled region of branch i. The
heat current ratio for the T-junctions was similarly defined as that in Equation (1).
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Figure 4. Illustration of the temperature-controlled setup for non-equilibrium molecular dynamics
simulations. A hot region was created at branch 1, whereas cold regions were created in the remaining
branches of the branched CNTs with (a) cross-junction and (b) T-junction.

3. Results

The heat current ratios occurring after the cross and T-junctions were examined
through NEMD simulations. The effects of branch length, atomic configurations at the
junctions, and temperature on the heat flow inside the branched CNTs were examined. The
length dependence of the heat current ratios for the two cross-junctions is illustrated in
Figure 5a,b. Regardless of the atomic configuration at the junctions, the heat current ratios
R2 and R4 (for branches 2 and 4, respectively) were approximately equal and larger than
R3. This result indicates that the heat currents did not flow equally into the three branches
after the junction even though all of the branches had identical length and chirality. The
heat flow into the top (branch 2) and bottom (branch 4) branches was higher than that
into the straight branch (branch 3), especially for short branch lengths. However, as the
branch length increased, the heat current ratio tended to approach 1/3. This value was
equal to the prediction result obtained using conventional thermal circuit theory under
the assumptions that the thermal resistances along all the branch directions at the junction
were identical and that the thermal properties of all of the branches were the same.

Moreover, the thermal transport behavior was investigated by creating a hot region
placed at the bottom branch (branch 4) and cold regions at the ends of the other branches for
the branched CNT with cross-junctions. Different temperature settings produced different
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heat current directions, along which different topological defects were encountered. For
instance, the heat current from branch 1 encountered two heptagons in parallel at cross-
junction 1; however, the heat flow from branch 4 encountered two heptagons in series. The
heat current results for two temperature settings were within the standard deviation error,
as shown in Figures 5a and 6a. For both settings, the heat current preferentially flowed
sideways rather than straight.

Figure 5. Branch length dependence of the heat current ratio for branched CNTs with two atomic
configurations at the cross-junctions: (a) cross-junction 1 and (b) cross-junction 2.

We attempted to explain the aforementioned observations by using thermal circuit
theory and by considering the anisotropic thermal conductance at the junction. As the
topological defect locations were horizontally (along branches 1 and 3) and vertically (along
branches 2 and 4) asymmetric, the thermal resistances at the junctions along the branches
may have been different. A previous study [29] indicated that defects in series have lower
thermal resistance than those in parallel. When the asymmetric junction resistance is
considered (Figure 6b), the temperature difference between the hot and cold regions (ΔT)
(hot region placing at branch 1) can be expressed as follows:

ΔT = Thot − Tcold = I1(Ω1 + ΩCNT) + I2(Ω2 + ΩCNT)
= I1(Ω1 + ΩCNT) + I3(Ω3 + ΩCNT) = I1(Ω1 + ΩCNT) + I4(Ω4 + ΩCNT),

(2)

where ΩCNT is the thermal resistance of the pristine CNT branch and Ii is the heat current
at branch i. The following expression is obtained:

I2(Ω2 + ΩCNT) = I3(Ω3 + ΩCNT) = I4(Ω4 + ΩCNT) (3)

As the heat currents of branches 2 and 4 were larger than that of branch 3 (I2,4 > I3),
we deduced that the thermal resistance at the junction satisfied the following expres-
sion: Ω2,4 < Ω3. However, a contradictory result (i.e., Ω1,3 < Ω2) was obtained when
we considered the heat current situation in which a hot region was created at branch 4.
Our simulation results cannot be explained using an account of conventional thermal
circuits with or without the consideration of thermally anisotropic junctions. This finding
implies that the obtained results cannot be explained simply by diffusive-based thermal
circuit theory.

The thermal transport behavior inside the branched CNT with T-junctions was also
simulated. The dependences of the heat current ratios on the branch lengths are displayed
in Figure 7a,b, respectively. The heat current preferentially flowed straight into the straight
branch rather than sideways (i.e., R3 > 50% or R2 < 50%), especially for the short branch,
irrespective of the atomic configurations at the T-junctions. However, as the branch length
increased to 200 nm, the heat current ratios of branches 2 and 3 (i.e., R2 and R3, respectively)
approached 50%, which was predicted by a diffusive-based conventional thermal circuit
calculation. Similar to the branched CNT with cross-junctions, the atomic defects of
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pentagonal, heptagonal, and octagonal rings did not influence the directional heat transfer
behaviors. Moreover, the heat current preferentially flowed sideways rather than straight,
with one additional bottom branch attached to a T-junction.

Figure 6. (a) Length dependence of the heat current ratio for branched CNTs with cross-junction
1. A hot region was created at the bottom branch (branch 4), and cold regions were created at the
other branches. (b) Conventional thermal circuit when assuming different thermal resistances at
the junctions.

Figure 7. Branch length dependence of the heat current ratios inside branched CNTs with two
T-junctions: (a) T-junction 1 and (b) T-junction 2.
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4. Discussion

Through NEMD simulation of branched CNTs, directional heat transfer on the branches
could be observed. The directional heat transfer behavior in branched CNTs can be at-
tributed to two possible causes: asymmetric polygonal rings in the junction regions and
ballistic phonon transport [31]. First, it was reported that phonons exhibit different in-
teractions with asymmetric polygon rings, which resulted in directional flow due to the
specific location of the polygon rings [29]. This effect became weaker as the branch length
increased because the thermal resistance was influenced more by the branches than the
junctions. Therefore, heat currents tended to flow equally into each branch at long branch
lengths. However, similar heat current results were obtained regardless of the atomic
configuration at the junction (Figure 5 (cross-junctions) and Figure 7 (T-junctions)). Even if
the configuration of the polygon rings changed (e.g., from two heptagons in parallel to two
heptagons in series) by shifting the hot region to the bottom side, the heat still tended to
flow sideways rather than straight, as displayed in Figure 6a. Thus, the results indicated
that the directional heat transfer in branched CNTs was not dominated by local asymmetric
polygonal rings.

Second, heat may exhibit ballistic transport rather than diffusive scattering inside
branched CNTs, especially for short branches. When a branch was longer than the phonon
mean free path, ballistic to diffusive crossover of heat flow occurred and the heat was trans-
ported predominantly through diffusive scattering; thus, an equal heat current occurred
in each branch. As ballistic phonon transport was more pronounced at low tempera-
tures [1,21,34,35], the temperature effect was studied to further investigate the thermal flow
mechanism inside branched CNTs with cross and T-junctions. The hot and cold regions
were controlled at 50 ± 30 K to observe how the heat currents between branches changed.
As illustrated in Figure 8a,b, the heat current ratios for branch 2 exhibited relatively high
deviation from the conventional predictions for both junctions, which indicates the thermal
transport mechanisms in these branches were less diffusive and more ballistic at lower
temperatures. Moreover, the NEMD simulation was conducted on the branched CNT
with a defect-containing T-junction (Figure 2) to examine the different directional thermal
flow behaviors between cross and T-junctions. Compared with the T-junction, the defect-
containing T-junction, which was the intermediate construction stage of a cross-junction,
had an additional opening in its bottom region. As displayed in Figure 9, the size depen-
dence of the heat current ratio in branch 2 of the defect-containing T-junction was similar
to that on the size of a cross-junction and completely different from that on the size of the
T-junction. It is likely that phonons would scatter by the additional opening at the bottom
of defect-containing T-junction. Thus, the presence of an additional opening at the bottom
caused the heat current to tend to flow sideways into branch 2 rather than straight into
branch 3, which was unlike the phenomenon observed for the T-junction.

Figure 8. Effect of the temperature on heat flow in branched CNTs with (a) cross-junction 1 and
(b) T-junction 1.
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Figure 9. Branch length dependence of the heat current ratio in branch 2 of the branched CNT with
the T-junction and defect-containing T-junction.

Moreover, to analyze the thermal transport mechanism inside the branched CNTs
with different junctions, the collective atomic velocity cross-correlation spectra between
branches were examined to determine whether the phonons still maintained their original
vibrational characteristics after passing the junction structure. First, the power spectrum
of velocity cross-correlation between a pair of atoms located in two branches was defined
as follows:

Γ
mα,nβ
b,i (ω) =

∫
dt e−iωt

〈
vmα

b,i (t)v
nβ
b,i(0)

〉
, (4)

where vmα
b,i was the atomic velocity along the α direction of the bth atom at the ith unit cell

located on branch m. The angle in brackets indicates the time moving average. The power
spectrum of the time correlation function can provide information on how one atomic
vibration was transmitted to another atom in different frequency ranges. As phonons are a
collective motion of the periodic elastic arrangement of atoms inside condensed matter,
the power spectrum of velocity cross-correlation between a pair of atoms located in two
branches was insufficiently informative. Therefore, a group of atoms within nc unit cells in
each branch was selected to calculate the atomic velocity cross-correlation as follows:

Cmα,nβ(ω) =
1

ncNb

nc

∑
i

Nb

∑
j

∣∣∣ Γ
mα,nβ
j,i (ω

)∣∣∣2∣∣∣Γmα,mα
j,i (ω)

∣∣∣∣∣∣Γnβ,nβ
j,i (ω)

∣∣∣ (5)

where Nb was the number of atoms in one unit cell. In the conducted analysis, nc was
selected as 5. Moreover, the number of atoms in one unit cell, Nb, for a (6, 6) CNT was
24. Our methodology of velocity cross-correlation was similar to the one adopted to
calculate coherence length by Latour et al. [36]. Special care was taken to ensure that the
distance between each pair of atoms used to calculate the velocity cross-correlation was
the same (Figure 10), which was unlike the method used by Latour et al. [36], to ensure
that the time for traveling between the calculated atoms would not be different. Different
atomic velocity directions were considered to characterize different phonon modes (i.e.,
the longitudinal and transverse phonon modes). The longitudinal (transverse) phonon
mode was identified when the atoms vibrated parallel (perpendicular) to the branch axial
direction. The cross-correlation results were averaged over six different runs.
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Figure 10. Illustration of atoms at different branches in cross-correlation calculation.

The collective power spectra for the longitudinal and transverse vibrations, which
were termed the phonon correlation function, were analyzed for cross-junction 1 (Figure 11)
and T-junction 1 (Figure 12). As demonstrated in Figures 11a and 12a, the longitudinal
vibrations of branch 1 were more easily transmitted to branch 3 than to branch 2 in both
the longitudinal and transverse modes, which indicates that the vibrations in branch 2
originated from scattering and their correlation subsequently reduced. At low frequencies
(<1 THz), all of the vibrations between branches exhibited higher correlations, which is
consistent with the fact that low-frequency phonons have a long mean free path [36,37].
In addition, the longitudinal vibrations of branch 1 had a higher correlation with the
transverse vibration of branch 2 than with the longitudinal vibration of branch 2. This
result indicated that the longitudinal phonon may change to a transverse phonon when
transported from branch 1 to branch 2. This behavior is similar to the phonon polarization
conversion behavior observed by Shi et al. [24,29,30].

Figure 11. Collective power spectra of velocity cross-correlations of (a) longitudinal and (b) transverse
vibrations of branch 1 with those of branches 2 and 3 for cross-junction 1.

As depicted in Figures 11b and 12b, the transverse vibrations of branch 1 exhibited
higher transmittance strength in branch 3 for a T-junction than for a cross-junction, es-
pecially at a frequency of approximately 2 THz. However, the transverse vibrations of
branch 1 had lower overall correlations with the vibrations of branches 2 and 3 than
the longitudinal vibrations of branch 1. This result implies that the transverse phonons
scatter more at a junction relative to the longitudinal phonon. Both the longitudinal and
transverse phonons could move more and without scattering from branch 1 into branch 3
when encountering T-junctions than when encountering cross-junctions. This result was
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obtained because the atomic vibration could easily propagate straight into branch 3 when
encountering the T-junction without an additional opening and discontinuity at the bottom.
It should be pointed out that the phonon correlation function, which describes the resem-
blance in atomic vibration between branches, only reflects the phonon scattering behavior
during thermal transport. This function could not be directly related to the amount of
transferred heat because the heat current can be transported by both diffusive and ballistic
phonons, and the heat carried by diffusive phonons cannot be reflected by the atomic
velocity cross-correlation spectra.

Figure 12. Collective power spectra of the velocity cross-correlation of (a) longitudinal and
(b) transverse vibrations of branch 1 with those of branches 2 and 3 for T-junction 1.

5. Conclusions

In this study, NEMD simulations were conducted to investigate the thermal transport
behavior inside branched CNTs with cross and T-junction. Junctions were prepared through
the thermal welding of (6, 6) CNTs by removing atoms such that Euler formula-based
topological requirements were satisfied. All of the connecting branches had the same
length and chirality. The effects of branch length, topological defects at junctions, and
temperature on the thermal flow were studied. The simulation results indicated that the
heat current preferentially flowed into the side branch rather than the straight one for the
cross-junction structures; however, the heat inside the T-junction behaved differently. This
directional heat transfer was obvious especially in short branches and low temperatures.
Moreover, the atomic configuration at junctions with different topological defects only had
a marginal influence on the heat transfer. As the branch length increased, the heat tended
to flow equally into each branch. The directional heat transfer cannot be explained using
diffusive-based thermal circuit theory even when the anisotropic thermal conductance at
the junction was considered. Finally, the collective atomic velocity cross-correlation spectra
between branches were used to examine phonon transport mechanisms for the branched
CNTs. Furthermore, we found that the phonon correlation function, which describes the
similarity of atomic vibration between branches, could only provide information regarding
the phonon scattering behavior during thermal transport. Moreover, this function could
not be directly related to the amount of transferred heat because the heat current can be
transported by both diffusive and ballistic phonons, and the heat carried by diffusive
phonons cannot be reflected in the atomic velocity cross-correlation spectra. This finding
provides deep insight into the thermal transport mechanisms of branched CNTs, which
can be useful when employed in thermal management applications.
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Abstract: A numerical study is presented for the thermo-free convection inside a cavity with vertical
corrugated walls consisting of a solid part of fixed thickness, a part of porous media filled with a
nanofluid, and a third part filled with a nanofluid. Alumina nanoparticle water-based nanofluid is
used as a working fluid. The cavity’s wavy vertical surfaces are subjected to various temperature
values, hot to the left and cold to the right. In order to generate a free-convective flow, the horizontal
walls are kept adiabatic. For the porous medium, the Local Thermal Non-Equilibrium (LTNE) model
is used. The method of solving the problem’s governing equations is the Galerkin weighted residual
finite elements method. The results report the impact of the active parameters on the thermo-free
convective flow and heat transfer features. The obtained results show that the high Darcy number
and the porous media’s low modified thermal conductivity ratio have important roles for the local
thermal non-equilibrium effects. The heat transfer rates through the nanofluid and solid phases are
found to be better for high values of the undulation amplitude, the Darcy number, and the volume
fraction of the nanofluid, while a limit in the increase of heat transfer rate through the solid phase
with the modified thermal ratio is found, particularly for high values of porosity. Furthermore, as the
porosity rises, the nanofluid and solid phases’ heat transfer rates decline for low Darcy numbers and
increase for high Darcy numbers.

Keywords: natural convection; nanofluid-porous cavity; wavy solid wall; darcy-forchheimer model;
local thermal non-equilibrium (LTNE)

1. Introduction

Natural convection in a composite cavity, where part of it is porous and the other is fluid
(natural convection in many layers of superimposed porous fluids), represents one of the
most important topics that has received wide attention from researchers due to its multiple
applications in engineering, such as insulation systems for fibrous and granular, packed
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bed solar energy storage, water conservers, and reactors cooling after the accident, and in
geophysics, such as thermal circulation in lakes and contaminant transport in groundwater.
Several researchers have dealt with this topic, as it was started by the study of Beavers
and Joseph [1], where they presented the boundary conditions between the homogeneous
fluid and the porous media in the simple situation. Convective heat transfer in porous
beds saturated with a fluid was investigated for various thicknesses and permeabilities of
bed [2]. Natural convection heat transfer in an enclosure, which is divided into two regions,
one filled with a porous medium and the other with a fluid, was analyzed by Tong and
Subramanian [3], for the aim of developing the characteristics of heat transfer for enclosures
containing different quantities of porous material. Both studies of Poulikakos et al. [4] and
Poulikakos [5] relied on measuring the flow of fluid floating on a porous bed heated from
below at Rayleigh numbers above a critical value. The authors in Beckermann et al. [6]
presented a two-dimensional study on natural convection, a rectangular fluid enclosure
partially filled with different layers of porous material, vertical or horizontal. Numerical
investigations were conducted for various enclosure aspect ratios, Rayleigh and Darcy
numbers, and ratios and thicknesses of thermal conductivity of the porous region [7].
The authors in Hirata et al. [8] discussed the thermosolutal natural convection onset in
horizontal superimposed fluid-porous layers. A numerical and analytical investigation was
done for combined thermal and moisture conventions in an enclosure filled with a partially
porous medium to enhance the moisture transport in the thermal energy storage unit [9].
The authors in Mikhailenko et al. [10] discussed the mechanism to address the effects of
a uniform rotation and a porous layer in a local heat source electronic cabinet, where it
studied the impacts of the Rayleigh, Taylor, and Darcy numbers and the porous layer
thickness on hydro-thermodynamics. The authors in Saleh et al. [11] investigated the
unstable convective flow in a vertical porous layer inside an enclosure due to a flexible fin.

To enhance the fluids’ thermal properties, researchers and engineers have used new
kinds of particles with a nanometer size, which are named nanoparticles, in traditional
fluids, which generated the term “nanofluid”. The applications of the heat transfer of
nanofluids have been widely used for, e.g., cooling electronics, heating exchangers, car
radiators, and machining [12]. The authors in Alsabery et al. [13] provided an expla-
nation for the influence of the Darcy number, Rayleigh number, nanoparticle volume
fraction, and power-law index on streamlines, isotherms, and the total heat transfer and
on the thermal conductivity of the nanofluid and the porous medium. The numerical
analysis of Al-Zamily [14] was implemented to investigate the fluid flow, entropy genera-
tion, and heat transfer inside an enclosure with an internal heat generation. The authors in
Armaghani et al. [15] presented numerically the natural convection and generation of ther-
modynamic irreversibility in a cavity containing a partial porous layer filled with a Cu-water
nanofluid. The authors in Miroshnichenko et al. [16] utilized a numerical simulation of porous
layers’ effect on natural convection in an open cavity with a vertical hot wall and filled with
a nanofluid.

Four main classifications in the modelling of transportation methods for porous
materials include the Local Thermal Non-Equilibrium (LTNE), thermal dispersion, constant
porosity, and variant porosity. LTNE assumptions can be used in modelling the heat
exchange of convection in porous materials due to the different thermal conductivities
in the fluid and porous material [12]. By applying an exact Chebyshev spectral element
method, the natural convection in a porous cavity was improved using an LTNE model [17].
By considering LTNE effects, the authors in Ghalambaz et al. [18] addressed the natural
convection in a cavity filled with a porous medium with the consideration of the thickness
of the solid walls of the cavity. Taking into account the local thermal non-equilibrium
model, natural convective circulation in a rotating porous cavity was investigated with a
variable volumetric heat generation by [19].
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The authors in Sivasankaran et al. [20] analyzed the convective heat and fluid flow of
a nanofluid in an inclined cavity saturated with a heat-generating porous medium based
on the LTNE model. The authors in Tahmasebi et al. [21] investigated the heat transfer of
the natural convection in an enclosure filled with a nanofluid in three different layers of the
fluid, the porous medium, and the solid, where the local thermal non-equilibrium model
was used to model the porous layer. The studies of [22–24] investigated the natural con-
vection of different nanofluids in each article within a porous cavity depending on a Local
Thermal Non-Equilibrium Model (LTNEM). Natural, forced, and Marangoni convective
flows in an open cavity partially saturated with a porous medium under the impacts of an
inclined magnetic field were studied, where the LTNEM was used to represent the thermal
field in the porous layer [25].

The study of natural convection in a wavy porous cavity is an interesting topic due
to its wide range of usage in engineering, e.g., for the management of nuclear waste,
the cooling of transpiration, building thermal insulators, geothermal power plants, and
grain storage, and in geophysics, e.g., for modelling pollutant spreading (radionuclides),
the movement of water in geothermal reservoirs, and petroleum reservoirs’ enhanced
recovery [26]. Free convection in a cubical porous enclosure has been controlled by the
wavy shape of the bottom wall and by inserting a conductive square cylinder inside
the considered cavity [27]. The natural convection heat transfer inside a square wavy-
walled enclosure filled with nanofluid and containing a hot inner corrugated cylinder was
simulated by [28]. The enclosure was divided into two layers, one filled with Ag nanofluid
and the other with porous media. The authors in Kadhim et al. [29] presented a parametric
numerical analysis of the free convection in a porous enclosure with wavy walls filled
by a hybrid nanofluid, at several inclination angles. The authors in Alsabery et al. [30]
simulated the free convection heat transfer inside a porous cavity filled with water-based
nanofluid with the consideration of the LTNE model. They assumed that there was an
inner solid cylinder centered in the enclosure and that the bottom wall of the cavity was
heated and wavy.

As acknowledged in an earlier literature survey, and to the best of the authors’ knowl-
edge, and based on the need to consider the LTNE condition, there is no study dealing with
the natural convection flow within nanofluid-superposed wavy porous layers with the
local thermal non-equilibrium model. Therefore, this work proposes an understanding of
the amplitude’s impacts and the local thermal non-equilibrium of a nanofluid-superposed
wavy porous layers via the fluid flow and heat transfer features.

2. Mathematical Formulation

The two-dimensional natural convection state within the wavy-walled cavity with
length L is explained in Figure 1. The analysed composite cavity is divided into three layers
(portions). The first layer (left wavy portion) is solid as brickwork (kw = 0.76 tW/m.◦C),
the second layer (middle portion) is loaded with a porous medium that is saturated with
nanofluid, and the third layer (right wavy portion) is filled with a nanofluid. The wavy
(vertical left) solid surface has a fixed hot temperature of Th, while the vertical right wavy
surface is fixed with a cold temperature of Tc. On the other hand, the horizontal top and
bottom surfaces are preserved as adiabatic. The edges of the domain (except for the inter-
face surface between the porous-nanofluid layer) are supposed to remain impermeable.
The mixed liquid inside the composite cavity performs as a water-based nanofluid holding
Al2O3 nanoparticles. The Forchheimer-Brinkman-extended Darcy approach and the Boussi-
nesq approximation remain appropriate. In contrast, the nanofluid phase’s convection and
the solid matrix are not in a local thermodynamic equilibrium condition. The set of porous
media applied in the following output is glass balls (km = 1.05 W/m.◦C). Considering the
earlier specified hypotheses, the continuity, momentum, and energy equations concerning
the Newtonian fluid, laminar, and steady-state flow are formulated as follows:
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For the nanofluid layer,
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K
um − 1.75√

150ε3/2

ρn f um|u|√
K

)
, (6)

ρn f

ε2

(
um

∂vm

∂x
+ vm

∂vm

∂y

)
= −∂p

∂y
+

μn f

ε

(
∂2vm

∂x2 +
∂2vm

∂y2

)

−
(

μn f

K
vm − 1.75√

150ε3/2

ρn f vm|u|√
K

)
+ (ρβ)n f g(Th − Tc), (7)

um
∂Tm

∂x
+ vm

∂Tm

∂y
=

εkn f

(ρCp)n f

(
∂2Tm

∂x2 +
∂2Tm

∂y2

)
+

h(Ts − Tm)

(ρCp)n f
, (8)

0 = (1 − ε)ks

(
∂2Ts

∂x2 +
∂2Ts

∂y2

)
+ h(Tm − Ts). (9)

The energy equation of the wavy left solid surface is

∂2Tw

∂x2 +
∂2Tw

∂y2 = 0. (10)

The subscripts n f , m, s, and w correspond to the nanofluid layer, porous layer (nanofluid
phase), porous layer (solid phase), and solid wavy surface, respectively. x and y are the fluid
velocity elements, |u| = √

u2 + v2 denotes the Darcy velocity, g displays the acceleration
due to gravity, ε signifies the porosity of the medium, and K is the permeability of the
porous medium which is determined as

K =
ε3d2

m
150(1 − ε)2 . (11)

Here, dm represents the average particle size of the porous bed.
The thermophysical characteristics regarding the adopted nanofluid for the 33 nm

particle-size are given by [31]:
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(ρCp)n f = (1 − φ)(ρCp) f + φ(ρCp)p, (12)

ρn f = (1 − φ)ρ f + φρp, (13)

(ρβ)n f = (1 − φ)(ρβ) f + φ(ρβ)p, (14)
μn f

μ f
=

1

1 − 34.87
(

dp
d f

)−0.3
φ1.03

, (15)

kn f

k f
= 1 + 4.4Re0.4

B Pr0.66

(
T

Tf r

)10(
kp

k f

)0.03

φ0.66. (16)

where ReB is defined as

ReB =
ρ f uBdp

μ f
, uB =

2kbT
πμ f d2

p
. (17)

The molecular diameter of water (d f ) is given as [31]

d f = 0.1

[
6M

N∗πρ f

] 1
3

. (18)

Now, we present the employed non-dimensional variables:

(X, Y) =
(x, y)

L
, Un f ,m =

un f ,mL
α f

, Vn f ,m =
vn f ,mL

α f
, θn f =

Tn f − Tc

Th − Tc
,

θm =
Tm − Tc

Th − Tc
, P =

pL2

ρ f α2
f
, ke f f = εkn f + (1 − ε)km, CF =

1.75√
150

. (19)

The set scheme leads to the following dimensionless governing equations:
In the nanofluid layer,

∂Un f

∂X
+

∂Vn f

∂Y
= 0, (20)

Un f
∂Un f

∂X
+ Vn f

∂Un f

∂Y
= − ∂P

∂X
+ Pr

ρ f

ρn f

μn f

μ f

(
∂2Un f

∂x2 +
∂2Un f

∂Y2

)
, (21)

Un f
∂Vn f

∂X
+ Vn f

∂Vn f

∂Y
= − ∂P

∂Y
+ Pr

ρ f

ρn f

μn f

μ f

(
∂2Vn f

∂X2 +
∂2Vn f

∂Y2

)

+
(ρβ)n f

ρn f β f
Ra Pr θn f , (22)

Un f
∂θn f

∂X
+ Vn f

∂θn f

∂Y
=

(ρCp) f

(ρCp)n f

kn f

k f

(
∂2θn f

∂X2 +
∂2θn f

∂Y2

)
. (23)
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In the porous layer,

∂Um

∂X
+

∂Vm

∂Y
= 0, (24)

1
ε2

(
Um

∂Um

∂X
+ Vm

∂Um

∂Y

)
= − ∂P

∂X
+

ρ f

ρn f

μn f

μ f

Pr
ε

(
∂2Um

∂X2 +
∂2Um

∂Y2

)

− ρ f

ρn f

μn f

μ f

Pr
Da

Um − CF
√

U2
m + V2

m√
Da

Um

ε3/2 , (25)

1
ε2

(
Um

∂Vm

∂X
+ Vm

∂Vm

∂Y

)
= − ∂P

∂Y
+

ρ f

ρn f

μn f

μ f

Pr
ε

(
∂2Vm

∂X2 +
∂2Vm

∂Y2

)

− ρ f

ρn f

μn f

μ f

Pr
Da

Vm − CF
√

U2
m + V2

m√
Da

Vm

ε3/2 +
(ρβ)n f

ρn f β f
Ra Pr θm, (26)

1
ε

(
Um

∂θm

∂X
+ Vm

∂θm

∂Y

)
=

ke f f

k f

(ρCp) f

(ρCp)n f

(
∂2θm

∂X2 +
∂2θm

∂Y2

)

+
(ρCp) f

(ρCp)n f
H(θs − θm), (27)

0 =
∂2θs

∂X2 +
∂2θs

∂Y2 + γH(θm − θs). (28)

In the wavy solid wall,
∂2θw

∂X2 +
∂2θw

∂Y2 = 0. (29)

The dimensionless boundary conditions of Equations (20)–(28) are

On the left solid hot wavy surface,

U = V = 0, θw = 1, A(1 − cos(2NπY)), 0 ≤ Y ≤ 1, (30)

On the bottom adiabatic horizontal surface,

U = V = 0,
∂θ(n f ,m,s,w)

∂Y
= 0, 0 ≤ X ≤ 1, Y = 0, (31)

On the right cold wavy surface,

U = V = 0, θn f = 0, 1 − A(1 − cos(2NπY)), 0 ≤ Y ≤ 1, (32)

On the top adiabatic horizontal surface,

U = V = 0,
∂θ(n f ,m,s,w)

∂Y
= 0, 0 ≤ X ≤ 1, Y = 1, (33)

The dimensionless boundary forms toward the interface between the nanofluid and
the porous layers will be obtained from (1) the continuity of tangential and normal ve-
locities, (2) shear and normal stresses, and (3) the temperature and the heat flux crossing
the central interface and allowing an identical dynamic viscosity (μn f = μm) into both
layers. Therefore, the interface dimensionless boundary conditions can be addressed as
the following:

θn f |Y=D+ = θm|Y=D− , (34)

∂θn f

∂Y

∣∣∣∣
Y=D+

=
ke f f

kn f

∂θm

∂Y

∣∣∣∣
Y=D−

, (35)

Un f |Y=D+ = Um|Y=D− , (36)

Vn f |Y=D+ = Vm|Y=D− , (37)
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Here, D denotes the nanofluid layer’s thickness, and the subscripts + and − indi-
cate that the corresponding measures are estimated while addressing the interface of the

nanofluid and the porous layers, respectively. Ra =
gβ f (Th−Tc)L3

ν f α f
and Pr =

ν f
α f

signify the
Rayleigh number and the Prandtl number related to the used base liquid.

The local Nusselt numbers (Nun f and Nus) at the wavy vertical (left) surface for the
nanofluid and the solid phases, respectively, are written as follows:

Nun f =
ke f f

k f

(
∂θn f

∂n

)
n
, (38)

Nus =
ks

k f

(
∂θs

∂n

)
n
. (39)

Here, n denotes the entire length of the curved heat source.
Lastly, the average Nusselt numbers at the wavy vertical surface within the nanofluid

and solid phases are addressed by the following:

Nun f =
∫ n

0
Nun f dn, (40)

Nus =
∫ n

0
Nus dn. (41)

T

L

Water

Tc
L

g

Interface

Porous Layer

Nanofluid Layer

Al O2 3

Solid Wall

Figure 1. Schematic representation concerning the convection flow in the wavy-walled composite.
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3. Numerical Method and Validation

The governing dimensionless equations Equations (20)–(28) ruled with the boundary
conditions Equations (30)–(37) are solved by the Galerkin weighted residual finite element
technique. The computational region is discretised into small triangular portions as shown
in Figure 2.

These small triangular Lagrange components with various forms are applied to each
flow variable within the computational region. Residuals for each conservation equation is
accomplished through substituting the approximations within the governing equations.
The Newton-Raphson iteration algorithm is adopted for clarifying the nonlinear expres-
sions into the momentum equations. The convergence from the current numerical solution
is considered, while the corresponding error of each of the variables satisfies the following
convergence criteria:

∣∣∣∣Γi+1 − Γi

Γi+1

∣∣∣∣ ≤ 10−6.

Figure 2. Framework configuration of the FEM for the grid dimension of 5464 components.

To assure the confidence of the existing numerical solution at the grid size of the
numerical region, we have adopted various grid dimensions for calculating the minimum
strength of the flow circulation (Ψmin), the average Nusselt number of the nanofluid phase
(Nun f ), and the average Nusselt number of the solid phase (Nus) for the case of Ra = 106,
Da = 10−3, φ = 0.02, N = 3, γ = 10, H = 10, ε = 0.5, and A = 0.1. The outcomes are
displayed in Table 1, which designates insignificant variations for the G6 grids and higher.
Hence, concerning all calculations into this numerical work, the G6 uniform grid is applied.

Table 1. Grid testing for Ψmin, Nun f , and Nus at different grid sizes for Ra = 106, Da = 10−3,
φ = 0.02, N = 3, γ = 10, H = 10, ε = 0.5, and A = 0.1.

Grid Size Number of Elements Ψmin Nun f Nus

G1 3187 −11.812 6.4267 4.677
G2 3686 −11.691 6.4309 4.6961
G3 4096 −11.676 6.4453 4.7096
G4 4576 −11.603 6.4607 4.7197
G5 5464 −11.591 6.4633 4.7257
G6 10,180 −11.528 6.4654 4.7431
G7 21,830 −11.503 6.4655 4.7434

76



Nanomaterials 2021, 11, 1277

Concerning the validation for the current numerical data, the outcomes are examined
with earlier published experimental results reported by Beckermann et al. [6] for natural
convection within a square cavity including fluid and porous layers, as performed in
Figure 3. Besides that, a comparison is obtained for the resulting patterns and the one
implemented by Khanafer et al. [32] for the case of natural convection heat transfer in a
wavy non-Darcian porous cavity, as displayed in Figure 4. According to the above-achieved
comparisons, the numerical outcomes of the existing numerical code are significant to a
great degree of reliability.

Figure 3. (a) Streamlines of Beckermann et al. [6] (left) and the present study (right); (b) isotherms

for Ra = 3.70 × 106, Da = 1.370 × 10−5, ε = 0.9, D = 0.5 N = 0, ke f f
k f

= 1.362, and Pr = 6.44.
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|Ψmin | =8.49

(a)

(b)

Figure 4. (a) Streamlines of (left) Khanafer et al. [32] and (right) the present study; (b) isotherms
of (left) Khanafer et al. [32] and (right) the present study for Ra = 105, Da = 10−2, ε = 0.9, N = 3,
D = 0, and Pr = 1.

4. Results and Discussion

The outcomes described by streamlines, isotherms, and isentropic distributions are
addressed within this section. We have modified the following four parameters: the Darcy
number (10−6 ≤ Da ≤ 10−2), the nanoparticle volume fraction (0 ≤ φ ≤ 0.04), the modified
conductivity ratio (0.1 ≤ γ ≤ 1000), the amplitude (0 ≤ A ≤ 0.2), and the porosity of the
medium (0.2 ≤ ε ≤ 0.8). The values of the Rayleigh number, the number of undulations, the
coefficient of inter-phase heat transfer, the thickness of the wavy solid wall, and the Prandtl
number are fixed at Ra = 106, N = 3, H = 10, W = 0.2, and Pr = 4.623, respectively.
Table 2 displays the thermos-physical properties of the base fluid (water) and the solid
Al2O3 phases at T = 310 K.
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Figure 5 displays from left to right, respectively, streamlines, isotherms of the nanofluid
phase, and isotherms of the solid phase for various Darcy numbers (Da) when φ = 0.02,
γ = 10, A = 0.1, and ε = 0.5. For a low Darcy number, the isotherms are virtually vertical
in the porous layer and correspond to the solid phase isotherms, indicating that the heat
transfer occurs essentially by the conduction mode because the porous medium becomes
less permeable. The porous matrix causes the flow to cease in the porous layer; as a result,
the flow is closed or entirely limited to the nanofluid layer and is not able to permeate
into the porous medium. The heat transfer in the nanofluid layer is mainly convective,
as is shown from the isotherms and the streamlines. When the Darcy number increases,
the porous layer provides less resistance to the nanofluid flow, the natural convection
increases, and the mechanism of heat transfer shifts from the conduction mechanism at a
small Darcy number into the convection mechanism at a high Darcy number in the porous
layer as well as in the entire enclosure. A high thermal boundary layer is present at the
porous-layer/conducting solid-wall interface. Moreover, by comparing the isothermal
lines in the solid part and the nanofluid phase in the porous layer, it is clear that, when
the heat transport mode is mainly governed by conduction at low Darcy number values,
the Local Thermal-Equilibrium (LTE) state is feasible because the isotherms are conformal
(identical and similar). Meanwhile, the effect of the Local Thermal Non-Equilibrium (LTNE)
is important at high Darcy numbers since there is a marked difference in the temperature
distribution between the solid phase and the nanofluid phase in the porous layer.

To frame the effect of the porous medium permeability, we present in Figure 6 the
numerical results given by the profiles of the local velocity with the vertical line at X = 0.5
(a), the local Nusselt number of the nanofluid phase (b), and the local Nusselt number of the
solid phase (c) for different Da for the case of φ = 0.02, γ = 10, A = 0.1, and ε = 0.5. The
velocity profiles indicate the rotational aspect of the nanofluid in the cavity. The nanofluids’
circulation rate increases with increasing values of the Darcy number. It is also evident
from this figure that the local Nusselt numbers, for both the nanofluid phase and the solid
phase, form peaks, and each peak corresponds to a convex boundary of the undulating hot
wall. In comparison, the values of the Nusselt number improve by incrementing the Darcy
number, and this improvement is more progressive for medium Darcy number levels. It
is also worth noting that the heat transfer rate on the lower portion of the wavy wall is
bigger than on the top. This is because these regions represent the contact areas for the cold
nanofluid returning from the opposite cold wall, so a high temperature difference exists
there, which causes a high heat transfer rate.

Table 2. Thermo-physical characteristics concerning pure liquid (water) and Al2O3 nanoparticles at
T = 310 K [33].

Physical Properties Fluid Phase (Water) Al2O3

Cp (J/kgK) 4178 765
ρ (kg/m3) 993 3970
k (Wm−1K−1) 0.628 40
β × 105 (1/K) 36.2 0.85
μ × 106 (kg/ms) 695 –
dp (nm) 0.385 33

79



Nanomaterials 2021, 11, 1277

Figure 5. Streamlines (left), isotherms of the nanofluid phase (middle), and isotherms of the solid
phase (right) with various Darcy numbers (Da); φ = 0.02, γ = 10, A = 0.1, and ε = 0.5.
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Figure 6. Local velocity (a), the local Nusselt number of the nanofluid phase (b), and the local Nusselt
number of the solid phase (c) with the vertical line (Y) for X = 0.5 for different Da values; φ = 0.02,
γ = 10, A = 0.1, and ε = 0.5.

The differences in the streamlines patterns and isotherms of the nanofluid and solid
phases in the different regions with respect to the thermal conductivity ratio in the porous
layer (γ) when Da = 10−3, φ = 0.02, A = 0.1, and ε = 0.5 are depicted in Figure 7. For
low values of γ, the core of the flow vortex is found in the nanofluid layer, indicating the
nanofluid circulation strength in this region and its weakness in the porous layer region.
This is because most of the heat is transmitted through the solid matrix instead of the
nanofluid in the porous layer due to the high value of the solid thermal conductivity. The
nanofluid-phase and solid-phase isothermal lines are not similar, indicating the existence
of the local thermal non-equilibrium case. When raising the value of γ from 0.1 to 1000,
the flow vortex expands to cover the porous layer region, and the speed of the circulation
strength increases in the porous layer and decreases in the nanofluid layer. It also seems
that, as γ increases, the system tends to realize the local thermal equilibrium situation
in the porous layer, which is observed by the identicalness between the nanofluid-phase
isotherms and those of the solid phase.
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Figure 7. Streamlines (left), the isotherms of the nanofluid phase (middle), and the isotherms of the
solid phase (right) with various modified conductivity ratios (γ); Da = 10−3, φ = 0.02, A = 0.1, and
ε = 0.5.

The local velocity profiles in Figure 8a show that, for low values of γ, the velocity
profiles are in conformity because the effect of the solid part is dominant compared to the
pore space, which obstructs the buoyancy effects and the flow vortex remains at the center
of the cavity. The disparity in the profiles at high γ can be explained by the fact that the flow
vortex rises up, which results in a low nanofluid velocity at the lower part of the cavity, near
the bottom wall. Figure 8b,c illustrates the impact of the modified thermal conductivity
ratio, γ, on both the nanofluid-phase and solid-phase local heat transfer rates. Boosting γ
results in an improvement in the Nusselt numbers. For a weak γ, the distribution of Nus
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and Nun f differs, which means that the non-thermal equilibrium effects are significant. In
addition, it is to note that the impacts of γ on the Nusselt numbers are more important for
the solid phase than for the nanofluid phase. In fact, the attainment of thermal equilibrium
between the nanofluid and the solid matrix leads to a greater heat transfer through the
entire porous layer.

Y

V

γ = 0.1
γ = 1

γ = 100

γ = 1000

(a)

W

N
u
n
f

γ = 0.1
γ = 1

γ = 100

γ = 1000

W

N
u
s

γ = 0.1
γ = 1

γ = 100

γ = 1000

(b) (c)

Figure 8. Local velocity (a), the local Nusselt number of the nanofluid phase (b), and the local Nusselt
number of the solid phase (c) with the vertical line (Y) for X = 0.5 for Y = 0.5 for different γ values;
Da = 10−3, φ = 0.02, A = 0.1, and ε = 0.5.

Figure 9 analyzes the effect of the magnitude of the undulations of the solid corrugated
wall (A) on the system’s thermal and dynamic features. Obviously, the larger magnitude
undulations, the more conductive the heat transfer tends to be, since the undulations act
to impede the nanofluid circulation inside the cavity. The flow configuration switches
from one central flow vortex to a multi-core vortex by raising A, which influences the
distribution of the velocity within the cavity (Figure 10a). Considering the great difference
in size and form of the heat exchange surface, the amplitude of the undulations significantly
impacts the distribution of the local heat transfer over the hot surface, as seen in the profiles
of the Nusselt numbers in Figure 10c,d.

83



Nanomaterials 2021, 11, 1277

Figure 9. Streamlines (left), the isotherms of the nanofluid phase (middle), and the isotherms of the
solid phase (right) with various amplitudes (A); Da = 10−3, φ = 0.02, γ = 10, and ε = 0.5.
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Figure 10. Local velocity (a), the local Nusselt number of the nanofluid phase (b), and the local
Nusselt number of the solid phase (c) with the vertical line (Y) for X = 0.5 for different N values;
Da = 10−3, φ = 0.02, γ = 10, and ε = 0.5.

The varying porosity effects of the porous layer (ε) on the nanofluid and solid phase
isotherms and flow patterns in the different regions inside the cavity are demonstrated
in Figure 11. As can be seen, an increase in the porosity of the porous layer leads to
an increase in the nanofluid circulation within the entire cavity. Indeed, as the porosity
increases, the nanofluid movement becomes freer in the cavity, which contributes to a
greater heat transfer to the nanofluid layer through the porous layer.

85



Nanomaterials 2021, 11, 1277

Figure 11. Streamlines (left), the isotherms of the nanofluid phase (middle), and the isotherms of
the solid phase (right) with various porosities of the medium (ε); Da = 10−3, φ = 0.02, γ = 10, and
A = 0.1.

Figure 12a indicates that an improvement in the ε parameter improves the velocity of
circulation as well. Figure 12b,c shows that the maximum and minimum of the local heat
transfer rates of the nanofluid phase are more extreme with a rise of ε, whereas the rates
of the solid-phase heat transfer are not greatly changed by the variations in the porosity
magnitude, as the porous media with a large porosity offers more empty spaces to be
occupied with the flowing nanofluid.
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Figure 12. Local velocity (a), the local Nusselt number of the nanofluid phase (b), and the local
Nusselt number of the solid phase (c) with the vertical line (Y) for X = 0.5 for different ε values;
Da = 10−3, φ = 0.02, γ = 10, and A = 0.1.

The objective of Figures 13 and 14 is to show the role of the Darcy number (Da) and
the modified thermal conductivity ratio (γ) at various nanoparticle concentrations (φ) in
the average heat transport. It is clear that Da and γ augment the mean Nusselt number of
both the nanofluid and the solid phases. The converging values of Nun f and Nus at lower
Da values and higher γ values indicate the local thermal equilibrium situation, as stated
earlier. In addition, it is shown that the increasing effect of Da and γ on the mean Nusselt
numbers reduces when the Da and γ are higher. Moreover, beyond the value of γ = 100,
the heat transfer rate decreases with γ because the heat transfer through the solid matrix
(Nus) is severely limited due to its low thermal conductivity, unlike Nun f , which continues
to increase with γ due to the improved nanofluid thermal conductivity. It is also evident
from the two figures that increasing the nanoparticles’ concentration produces increases in
both Nusselt numbers for all considered values of Da and γ.
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Figure 13. Variations of (a) the average Nusselt number of the nanofluid phase and (b) the average
Nusselt number of the solid phase with Da values for different φ values at γ = 10, A = 0.1, and
ε = 0.5.
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Figure 14. Variations of (a) the average Nusselt number of the nanofluid phase and (b) the average
Nusselt number of the solid phase γ for different φ values at Da = 10−3, N = 3, and ε = 0.5.

Figures 15 and 16 show that the largest global heat transfer for both the solid and
nanofluid phases is found for the highest undulation amplitude (A = 0.2) for all tested
values of Da and φ. This can be attributed to the large heat exchange surface of the wavy
wall for high values of A. In addition, at a given A, the values of the Nun f and Nus are
found to increase with increasing values of Da and φ.
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Figure 15. Variations of (a) the average Nusselt number of the nanofluid phase and (b) the average
Nusselt number of the solid phase with Da for different A values at φ = 0.02, γ = 10, and ε = 0.5.
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Figure 16. Variations of (a) the average Nusselt number of the nanofluid phase and (b) the average
Nusselt number of the solid phase with φ for different A values at Da = 10−3, γ = 10, and ε = 0.5.

Figure 17 aims to examine the role of the porosity (ε) of the porous layer as a function
of the Darcy number (Da) in the total heat transfer rates of the nanofluid and solid phases
for the case of ε at φ = 0.02, γ = 10, and A = 0.1. At lower Darcy numbers (Da ≤ 10−5),
an increase in the porosity of the porous layer weakens the total heat transfer rates (Nun f

and Nus) owing to the fact that high porosity at low permeability contributes to more heat
resistance within the porous medium. The opposite is true for high Darcy numbers.
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Figure 17. Variations of (a) the average Nusselt number of the nanofluid phase and (b) the average
Nusselt number of the solid phase with Da for different ε values at φ = 0.02, γ = 10, and A = 0.1.

Figure 18 characterizes the variation of Nun f and Nus with the modified thermal
conductivity (γ) for various values of ε. Nun f increases with the increment of γ for all
values of ε. Meanwhile, there is a limit in the increase of Nus with γ after a certain value
of ε. This explains that the role of the nanofluid in transferring heat through the porous
medium becomes greater than for the solid matrix due to its high thermal conductivity.
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Figure 18. Variations of (a) the average Nusselt number of the nanofluid phase and (b) the average
Nusselt number of the solid phase with γ for different ε values at Da = 10−3, φ = 0.02, and A = 0.1.
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5. Conclusions

The problem of steady thermal-natural convection in a two-dimensional cavity of cor-
rugated vertical walls consisting of three layers–a conducting solid layer of fixed thickness,
a porous medium layer filled with a nanofluid, and a third layer filled with a nanofluid–was
numerically studied by employing the finite element method. An alumina nanoparticle-
water-based nanofluid was used as a working fluid. The LTNE model was considered for
the porous medium. The key conclusions of this analysis are listed below:

1. The local thermal non-equilibrium effects are significant for low values of γ and high
values of Da.

2. For low values of Da, the flow is almost entirely confined in the nanofluid layer, and
the heat transfer is mainly convective in the nanofluid layer and mainly conductive
in the other layers.

3. An increase in Da and ε contributes to an increase in the nanofluid circulation rate in
the entire cavity, while an increase in γ causes an increase in the flow circulation in
the porous region.

4. An increase in A contributes to a decrease in the nanofluid circulation rate in the
entire cavity.

5. The best rates of the convective heat transfer through the nanofluid and solid phases
are found at high values of A, Da, and φ for all other constant parameters.

6. The results show an increase in Nun f with increasing values of γ, while there is a
limit in the increase of Nus with γ, especially for high values of ε.

7. Nun f and Nus decline as ε boosts for low values of Da and enhance for high values
of Da.
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Abstract: Based on first-principles calculations, we propose van der Waals (vdW) heterojunctions
composed of one-dimensional carbon nanotubes (CNTs) and two-dimensional GeSe. Our calcula-
tions show that (n,0)CNT/GeSe (n = 5–11) heterojunctions are stable through weak vdW interac-
tions. Among these heterojunctions, (n,0)CNT/GeSe (n = 5–7) exhibit metallic properties, while
(n,0)CNT/GeSe (n = 8–11) have a small bandgap, lower than 0.8 eV. The absorption coefficient of
(n,0)CNT/GeSe (n = 8–11) in the ultraviolet and infrared regions is around 105 cm−1. Specifically, we
found that (11,0)CNT/GeSe exhibits type-II band alignment and has a high photoelectric conversion
efficiency of 17.29%, which suggests prospective applications in photoelectronics.

Keywords: germanium selenide; carbon nanotubes; heterojunction; photoelectric conversion efficiency

1. Introduction

As a fascinating carbon material, single-wall carbon nanotubes (SWCNTs) [1] have
attracted widespread attention due to their unique properties [2–4]. The outstanding
physical properties of CNTs make them a good candidate basic material for next-generation
electronic devices [3,4]. The accurate prediction of CNTs’ electronic properties is very
important for their possible applications [5]. For large-diameter CNTs, the CNTs are metals
or semiconductors depending on their chiral indices (n,m) [6]. When (n − m) is equal to 3p,
where p is an integer, the CNT is a metal. Otherwise, the CNT is a semiconductor [6]. The
above criterion is not applicable to CNTs with small diameters due to curvature effects or
s-p rehybridization [7–15].

Monolayer germanium selenide (GeSe) is a semiconductor that has a direct bandgap [16].
Few-layer GeSe, including monolayer GeSe, is non-toxic and can exist stably at room tem-
perature [17,18]. Our group successfully prepared a single layer of GeSe using mechanical
stripping and laser-thinning technology [19]. First-principles studies, combined with pho-
toluminescence spectra, proved that a direct bandgap exists for less than three layers in a
few-layer GeSe [20]. Under conditions of high temperature and high pressure, the GeSe
conductivity is higher than that of black phosphorus and graphene [21]. Our previous
study showed that monolayer GeSe, with point defect engineering, has a good adsorption
effect on toxic gases [22]. Moreover, we found that the bandgap can be tuned by stacking
order and external strain in bilayer GeSe [23]. Our designed GeSe/SnSe heterojunction,
based on first principles, exhibited a superior photoelectric conversion efficiency (PCE) of
21.47% [24].

Duan et al. [25] recently proposed a state-of-the-art material design called van der
Waals (vdW) integration [25]. They suggest combining a two-dimensional (2D) material
with materials with other dimensions. For example, 2D and one-dimensional (1D) materials
could be combined by the vdW interaction. The literature reported that a 2D/2D GeSe/SnS
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heterojunction has stronger optical absorption than GeSe or SnS [24]. A 0D/2D photodiode
was proposed by integrating quantum dots or plasma nanoparticles on graphene, which
will not damage the original graphene lattice, enhancing the photocurrent [26–28]. More-
over, 1D/2D high-speed transistors are obtained through vdW integration of 1D core-shell
nanowires and 2D graphene, which has a high cut-off frequency [29–32]. Based on this
progress, in this paper, we propose combining 1D CNTs and 2D GeSe with vdW interaction
and explore their electronic properties through first-principles calculations. We aim to
provide a theoretical proposal for 1D/2D integration through CNTs and a GeSe monolayer,
which has potential applications in the field of optoelectronic devices.

2. Computational Method and Model

Our first-principles calculations used the Vienna ab initio simulation package (VASP) [33].
Based on density functional theory (DFT), a plane wave basis expanded the CNT/GeSe
hybrid wave function. To represent the interaction of exchange and correlation between
the electrons, the Perdew, Burke, and Ernzerhof (PBE) function in the framework of a
generalized gradient approximation was used [34–36]. To ensure sufficient accuracy, we
found that a cut-off energy of 450 eV was satisfactory for the convergence standards. The
energy convergence was 10−6 eV, while a force of 0.01 eV/Å on each atom was sufficient
for the calculations. In the structural relaxation and self-consistent calculation, we set a
Monkhorst-Pack grid of k points of 8 × 5 × 1 [37] for sampling. When calculating the
density of states (DOS) and optical properties, we used a denser Monkhorst-Pack grid
of 16 × 10 × 1 k-point sampling. For the simulation of a heterostructure between 1D and
2D materials, vdW interaction is especially important. Our simulations adopted semi-
empirical dispersion-corrected D3 (DFT-D3) [38] to represent the weak interaction between
CNTs and the GeSe monolayer.

We selected a series of zigzag (n,0)CNTs (n = 5–11) with an axial length of 4.26 Å to
form a composite structure with monolayer GeSe. To build a reasonable 1D/2D model,
we first enlarged the unit cell of monolayer GeSe to a 1 × 5 supercell (4.25 Å × 19.95 Å).
Based on this supercell, we placed the CNT above the GeSe monolayer along the x-axis.
In our model, there was only a 0.2% lattice mismatch. We set 28 Å along the z-axis as the
vacuum layer, which avoids interaction between the adjacent supercells. Figure 1 shows
the schematic structural model. To better present the schematic model, we enlarged the
indicated lattice constant four times along the x-axis.

Figure 1. Schematic diagram of the side view of different zigzag CNTs (n,0) (n = 5–11) on monolayer
GeSe. C, Ge, and Se atoms are represented by gray, green, and orange spheres, respectively. d is the
interfacial spacing between the CNT and monolayer GeSe.

94



Nanomaterials 2021, 11, 1565

In our optical calculations using the VASP code, the frequency-dependent dielectric matrix
after the electronic ground state was determined [39]. As suggested in [39], the imaginary part
can be determined by a summation of the empty states using the following formula:

ε2(ω) =
4π2e2

Ω
lim
q→0

1
q2 ∑

c,v,k
2wkδ(εck − εvk − ω)× (uck + eαq|uvk)(uck + eβq|uvk)

where the indices c and v refer to the conduction and valence band states, respectively.
In [39] it is stated that uck is the periodic cell part of the orbitals at the k-point k, while the
k-point weights, wk, are defined such that their sum is one. In addition, in [39], the real part
of the dielectric tensor, ε1(ω), is obtained using the usual Kramers–Kronig transformation:

ε1(ω) = 1 +
2
π

P
∫ ∞

0

ε2(ω
′)ω′

ω′2 − ω2 + iη
dω′

where P denotes the principal value while η is an infinitesimal number. In addition,
the number of empty bands in the above calculations is twice that of the self-consistent
calculations for total energies.

3. Results and Discussion

3.1. Configurations and Stability of 1D/2D Heterostructures

In this work, six types of zigzags (n,0)CNTs (n = 5–11) with diameters ranging from 3.92
to 7.83 Å were simulated. It is critical that the 1D CNT and 2D GeSe form a stable composite
structure. Figure 2 indicates the optimized configurations of (n,0)CNT (n = 5–11) on 2D
GeSe. From the perspective of the geometrical structure, CNT/GeSe hybrids maintain their
original structure. In (n,0)CNT/GeSe (n = 5–11) with optimized structures, the average C–C
bond length of the CNT changes little compared to their components, varying between
0.001 to 0.003 Å. Due to compatibility, the average GeSe bond length in GeSe has only
minor variations, ranging from 0.006 to 0.009 Å. The interfacial spacing between the top Se
atom of monolayer GeSe and the C atom in a CNT ranges from 2.97 to 3.02 Å (see Table 1).
According to previous studies [40–42], large interlayer spacing implies weak interaction
between GeSe and the CNTs. The calculated formation energy is estimated using the
following formula:

Ef = ECNT/GeSe − ECNT − EGeSe (1)

where ECNT/GeSe, ECNT , and EGeSe are the total energies of the CNT/GeSe heterostructure,
CNT, and the monolayer GeSe, respectively.

Table 1. Diameter and bandgaps of (n,0) CNTs (Eg) (n = 5–11) and formation energy, Ef, bandgap,
Eg

a, and interfacial spacing, d, of optimized CNT/GeSe hybrids. Bader charge: the positive value
indicates gained electrons, while a negative value reveals lost electrons.

Hybrid Diameter (Å) Eg (eV) Eg
a (eV) Ef (eV) d (Å)

Bader Charge (e)

GeSe CNT

CNT(5,0)/GeSe 3.92 0 0 −3.517 2.97 −0.1098 0.1098
CNT(6,0)/GeSe 4.70 0 0 −3.959 3.02 −0.0490 0.0490
CNT(7,0)/GeSe 5.48 0.1746 0 −4.078 3.02 −0.0280 0.0280
CNT(8,0)/GeSe 6.27 0.5908 0.2112 −4.273 3.00 −0.0204 0.0204
CNT(9,0)/GeSe 7.05 0.1568 0.1643 −4.283 3.02 −0.0159 0.0159
CNT(10,0)/GeSe 7.83 0.7222 0.4669 −4.513 3.01 −0.0280 0.0280
CNT(11,0)/GeSe 8.59 0.9519 0.5924 −4.709 3.01 −0.0174 0.0174
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Figure 2. Optimized structures of different CNTs on monolayer GeSe: (a–g) and (a′–g′) are side and top view of (n,0)
CNTs/GeSe (n = 5–11), respectively. d is the equilibrium spacing between the top Se atomic layer and the annotated wall.
Gray, orange, and green spheres represent C, Se, and Ge atoms, respectively.

According to the above definition of formation energy, when Ef is negative, the system
tends to be stable. As indicated in Table 1, the negative formation energy of all calculated
1D/2D CNT/GeSe combinations implies the stability of our proposed heterostructures.
Our results indicate that the formation energies decrease with increasing CNT diameter.
The decreasing formation energy is related to the increased contact area between CNTs and
2D GeSe. In addition, the interlayer interaction of the CNT/GeSe composite structure is
reflected by the charge transfer between the CNT and GeSe. We conducted a Bader charge
analysis to explore the charge transfer between CNTs and GeSe (see Table 1). A positive
Bader charge value indicates that electrons are gained, while a negative value indicates
that electrons are lost. Table 1 shows a certain number of electrons are transferred from
the 2D GeSe to the CNTs. There are small fluctuations in the amount of charge transfer
in (n,0)CNT/GeSe (n = 5–11), ranging between 0.0159 e to 0.0490 e. The small amount of
charge transfer suggests weak interaction between the CNTs and the GeSe monolayer.

Based on the analysis of the charge density difference, the charge transfer and redis-
tribution at the interface in these hybrids can be evaluated (as shown in Figure 3) by the
following relationship:

Δρ = ρCNT/GeSe − ρCNT − ρGeSe (2)

where ρCNT/GeSe, ρGeSe, and ρCNT are the charge densities of CNT/GeSe, CNT, and mono-
layer GeSe, respectively. As Figure 3 indicates, the redistributed charge is visible due to the
interaction between the 1D CNTs and 2D GeSe.
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Figure 3. Charge density differences for CNT(n,0)/GeSe with n = (a) 5, (b) 6, (c) 7, (d) 8, (e) 9, (f) 10, and (g) 11. The isovalue
is set to 0.0015 e/Å3. The yellow and green regions represent charge loss and gain of electrons, respectively.

As shown in Figure 3, at the interface between GeSe and the CNTs, the charge is
transferred from the GeSe to the CNTs. Though the amount of charge transfer is very
small, the interaction between CNTs and 2D GeSe can be validated. Moreover, the amount
of charge transfer in the (5,0)CNT/GeSe is larger than that in other composites. This is
because the interlayer distance between the GeSe and (5,0)CNT is 2.97 Å, which is smaller
(as shown in Table 1) than in other hybrid structures.

3.2. Band Structure and Density of States

To explore the electronic properties of CNT/GeSe hybrids, we calculated their band
structures and DOS. As shown in Table 1, CNT(5,0) and CNT(6,0) are metals while CNT(n,0)
(n = 7–11) are semiconductors. Our results using first-principles calculations are consistent
with previous reports in the literature [5]. As shown in Figure 4h, the obtained bandgap of
monolayer GeSe is 1.14 eV with our PBE calculation, which is the same as a previous re-
port [43]. As shown in Figure 4a–c and Table 1, (n,0)CNT/GeSe (n = 5–7) all have bandgaps
of zero, while the bandgaps of (n,0)CNT/GeSe (n = 8–11) are 0.21 eV, 0.16 eV, 0.47 eV, and
0.59 eV. This indicates that CNT/GeSe heterojunctions with small diameter CNTs are metal-
lic. As the diameter of the CNTs increases, the bandgaps of our proposed (n,0)CNT/GeSe
(n = 8–11) heterojunctions gradually increase. However, the bandgap of (9,0)CNT/GeSe is
smaller than those of (8,0)CNT/GeSe and (10,0)CNT/GeSe. This is because the bandgap
of the (9,0)CNTs/GeSe heterojunction is mainly determined by the energy level of the
bands in the (9,0)CNT. In contrast, in (8,0)CNT/GeSe and (10,0)CNT/GeSe heterojunctions,
the bandgap is a subtraction between the energy level of the conduction band minimum
(CBM) in the corresponding CNTs and the energy level of the valence band maximum
(VBM) in the GeSe monolayer. As a result, the bandgap of (9,0)CNT/GeSe is smaller than
those of (8,0)CNT/GeSe and (10,0)CNT/GeSe. As the diameter of CNTs increases, the
bandgaps of our proposed (n,0)CNTs/GeSe (n = 8–11) heterojunctions gradually increase.
The projected energy band shown in Figure 4 confirms that the CNTs mainly provide the
bands near the Fermi surface in the band structure of a CNT/GeSe heterojunction. In other
words, whether (n,0)CNT/GeSe (n = 5–11) heterojunctions composed of (n,0)CNTs (n =
5–11) and 2D GeSe are metals or semiconductors is mainly determined by the conduction
bands near the Fermi level. Due to the weak van der Waals interaction between CNTs
and 2D GeSe, we can use CNTs with different diameters to obtain suitable bandgaps in
CNT/GeSe heterojunctions with the variation of the band structure in CNTs.
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Figure 4. Projected band structures of (n,0)CNT/GeSe hybrids with n = (a) 5, (b) 6, (c) 7, (d) 8, (e) 9,
(f) 10, and (g) 11. The red and green circle size denotes the weight of the CNT and monolayer GeSe in
the CNT/GeSe configuration band structure. (h) is the band structure of pristine 2D GeSe calculated
for comparison. A horizontal dashed line represents the Fermi level.

In Figure 5, we show the partial DOS (PDOS) of (n,0)CNT/GeSe (n = 5–11) and
monolayer GeSe. Compared with the PDOS of monolayer GeSe, the PDOS of GeSe in
the heterojunction is the same as that of the monolayer GeSe. The total DOS of the
CNT/GeSe heterojunction can be viewed as a superposition of the DOS in the CNT and in
the 2D GeSe. This further proves that there is a weak vdW interaction between the CNTs
and 2D GeSe. From the perspective of the PDOS, the conduction band near the Fermi
surface of the CNT/GeSe heterojunction is provided by the CNT and GeSe together. In
contrast, the valence band is mainly provided by the 2p orbital of carbon atoms. Aside
from the 2p orbital of carbon atoms, the orbital DOS of the other elements is unchanged.
It is the 2p orbital of carbon that determines the top position of the valence bands, thus,
affecting the band structure of the heterojunction. As shown in Figure 5a–c, the 2p orbital of
carbon in (n,0)CNT/GeSe (n = 5–7) passes through the Fermi level, so those heterojunctions
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are metallic. The 2p orbital of carbon in (8,0)CNT/GeSe and (9,0)CNT/GeSe is closer to
the Fermi surface than that in the (10,0)CNT/GeSe and (11,0)CNT/GeSe heterojunctions,
which leads to smaller bandgaps in (8,0)CNT/GeSe and (9,0)CNT/GeSe heterojunctions
than those in (10,0)CNT/GeSe and (11,0)CNT/GeSe heterojunctions.

Figure 5. PDOS of CNT(n,0)/GeSe hybrids with n = (a) 5, (b) 6, (c) 7, (d) 8, (e) 9, (f) 10, (g) 11, and a (h) monolayer GeSe.
The Fermi level is set to zero.

To further confirm the distribution of electronic states near the Fermi surface of
the CNT/GeSe, in Figure 6 we show the electronic state distribution of (n,0)CNT/GeSe
(n = 8–11). The CNT and GeSe provide the holes at the top of the valence band, with most
holes provided by the CNT. In comparison, the electrons at the bottom of the conduction
band are provided by the CNT alone. From the previous discussion of the PDOS, the
2p orbital of carbon contributes electrons at the bottom of the conduction band. Therefore,
the electronic properties in CNT/GeSe heterojunctions are mainly influenced by CNTs
with varying tube diameters. In other words, we found that the bandgap of our studied
heterojunctions can be tuned by varying the tube diameter of the CNTs. Our calculated
results predict that the bandgap of the heterojunction is smaller than that of monolayer
GeSe, which is beneficial for optical absorption.
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Figure 6. Maps of the hole and electron density distributions for (a–d) VBM and (e–h) CBM of CNT(8,0)/GeSe,
CNT(9,0)/GeSe, CNT(10,0)/GeSe, and CNT(11,0)/GeSe with an isovalue of 0.007 e/Å3, respectively. Blue and yellow
regions denote the hole and electron density distributions of the VBM and CBM, respectively. Brown, cyan, and purple
spheres represent C, Se, and Ge atoms, respectively.

3.3. Optical Absorption Properties

To evaluate the optical absorption properties of CNT/GeSe heterojunctions, we uti-
lized the following formula to assess the optical coefficient:

α(ω) =
√

2ω

[√
ε2

1(ω) + ε2
2(ω)− ε1(ω)

] 1
2

(3)

where ε1(ω) and ε2(ω) are the real and imaginary parts of the complex dielectric function,
respectively. In Figure 7, we present the calculated optical absorption coefficient, α(ω) of a
monolayer GeSe, pure CNT, and CNT/GeSe hybrids. According to previous studies [16],
GeSe reportedly had good optical absorption properties. By combining 2D GeSe with CNTs,
the bandgap of the hybrid system is smaller than that of 2D GeSe, which is helpful for the
separation of photogenerated electrons and holes. Figure 7 shows the optical absorption of
our studied CNT/GeSe hybrids. For comparison, the calculated optical absorption of a
GeSe monolayer and CNTs are plotted together. The results indicate that (n,0)CNT/GeSe
(n = 8–11) all have good optical absorption in the visible light region, which has a high
optical absorption peak of about 6 × 105 cm−1. In the infrared region, the optical absorption
coefficients of (n,0)CNT/GeSe (n = 8–11) are significantly enhanced compared to those
of GeSe. The optical absorption peaks of (8,0)CNT/GeSe and (11,0)CNT/GeSe in the
infrared region reach 2 × 105 cm−1. The optical absorption peak of (10,0)CNT/GeSe is
close to 2 × 105 cm−1. In the ultraviolet region, the light absorption of the CNT(n,11)/GeSe
(n = 8–11) composite is greatly enhanced compared to the corresponding components of
GeSe and CNT. Our results prove that the optical absorption of the combined structure of
(n,0) CNTs (n = 8–11) and 2D GeSe is substantially enhanced compared with that of 2D
GeSe and (n,0) CNTs (n = 8–11).
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Figure 7. Optical absorption coefficient, α, of (a) (8,0)CNT/GeSe, monolayer GeSe, and (8,0)CNT; (b) (9,0)CNT/GeSe,
monolayer GeSe, and (9,0)CNT; (c) (10,0)CNT/GeSe, monolayer GeSe, and (10,0) CNT; and (d) (11,0)CNT/GeSe, monolayer
GeSe, and (11,0)CNT at the zigzag direction.

According to the theory suggested by Scharber et al., [44], the PCE η of CNT/GeSe
can be described as follows:

η =
JSCVOCβFF

PSOLAR
=

0.65
(

Ed
g − ΔEc − 0.3

) ∫ ∞
Ed

g

P(hω)
hω d(hω)∫ ∞

0 P(hω)d(hω)
(4)

where the fill factor (βFF) is 0.65. The maximum open-circuit voltage (VOC) is estimated
by

(
Ed

g − ΔEc − 0.3
)

, where Ed
g is the donor bandgap. ΔEc is the conduction band offset

(CBO) between the donor (GeSe) and acceptor (CNT). P(hω) is the AM1.5 solar energy flux
at the photon energy (hω). The integral in the numerator is the short circuit current (JSC)
performed by applying an external quantum efficiency limit of 100%, and the integral in
the denominator in Equation (4) is the incident solar radiation (PSOLAR = 1000 Wm−2). As
mentioned in our analysis of the band structure, the donor layer is the GeSe monolayer with
a bandgap of 1.14 eV, while the value of the CBO in the (10,0)CNT/GeSe heterostructure
is 0.48 eV. We found that the PCE of the (10,0)CNT/GeSe heterostructure reaches 11.04%
following the calculated definition. To achieve a higher PCE by combining CNTs and GeSe,
we further obtain the optimized structure of (11,0)/GeSe and the corresponding band
structure using the same simulation method. As shown in Figure 8, the (11,0)CNT/GeSe
heterostructure has type-II band alignment. The type-II heterostructure facilitates the sepa-
ration of photogenerated carriers and holes. The value of the CBO in the (11,0)CNT/GeSe
heterostructure is 0.22 eV. The PCE of the (11,0)CNT/GeSe heterostructure reaches 17.29%.
The obtained high PCE in the (11,0)CNT/GeSe heterostructure is comparable to that in
bilayer phosphorene/MoS2 (16%–18%) [45] and GeSe/SnS (18%) [46] heterostructures.
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Figure 8. (a) Schematic representation of the band alignment of the (11,0)CNT/GeSe heterostructure. (b) Contour plot of
power conversion efficiency (%) for the (11,0)CNT/GeSe heterostructure.

4. Conclusions

We proposed new types of CNT/GeSe heterojunctions by combining a 1D CNT
(n = 5–11) and 2D GeSe, and calculated their electronic and optical properties based on
DFT. Our calculations show that CNT/GeSe (n = 5–11) are stable through weak vdW
interactions. Among the structures, (n,0)CNT/GeSe (n = 5–7) exhibit metallic properties,
while (n,0)CNT/GeSe (n = 8–11) have small bandgaps, lower than 0.8 eV. Due to their small
bandgaps, (n,0)CNT/GeSe (n = 8–11) have excellent optical absorption properties, espe-
cially in ultraviolet and infrared absorption. The absorption coefficient of (n,0)CNT/GeSe
(n = 8–11) in the ultraviolet region can reach the order of 105 cm−1. In particular, we
found that the (11,0)CNT/GeSe heterostructure exhibits type-II band alignment and a high
PCE of 17.29%. Our study implies that 1D/2D GeSe/CNT heterostructures have potential
applications in photoelectronics and photodetection.
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Abstract: Tribological properties of tread rubber is a key problem for the safety and durability of
large aircraft tires. So, new molecular models of carbon nanotube (CNT) reinforced vulcanized
natural rubber (VNR) composites have been developed to study the enhanced tribological properties
and reveal the reinforced mechanism. Firstly, the dynamic process of the CNT agglomeration
is discussed from the perspectives of fractional free volume (FFV) and binding energy. Then, a
combined explanation of mechanical and interfacial properties is given to reveal the CNT-reinforced
mechanism of the coefficient of friction (COF). Results indicate that the bulk, shear and Young’s
modulus increase with the increasement of CNT, which are increasement of 19.13%, 21.11% and
26.89% in 15 wt.% CNT/VNR composite compared to VNR; the predicted results are consistent with
the existing experimental conclusions, which can be used to reveal the CNT-reinforced mechanism of
the rubber materials at atomic scale. It can also guide the design of rubber material prescription for
aircraft tire. The molecular dynamics study provides a theoretical basis for the design and preparation
of high wear resistance of tread rubber materials.

Keywords: aircraft tire; CNT/VNR composites; friction; MD simulation

1. Introduction

Natural rubber is widely used in industrial products due to its excellent elasticity
and mechanical properties, such as tires and seals. However, higher requirements are
being placed on the natural rubber due to the harsh working condition of aircraft tire.
Carbon-based fillers such as graphene (GE) and carbon nanotube (CNT) have been widely
applicated in rubber nanocomposites due to the unique structural characteristics, excellent
thermodynamic and electromagnetic properties. It has been proved that carbon-based
nanofillers can effectively improve the performance of composites, which are suitable for
more industrial environments, such as electrical shielding and heating equipment, medical
equipment and aircraft tires [1,2].

The properties and potential applications of nanocomposites can be greatly enhanced
and expanded by carbon-based nanofillers [3–6]. Well dispersed epoxidized natural
rubber/carbon black (ENR/CB) composite with CNT contained was prepared for high-
performance flexible sensors [7]. Bokobza et al. [8–13] comprehensively studied the re-
inforcing effect of CNT on styrene-butadiene rubber (SBR) in mechanical, thermal and
electrical properties. The enhancement effect of aminosilane-functionalized carbon nan-
otube on NR and ENR has been discussed by Shanmugharaj et al. [14,15]. CNT was also
used as a model filler for SBR to prepare tightly bound rubber material [16]. The excel-
lent polymer-filler interaction of functionalized CNT was confirmed that it can greatly
improve the overall performance including mechanical, thermal and electrical properties
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of the NR/CNT and ENR/CNT nanocomposites [17,18]. These fillers are regarded as ideal
materials in aircraft tire applications to improve the strength [19], modulus [20] and wear
resistance [21] of natural rubber materials. Atieh et al. [22] found that the Young’s modulus
of the SBR/CNT composite containing 10 wt.% CNT was six times higher than that of the
pure SBR due to the excellent strength and interfacial effects of CNT. Compared with other
fillers, carbon-based fillers can achieve better reinforcement effects with a smaller dosage,
thereby reducing pollution and further improving material performance [23]. Kumar and
Lee [24] studied the influence of CB and CNT on the Young’s modulus of filled silicone
rubbers (SRs). Results showed that the Young’s modulus of CNT-filled SR also increased
from 272% to 706% when CNT was added from 2 phr to 8 phr, which is much larger than
125% with 10phr CB-filled SR. In addition, the different content of carbon-based fillers also
has different reinforcement effects on the rubber matrix. Many research works [7,25–30]
have proved that excessive CNT can cause agglomeration of fillers, which leads uneven
dispersion and affecting the properties of composite materials.

It is confirmed that cross-linking vulcanization is one of the most important reasons
for the excellent elasticity and deformation recovery of rubber materials [31–38]. The
degree of crosslinking and cross-linking bond type greatly affect the overall properties
of vulcanized rubber. The accelerator is often used to increase the degree of crosslinking
of vulcanized rubber, thereby reducing pollution and improving material properties [39].
Sainumsai et al. [40] and Fan et al. [41] both tested vulcanized natural rubbers (VNRs)
made by conventional vulcanization (CV), semi-effective vulcanization (SEV) and effective
vulcanization (EV) methods. The crosslinking density and the content of monosulfidic,
disulfidic and polysulfidic crosslinks were obtained. It was indicated that the distributions
of sulfur crosslink types effect the strain-induced crystallization and dynamic mechanical
properties of vulcanized rubber.

The enhancing mechanism of rubber composites by CNT, GE and other common
reinforcing fillers were explained via molecular dynamics (MD) simulations [42–45]. In
particular, it can reveal the micro-reinforcement mechanism of carbon-based fillers and
their functionalized products on the polymer matrix [46–52]. The interface interaction
between CNT and polymer matrix was studied by molecular simulation [53–55]. It was
found that the pull-out force of CNT and the elastic modulus of the matrix are both affected
by the diameter of nanotube, however, the shear strength of the interface is mainly affected
by the length. In addition, the cross-linked structure of polymers can be developed by MD
models, such as epoxy resin and vulcanized rubber [56,57]. Zhang et al. [58] developed
a vulcanized SBR molecular model to compare the tribological properties of vulcanized
SBR and SBR. It was verified that vulcanization can improve the tribological and interfacial
properties of rubber materials at the atomic scale.

In summary, the performance of rubber materials is influenced by the vulcanized cross-
linked structure and carbon-based filler. The reinforcement is also affected by crosslinking
degree, distribution of crosslinking bond types and dosage of carbon-based fillers. The
enhancement mechanism has been studied from the perspective of vulcanization and
nanofillers at the atomic level [59,60]; however, it mainly focusses on the oligomers and
resin materials rather than rubber materials. In addition, the crosslinking degree, distribu-
tion of vulcanization bond types and CNT dosage have not been specific described in the
existing studies at atomic scale.

A series of VNR atomic models reinforced by different content CNT were developed
to reveal the mechanism of CNT-reinforced VNR. A new VNR model was developed
with considering the distribution of sulfur bonds and crosslinking degree. As the main
component of road surface, SiO2 can be regarded as the direct contact material with tires. As
results, the interfacial interaction between SiO2 and VNR plays a significant guiding role in
aircraft tire rubber materials design and evaluation. Here, the reinforced CNT/NR models
and the CNT/NR-SiO2 interface models were developed to study the CNT reinforce
mechanism on the vulcanized NR and the atomic behaviors of the composites on the
friction interface.
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2. Molecular Dynamics Model

MD models were developed by Materials Studio Software (MS). Firstly, the NR molec-
ular chain, sulfides for the synthesis of crosslinking bonds, CNT and 45 Å3 empty periodic
cell box were obtained. Then, different numbers of CNT were placed at the center of
multiple cell boxes to represent different CNT dosage. The Amorphous Cell Calculation of
MS was used to pack 10 NR molecular chains built with 70 repeat units into the periodic cell
box by Monte Carlo method. In addition, a variety of sulfides used to generate vulcanized
crosslinks were also added to the periodic box in certain proportions and quantities accord-
ing to the existing experimental measurement results to obtain uncross-linked CNT/VNR
models. Next, all the sulfides were used to generate cross-linked bonds by the cross-linking
script, then, the cross-linked CNT/VNR composite models were developed. Finally, the
silica (quartz glass) model in MS database was imported to build supercell as friction layer.
The Cleave surface and the Super cell commands were used for 45 Å × 45 Å × 10.8 Å SiO2
supercell and interfacial interaction models were constructed by the cross-linked CNT/NR
composite and obtained SiO2 slab for further calculation and analysis.

The degree of polymerization represents the number of repeating units in a single
molecular chain in MD simulation. Longer chain can improve the simulation accuracy
but reduce the speed. Therefore, the solubility parameters of single molecular chains with
different numbers of repeating units were calculated for proper NR chain length. As shown
in Figure 1, the solubility parameter of NR chain begins to stabilize while the number of
repeat unit larger than 35, which means the number of repeat units should larger than 35.
Moreover, the solubility parameter of NR stabilizes at 16.25 (J/cm3)1/2, which is consistent
with the experimentally measured value of 16.2~17 (J/cm3)1/2. Here, we built NR chain
containing 70 repeat units.

Figure 1. Solubility parameters NR with different degree of polymerization.

The modelling of uncross-linked CNT/VNR is shown in Figure 2. Hydrogen atoms
were added at both ends for saturated CNT to eliminate the end-side effects. The size and
the corresponding positions of the CNT in different CNT content periodic cells are shown
in Figure 2g. The crosslink density is defined by:

ρ = v/N0 (1)

where v is the number of crosslinked repeat units and N0 is the total number of repeat units.
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Figure 2. Establishment of un-crosslinked CNT/VNR molecular models. (a) NR molecular chain.
(b) Five repeating units with one potential cross-linking point. (c) Monosulfide. (d) Disulfide.
(e) Polysulfide. (f) Different CNT contents un-crosslinked CNT/VNR molecular models. (g) Size and
corresponding positions of the nanotubes.

There is one crosslinked repeat unit in every 50~100 units for conventionally vul-
canized rubber materials, which the ρ is about 1~2%. Here, considering the possibility
of self-crossing, the number of cross-linking points is determined to be 10 in the model.
The ρ of the obtained model is about 2.5%. Experiment results also indicate that the ratio
of monosulfidic, disulfidic and polysulfidic crosslinks in the vulcanized natural rubber
was about 5:3:2 [40]. Accelerators that promote the cleavage of polysulfide bonds were
blended with rubber materials in actual production by EV method, which makes it difficult
to form long polysulfide bonds in vulcanized natural rubber. Therefore, vulcanization
bonds containing three sulfur atoms were used in this model to characterize polysulfidic
crosslinks. Different types of sulfides with the ratio of 5:3:2 and 10 NR molecular chains
were introduced to the periodic boxes by the Amorphous Cell Calculation module, which is
used to obtain uncross-linked CNT/VNR models with a predefined density of 0.93 g/cm3.

Uncross-linked CNT/VNR models were further used to generate crosslinked structure
by crosslinking Perl script at temperature of 450 K. The flow chart of the programing of
vulcanization process was shown in Figure 3. As shown in Figure 2b, potential cross-
linking points were set in every five repeating units to avoid two cross-linking points
being too close. The carbon atoms on the NR chains and sulfur atoms on the sulfides were
used to form carbon–sulfur (C-S) bonds when there was sulfide molecular in the range
of 1.5~5.5 Å between two potential cross-linking points and excess hydrogen atoms were
removed. The geometric center of the formed bond was located at the center between the
two cross-linking points. All sulfides were consumed for the generation of cross-linking
bonds at both ends in the cross-linking process. The schematic diagram and chemical
formula of the cross-linking principle were shown in Figure 4. Crosslink can be divided
into self-crosslinking and crosslinking, which was distinguished by setting each molecular
chain as an independent color. Here, the CNT contents of the four models were about
0 wt.%, 5 wt.%, 10 wt.% and 15 wt.%.
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Figure 3. Flow chart of the programing of vulcanization process.

Figure 4. 10 wt.% CNT/VNR molecular model crosslinking process and containing crosslinking bonds. (a) Colored by atom
types as same as Figure 2. (b) Colored by molecular chains.

The geometry optimization was applied to crosslinked CNT/VNR model by conjugate
gradient method with the energy and force convergence tolerance of 1 × 10−5 kcal/mol
and 5 × 10−4 kcal/mol/Å [61]. Then, a 100ps 5-cycle annealing process was conducted
constant volume and temperature (NVT ensemble) from 200 K to 400 K to relax the internal
stress of the structure. Finally, a 250 ps dynamic relaxation under constant pressure and
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temperature (NPT ensemble) of 101kpa and 298 K was performed to obtain the final energy
equilibrium model with reasonable vulcanization bond distances and angles.

Double layer and three-layer models were developed to study the interfacial properties
and tribological performance. These models were constituted of CNT/VNR model and
45 × 45 × 10.8 Å3 SiO2 model. The adsorption properties between rubber matrix and SiO2
can be analyzed by the double layer structure as shown in Figure 5. The interfacial energy
can be obtained by dynamics calculation for 150 ps under 298 K NVT ensemble with fixed
bottom SiO2 layer. The interface interaction energy Einter and the interface van der Waals
force energy Einter−vdW can be calculated by Equations (2) and (3), respectively.

Einter = ETotal −
(
ELayer1 + ELayer2

)
(2)

Einter−vdW = ETotal−vdW −
(

ELayer1−vdW + ELayer2−vdW

)
(3)

where and are the potential energy and van der Waals energy of the entire double-layer
model, respectively. and are the potential energy and van der Waals energy of the lower
silicon dioxide fixed layer. and are the potential energy and van der Waals energy of the
upper EUG/NR composite movable layer.

Figure 5. Adsorption double layer structure model of 10 wt.% CNT/VNR composite (Periodic
boundary conditions are shown as black lines). (a) Initial state. (b) Equilibrium state.

Additionally, all atoms of SiO2 layer needs to be unfixed before the calculation.
The frictional simulation was carried out by the confined shear calculation in Forcite

module in MS based on the confined nonequilibrium molecular dynamics (NEMD) theory.
The SiO2 slabs were initially fixed during relaxation process which including geometry
optimization, annealing from 200 K to 400 K and 100 ps dynamic calculation under 298 K
NVT ensemble tasks to obtain stable layer structure. After that, the bottom and top SiO2
slabs were unfixed and moved in the opposite direction along the X axis with a speed
of 0.2 Å/ps for 250ps. All the friction force, layer pressure and temperature data during
friction process were recorded into the trajectory files.

More details have been presented to reproduce the simulation processes. Firstly,
the condensed-phase optimized molecular potentials for atomistic simulation studies
(COMPASS) force field [62] was used for entire simulation work. The system is considered
stable when the energy and density values of the model fluctuate less than 5% during
the relaxation process. Secondly, periodic boundary conditions in x and y directions were
adopted in the double layer and three-layer models to simulate properties of bulk system.
Thirdly, all simulations were conducted with the time step of 1fs, the temperature and
pressure controlling methods were Anderson [63] and Berendsen [64] methods, respectively.
Finally, the summation methods of energy calculation were Ewald for electrostatic and
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Atom based for van der Waals interaction. The accuracy and buffer width of Ewald method
were 1 × 10−5 kcal/mol and 0.5 Å. The cutoff distance, spline width and buffer width of
van der Waals interaction calculations were 18.5 Å, 1 Å and 0.5 Å [61].

3. Results and Discussion

3.1. Microscopic Inherent Properties Analysis

The fractional free volume (FFV) and mean square displacement (MSD) are calculated
in this part to explain and predict the enhancement of CNT on the rubber matrix.

3.1.1. Fractional Free Volume

The total volume (VT) of solid matrix can be considered as the sum of occupied
volume (VO) and free volume (VF) based on the free volume theory [65]. The empty space
represents the potential area for atoms and chains to move, therefore influencing the
mechanical and thermal properties when deformation is applied to material [66]. After
the relaxation process, different degrees of distortion occur in different models and it is
inaccurate to discuss free volume directly. Therefore, the percentage of fractional free
volume is calculated to characterize. The Connolly surface method is adopted for FFVs
calculation based on Equation (4). The Connolly radius and Grid interval are 0.1 nm and
0.015 nm, respectively.

FFV =
VF
VT

× 100% =
VT − VO

VT
× 100% (4)

where VT, VF and VO represent the total, free and occupied volume of the models, respectively.
The results of the FFVs of pure VNR and CNT/VNR with different CNT contents are

shown in Figure 6. The occupied and free volume are colored by grey and blue, respectively.
It is illustrated that the addition of CNT increases the FFV of the composites. Thus, it can
be inferred that CNT has an attractive effect on surrounding atoms, which leads to the
agglomeration of inside atoms and formation of outside free volume. The pattern of free
volume evolution with increasing CNT content can be concluded as generation-growing-
convergence. During the increase of CNT content, some small free areas are generated at
beginning. Then, those new formed areas become larger due to higher attractive effect
from inside CNT. Finally, the grown free areas converge to form larger free volume. The
molecular chains inside the concentrated rubber matrix with CNT addition show low
tendency of movement, which results in less chance of internal destruction under dynamic
stress. This free volume expansion at atom level is in accordance with the experimental
results [26].

Figure 6. The FFVs and free volume distribution of different CNT contents CNT/VNR composites.
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3.1.2. Mean Square Displacement

The diffusion and movement trend of the molecular chains inside the particles can be
characterized by the mean square displacement [66,67]. It indicates the statistical square of
particle displacement in the system compared to the initial state, which is defined as:

MSD =
1

3N

N−1

∑
i=0

(
|Ri(t)− Ri(0)|2

)
(5)

where Ri(t) and Ri(0) are the displacement vector of atom i at time t and initial time, N is
the total number of atoms.

The MSD evolutions of pure VNR and CNT/VNR system during relaxation process
are shown in Figure 7. It can be illustrated that the MSD first decrease and then increase
with the addition of CNT. It can be conjectured that small amount of CNT is conductive
to the aggregation of the matrix and enhancement of the composite strength due to the
excellent hardness of CNT. However, agglomeration is caused by excessive nanotubes in
the matrix. According to the deformation law of the hard filler-reinforced soft material,
the deformation degree of the soft matrix is greater than that of overall material. Similarly,
the VNR matrix surrounded by those agglomerated nanotubes shows large deformation
and stress concentration, which performs higher tend of molecular movement. As a result,
the CNT content should not be too high in order to avoid the agglomeration, which is
consistent with related research at different scales [28].

Figure 7. The comparatively MSD of pure VNR and CNT/VNR composites.

3.2. Mechanical Properties Analysis

The elastic mechanical properties of the systems are analyzed by the constant strain
method. Relative mechanical properties of the material including Young’s, bulk and shear
modulus can be obtained by solving the stiffness matrix [68]. In MS, the stiffness matrix
can be calculated by applying a series of 0.03% small tensile strains along three axes to
the obtained stable models. The stable models used in this section are five independent
configurations obtained in last 20 ps of relaxation process. The results are averaged and
the error bars are used to express maximum and minimum among these configurations.
The elements in the stiffness matrix are expressed by the following equation:

Cij =
∂2U

V∂εi∂ε j
(6)

where U, V and ε represent the second derivative of the deformation, unit volume and strain.
For isotropic materials like rubber, the stress-strain relations are completely described by
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two lame constants λ and μ, which can be expressed by the elements in the stiffness matrix
as [51]:

λ =
1
3
(C11 + C22 + C33)− 2

3
(C44 + C55 + C66) (7)

μ =
1
3
(C44 + C55 + C66) (8)

The Young’s modulus (E), bulk modulus (K) and shear modulus (G) of the systems
can be further calculated based on the λ and μ results following equations below [69]:

E =
μ(3λ + 2μ)

λ + μ
(9)

K = λ +
2
3

μ (10)

G = μ (11)

The calculation results of Young’s modulus are separated in three directions. Con-
sidering rubber as isotropic material, the modulo is calculated by Equation (12) for
quantitative comparison.

|E| =
√

E2
X + E2

Y + E2
Z (12)

where |E| is the modulo of Young’s modulus; EX , EY, EZ are the Young’s modulus in X, Y
and Z directions, respectively.

The details of bulk, shear modulus and Young’s modulo calculation results are
recorded in Table 1. The results are given in the form like: minimum value~maximum
value (averaged value). In addition, the increase percentage is calculated according to the
averaged value. It can be concluded that the modulus increase with the increase of CNT.
The bulk, shear modulus and Young’s modulo of CNT/VNR composites with 15 wt.% CNT
content are 2.74, 1.09 and 5.19 GPa, which are 19.13%, 21.11% and 26.89% higher than 2.30,
0.90 and 4.09 GPa of pure VNR. This result indicates that the CNT can enhance comprehen-
sive mechanical properties of the rubber matrix, which increases the hardness of the matrix,
the resistance to shear deformation [70] and volume change [71]. The addition of CNT also
allows the obtained composites to endure larger stress and suit for wider circumstance
like aircraft tire production. Moreover, the increasing trend of mechanical properties of
CNT/VNR composites at atom level is also conformity with experimental studies [27–29].
The continuous increase of CNT/VNR composites modulus can be explained by the high
hardness and modulus of carbon nanotubes.

Table 1. Bulk, Shear modulus and Young’s modulo results and increase percentage compared to pure VNR.

CNT Content
(wt.%)

Bulk
Modulus

(GPa)
Increase (%)

Shear
Modulus

(GPa)
Increase (%)

Young’s
Modulo

(GPa)
Increase (%)

0 2.22~2.34
(2.30) 0 0.88~0.94

(0.90) 0 4.01~4.15 (4.09) 0

5 2.35~2.51
(2.42) 5.22 0.94~1.00

(0.96) 6.67 4.23~4.59
(4.42) 8.07

10 2.50~2.77
(2.61) 13.48 1.01~1.06

(1.03) 14.44 4.70~4.94
(4.83) 18.09

15 2.65~2.85
(2.74) 19.13 1.05~1.12

(1.09) 21.11 4.99~5.31
(5.19) 26.89

3.3. Interfacial Properties Analysis

The interfacial interactions of CNT/VNR composite mainly includes internal interac-
tion of CNT- matrix and external interaction of composite-SiO2. Adhesion phenomenon
between tire and road occurs in friction process. Hence, the double layer structure (seen
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in Figure 5) was developed to reveal the interface contact mechanism of the adhesion
phenomenon. A clear adsorption process between composites and fixed SiO2 was also
observed during dynamic equilibrium. The interfacial energy and atom density between
CNT reinforced rubber materials and SiO2 are calculated in Section 3.3.1. Before dynamical
friction happens, a comparatively large friction force occurs in the state of static friction due
to the static adsorption. As a result, relatively large deformation occurs in this state, which
brings the possibility of material damage. For nanocomposites, the dispersion condition
and bonding strength of the filler inside the matrix greatly determine the damage resistance
of composites during deformation [25]. In order to characterize the enhancement mecha-
nism of CNT effects on the vulcanized natural rubber, the CNT-matrix binding energy and
atom relative concentration inside nanocomposites are discussed in Section 3.3.2.

The system is considered stable when the energy fluctuation is less than 5%. All the
results in this section are the average of five independent configurations in the last 20 ps
after stabilization. The maximum and minimum values among the calculation results are
given in the form of error bars.

3.3.1. Composite-SiO2 Interface

The interfacial energy calculation of composite-SiO2 interface is based on the Equations
(1) and (2). The interfacial energy and van der Waals energy results of pure VNR and
different CNT contents CNT/VNR composites are shown in Figure 8. It can be illustrated
that the interfacial energy evolution shows nonlinear trend with the addition of CNT. The
largest interfacial energy is obtained in 10 wt.% CNT/VNR composite, which means higher
energy barrier needs to be break during the relative movement. This process may lead to
higher temperature rise, severer atoms contact and larger static friction force. In addition,
the interfacial interaction is mainly caused by the van der Waals interaction according to
the contribution of van der Waals energy.

Figure 8. The energy of composite-SiO2 interface.

The atom relative concentrations along Z direction are shown in Figure 9. It is found
that the peaks of atom concentration occur in the range of 12~14 Å along Z direction. These
peaks represent the aggregation degree of the atoms at the contact interface between the
SiO2 and rubber matrix, which reflex the severity of relative motion between layers. More
concentrated atoms can cause more intense friction process, which is not expected in both
micro and macro applications. In the range of 50~60 Å, the relative concentration of the
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matrix drops rapidly, which can be explained by adsorption effect of SiO2 slab to the rubber
matrix. It can be observed that the concentration value of 10 wt.% CNT/VNR composite in
the range of 14~50 Å is higher than that of 0.5 and 15 wt.%. This phenomenon may reflect
the superimposition of CNT binding and the binding weakening of excessive nanotubes.
The result of interface atom concentration is consistent with the interfacial energy, which
indicates that high interfacial energy can attract more internal atoms moving outward to
form a high-density shell. This may be a new idea for soft materials coating preparation.

Figure 9. The atom relative concentration of different systems along Z direction.

3.3.2. CNT-Matrix Interface

The interfacial interactions between CNT and rubber matrix are discussed by using
the models as same as Section 3.2. The binding energy calculations follow similar pattern
of interfacial energy calculations, which is expressed by Equations (13) and (14).

Eb = −(ET − Er − ECNT) (13)

Eb−vdW = −(ET−vdW − Er−vdW − ECNT−vdW) (14)

where Eb, ET , Er, ECNT and Eb−vdW , ET−vdW , Er−vdW , ECNT−vdW represent the potential
and van der Waals energy of binding, total system, rubber and CNT, respectively.

The results of total binding energy and binding energy per CNT are shown in Figure 10.
It can be indicated that the binding energy between rubber matrix and CNT increases with
the increase of CNT. It is easily to understand that more nanotubes have more contact area
with rubber matrix and the superimposition effect of nanotubes binding mentioned before
causes greater total binding energy of higher CNT content. However, the binding energy
per CNT no longer shows linear growth but decrease when excessive nanotubes exist in the
rubber matrix. This binding weakening phenomenon may be caused by the agglomeration
of nanotubes. These agglomerated nanotubes begin to compete for atoms located around
their geometric center when the superposition effect of CNT exceeded its maximum, which
decreases the binding energy per CNT. Macroscopically, it is reflected by the decrease of
mechanical properties like tensile strength, elongation at break and so on [7,28,29]. In
addition, it can be observed that the van der Waals binding energy constitutes most part of
the total binding energy, which proves the van der Waals interaction is the main factor of
binding between CNT and rubber matrix.
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Figure 10. The binding energy of CNT/VNR composites with different CNT contents.

The density distributions of rubber matrix inside the composite are also obtained as
shown in Figure 11. Obvious peaks can be observed at the CNT-rubber matrix interface,
which indicates the attractive effect of CNT on surrounding atoms. This is consistent
with the conclusions obtained in Sections 3.1 and 3.2, which explains the strengthening
mechanism of CNT on the rubber matrix. In addition, higher atomic densities are observed
between two different nanotubes than that on both sides, which also indicates that the
attraction of CNT has a superimposed effect. The relatively low atom density in the
15 wt.%CNT/VNR reflects the compete relationship between excessive nanotubes. This
attraction-superposition-competition dynamic changing process caused by the increase of
CNT content may be one of the main reasons for the changes of mechanical and tribological
properties in actual applications.

In conclusion, both the internal binding and external interaction are influenced by
CNT. The dynamic process of attraction-superposition-competition is inferred by molecular
simulations. The friction performance is preliminarily predicted based on the interfacial cal-
culation results. In order to verify the rationality of predictions, the tribological properties
are discussed below.

3.4. Tribological Properties and Mechanism

The COF is computed in this section for evaluating the tribological properties of the
different CNT contents CNT/VNR composites. The details of calculated COF are given in
the form like: minimum value~maximum value (averaged value) and listed in the Table 2.

Table 2. COF details of different CNT contents CNT/VNR composites.

CNT Content (wt.%) COF Increased Percentage (%)

0 1.017~1.049 (1.033) 0
5 1.037~1.118 (1.078) 4.36
10 1.097~1.192 (1.144) 10.75
15 1.104~1.207 (1.155) 11.81
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Figure 11. Axial density distribution of CNT/VNR composites with different CNT contents. (a) Pure
VNR. (b) 5 wt.%CNT/VNR. (c) 10 wt.%CNT/VNR. (d) 15 wt.%CNT/VNR.

Results indicate that the COF keep rising with the addition of CNT. However, the
growth rate drops significantly when CNT content changes from 10 wt.% to 15 wt.%. The
discrepancy of COF caused by the surface roughness can be ignored at atomic level in our
simulations. The fiction performance of the composite can no longer be simply judged
by the interfacial energy but a combined result of mechanical and interfacial properties.
On one hand, the increasing mechanical modulus prevent large shear deformation of the
composite, which makes the composite become more stable during the friction process.
The atoms around the friction surface tend to show lower activity in this stable composite,
which achieves better equilibrium adsorption between the composite and the SiO2 slab.
That’s the reason why the COF increase with the addition of CNT. On the other hand,
the friction performance also effected by the interfacial energy. Although the CNT/VNR
composites with lower CNT content are harder to achieve well equilibrium adsorption
state during friction process, they still have larger interfacial energy (especially the 10 wt.%
CNT/VNR) to offset the inadequate surface interaction caused by insufficient mechanical
properties. Thus, the COF of composites are not show a linear trend of increasing like the
modulus, but increasing trend of slowing down.

The slip phenomenon is observed during friction process and relative atom concen-
tration along Z direction are further discussed for the tribological properties. During the
friction process, the shear deformation of the composite is observed in the beginning. Then,
the deformation of the composite reaches its maximum state and the slip phenomenon
can be observed afterward. The slip mechanism may be caused by the relative movement,
which breaks the energy barrier formed by interfacial interaction. Therefore, the state of the
composite and the time of slip phenomenon occurs can be used to reveal the mechanism
of the COF evolution. The relative concentration reflects the severity of the friction. More
concentrated atoms cause more intense friction process. The state of different CNT/VNR
composites and the time when slip phenomenon occurs are shown in Figure 12. The
relative atom concentration along Z direction is shown in Figure 13. It can be observed that
CNT/VNR composites with higher CNT content have lower shear deformation and the slip
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phenomenon occurred earlier. This enhanced property prevents the damage of composite
during friction and allows the composite to reach stable dynamic friction sooner. The
relative concentration indicates that the atoms appear to gather on the rubber matrix rather
than friction interface due to the enhanced binding properties of CNT, which can reduce
the intensity of friction. The maximum decrease of the atom concentration is observed
in the 5 wt.% CNT/VNR composite, which are 14.3% and 13.8% lower than that of pure
VNR on different friction interfaces. However, this enhancement can be attenuated by
excessive nanotubes, which may be caused by the weakened binding properties. As a
result, this impact needs to be noticed in actual prescription design of CNT reinforced
rubber materials.

Figure 12. Deformation state of different CNT/VNR composites and time at the beginning of
slipping. (a) Pure VNR. (b) 5 wt.%CNT/VNR composite. (c) 10 wt.%CNT/VNR composite.
(d) 15 wt.%CNT/VNR composite.

Figure 13. Relative atom concentration of different CNT/VNR composites.
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4. Conclusions

MD simulations were performed to reveal the influence of CNT content on the
CNT/VNR composites and the enhanced mechanism. The results are consistent with
the present research, which can be used to reveal the enhanced mechanism of CNT. The
following conclusions are highlighted from the results.

(1) Molecular models for the CNT/VNR composites with different CNT content were
developed with considering the distribution of different sulfur bonds. The FFV
and MSD were discussed preliminarily. The FFV evolution with CNT addition is
summarized as three stages, which are generation, growing and convergence.

(2) The bulk, shear and Young’s modulus were calculated by constant strain method to
evaluate the mechanical properties of the composites. Approximately linear increase
trends were observed in all modulus. The largest bulk, shear and Young’s modulus
occurred in the 15 wt.% CNT/VNR composite, which were 19.13%, 21.11% and
26.89% higher than that of pure VNR, respectively. The mechanism of these improved
mechanical properties can be explained by the high strength of CNT.

(3) The binding energy of CNT-matrix interface and the interfacial energy of composite-
SiO2 interface were obtained, respectively. The largest interfacial energy was ob-
tained in 10 wt.% CNT/VNR composite. Thus, a dynamic attraction-superposition-
competition process is concluded to reveal the reinforced mechanism of CNT on the
rubber matrix. Both the binding and interfacial interactions are mainly produced by
the van der Waals interaction.

(4) The COF and relative concentration at the friction interface were calculated to discuss
the tribological properties of CNT reinforced VNR composite. The COF shows a
nonlinear trend of increasing. Based on the mechanical and interfacial results, the
friction performance is inferred to be a combined consequence of mechanical and
interfacial properties. Although the enhanced COF is expected in the production of
aircraft tires, the addition of CNT can cause more intense friction process according
to the relative concentration results. Therefore, this impact needs to be noticed in the
actual design of prescription.
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Abstract: The introduction of hybrid nanofluids is an important concept in various engineering
and industrial applications. It is used prominently in various engineering applications, such as
wider absorption range, low-pressure drop, generator cooling, nuclear system cooling, good thermal
conductivity, heat exchangers, etc. In this article, the impact of variable magnetic field on the flow
field of hybrid nano-fluid for the improvement of heat and mass transmission is investigated. The
main objective of this study is to see the impact of hybrid nano-fluid (ferrous oxide water and
carbon nanotubes) CNTs-Fe3O4, H2O between two parallel plates with variable magnetic field.
The governing momentum equation, energy equation, and the magnetic field equation have been
reduced into a system of highly nonlinear ODEs by using similarity transformations. The parametric
continuation method (PCM) has been utilized for the solution of the derived system of equations. For
the validity of the model by PCM, the proposed model has also been solved via the shooting method.
The numerical outcomes of the important flow properties such as velocity profile, temperature profile
and variable magnetic field for the hybrid nanofluid are displayed quantitatively through various
graphs and tables. It has been noticed that the increase in the volume friction of the nano-material
significantly fluctuates the velocity profile near the channel wall due to an increase in the fluid
density. In addition, single-wall nanotubes have a greater effect on temperature than multi-wall
carbon nanotubes. Statistical analysis shows that the thermal flow rate of (Fe3O4-SWCNTs-water)
and (Fe3O4-MWCNTs-water) rises from 1.6336 percent to 6.9519 percent, and 1.7614 percent to
7.4413 percent, respectively when the volume fraction of nanomaterial increases from 0.01 to 0.04.
Furthermore, the body force accelerates near the wall of boundary layer because Lorentz force is
small near the squeezing plate, as the current being almost parallel to the magnetic field.

Keywords: ariable magnetic field; magnetic Reynold parameter; hybrid nano-fluid; PCM; BVP4C

1. Introduction

Due to the wide range of engineering and scientific applications, the investigation of
heat transfer and fluid movement between surfaces has been one of the most prominent
research fields in recent times. Compared to nanofluids, hybrid nanofluids are expected to
replace simple nanofluids for a variety of reasons, including wide absorption range, low
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volatility, low pressure, good thermal conductivity, low-pressure reduction, and low friction
losses, solar energy, air conditioning applications, heat pipes, electronic cooling, biomedical
engineering, ship, space, automotive industry, transformer cooling, and defence application
are the few uses of hybrid nanofluid. In this regard, extensive research has been done to
evaluate the heat and flow transfer properties between two plates. Mustafa et al. [1] studied
the properties of mass, fluid movement, and heat transfer in two parallel plates. Their
results reveal that increasing Schmidt number values reduce the concentration profile and
increase the magnitude of the local Sherwood number. In addition, their results signify that
the enhancement in the Prandtl number augments the Nusselt number. Dogonchi et al. [2]
analyzed the transfer of flow and heat of the MHD graphene oxide/water nanoliquids in
the presence of thermal radiation between two parallel plates and an established association
between volume fraction, Nusselt number and temperature distribution. In addition, they
discovered that the enhancement in the Reynolds number and extension ratio leads to an
increase in the skin friction coefficient. Alizadeh et al. [3] investigated the properties of
micropolar MHD fluid motion inside a channel loaded by nanoliquids bounded to the
thermal radiation. Their results reveal that Nusselt number is a growing function which
depends on the volume fraction of nanofluids and radiation parameters. Dib et al. [4]
examined the flow and heat transfer of time-dependent nanoliquids between plates and
concluded that differents kinds of nanoliquids play an important role in the fortification
of heat transmission. Dogonchi et al. [5] studied the heat transfer of transient MHD
flow of nanofluid at the surfaces influenced by thermal radiation, and concluded that
a growing number of the radiation parameters leads to an increase in the temperature
distribution and Nusselt number. Furthermore, they established a relationship between skin
friction coefficient and Nusselt number, which increases with the increase in the magnetic
parameter and volume fraction of the nanofluid. Sheikholeslami et al. [6] investigated
the properties of heat transfer and the flow of nanofluids between two surfaces and in a
revolving system. Their results reveal that in both suction and injection cases, the surface
heat transfer rate enhances the volume fraction of nanomaterials, Reynolds number, and
suction/injection parameter, and this reduces the power of the circulation parameter. In
addition, their outcomes reveal that the Nusselt number has a direct relationship with the
volume fraction of nanomaterial, suction/injection parameter, and Reynold number, while
it possesses an inverse relationship with the power of rotation parameter. Mehmood and
Ali [7] analyzed the heat transfer of the viscous MHD fluid flow fluid between two parallel
surfaces. They took the influence of viscous dissipation in their analysis and discovered
that the injection on the upper plate causes the temperature to rise while the magnetic
field decreases the temperature. Furthermore, they reviewed that the Prandtl number with
viscous dissipation enhance the temperature profile, while without viscous dissipation, the
temperature decreases as the Prandtl number increases.

Fluids play a fundamental role in increasing the rate of heat transfer in many engi-
neering applications, such as heat exchangers, fuel cells, etc. As we know, the regular
fluids have a very low thermal conductivity in heat transferring. So, we need unusual,
high thermal conductivity fluids to overcome this problem. This special type of fluid is
called nanofluids. The practical application of nanofluid was first introduced by Choi [7].
The basic feature of nanofluids is that they have more thermal conductivity in comparison
with regular fluids because the particles of metal nanometer-size are put into the liquid,
which plays a valuable role in increasing the thermal conductivity. Most of the researchers
have focused their analysis on fluid movement and heat transmission using normal fluid
or nanofluid. Dogonchi and Ganji [8] studied the behaviour of buoyancy flow and heat
transfer of MHD nanofluid on a stretching surface in the light of Brownian motion with
thermal radiation. Their research explains that the temperature profile and the velocity of
the fluid decrease when the radiation parameter is increased. Furthermore, they explained
that the coefficient of skin friction increases with the increase of the magnetic parameter and
decreases with the increase in the volume fraction of the nanofluid. Bhatti et al. [9] studied
through a permeable extending wall the effect of entropy generation on non-Newtonian

124



Nanomaterials 2022, 12, 180

Eyring–Powell nanofluid, and discovered that the greater the effect of the suction param-
eter, the greater the velocity profile. In addition, their results show that thermophoresis
parameters and Brownian motion significantly increase the temperature profile.

Chamkha et al. [10] analyzed the transient conjugate free convection, which applied
to a half-circular pot with limited thickness solid walls containing Al2O3-Cu-water hybrid
nanoliquids. They concluded that only a 5 percent increase in Al2O3-Cu nanomaterials in-
dicates an increase in the average Nusselt number ranging from 4.9 to 5.4, while a 5 percent
increase in Al2O3 nanomaterials increases the average Nusselt number from 4.9 to 5.36. In a
square porous wall, MHD heat transfer and free convection flow are cooled and heated by
sink or heat source, respectively, and loaded with a Cu-Al2O3-water hybrid nanofluid were
investigated by Gorla et al. [11]. The results of this investigation signify that the average
Nusselt number decreases significantly for hybrid suspension in case of change in the
position of heat source. Furthermore, their outcomes reveal that the mean Nusselt number
of hybrid suspensions is lower than that of Cu and Al2O3. The moving boundaries which
produced squeezing flow play a significant role in polymer processing, hydrodynamical
machines, and lubrication tools, etc. Jackson [12] studied the relationships between the
squeezing fluid flow and loaded earing’s performance under the adhesive phenomena.
Hayat et al. [13] examined the impact of couple stress fluid flow in the presence of the
time-dependent magnetic field. Hayat et al. both [14,15] used the Buongiorno model of
nanofluids, which indirectly tested certain nanoparticles. In the meantime, Salehi et al. [16]
studied the squeezing hybrid nanofluid which can be formulated by putting the nanoma-
terial Fe3O4-MoS2 in the base fluid water and ethylene glycol. Acharya [17] analyzed the
influence of radiation due to solar energy over Cu-Al2O3/water hybrid nanofluid within
a channel. Ikram et al. [18] explored another fascinating feature of the hybrid nanofluid
movement within a channel. Tayebi and Chamkha [19] studied free convection through the
annulus between two elliptical cylinders filled with Cu-Al2O3/water hybrid nanofluid. It
has been shown that heat transfer rate is more efficient if one uses Cu-Al2O3/water hybrid
as compared to Al2O3/water nanofluid. Tayebi and Chamkha. [20] investigated the free
convection of hybrid nanofluid in the eccentric annulus of horizontally cylindrical shape.
Bilal and Taseer et al. [14,15] studied the (MHD) hybrid nanofluids (CNT-Fe3O4/H2O)
motion between horizontal channels through dilating and squeezing walls with thermal
radiation. The flow is transient and laminar. The flow is not symmetric and the lower and
upper walls vary in temperature and porosity. The suspension of single and multi-walls
carbons nanotubes and Fe3O4 in nanofluids is exploited.

The purpose of the analysis was to examine the general quality of local thermal
non-equilibrium (LTNE) and focus on the impact of nanomaterials (AA7075 and Cu) in
the conventional fluids (methanol and NaAlg) using the Tiwari–Das model. They have
investigated the heat transfer properties of nanofluids numerically from an engineering
point of view at a stretching plate in the porous medium in [21,22]. Song et al. [23] analyzed
the effect of Marangoni convection, thermal radiation, Soret and Dufour effects, viscous
dissipation, nonlinear heat sink/source, and activation energy on MHD nanofluids motion
produced by revolving the disk. Furthermore, they studied the effect of activation energy
on the Darcy–Forchemer movement of Casson fluids, which include the suspension of
titanium dioxide and graphene oxide nanomaterials containing 50 percent ethylene glycol
as the conventional fluid in a porous medium [23–27]. The Marangoni convection of hybrid
nanoliquid has been analyzed by Khan et al. [28,29], which is a combination of (MnZi,
Fe2O, 4-NiZn, Fe2O4) nanomaterials and one conventional fluid (H2O), and the momentum
equation updated through the inclusion of Darcy–Forchheimer in the porous medium.
Due to heat transfer irreversibility, viscous dissipation irreversibility and mass transfer
irreversibility, the entropy generation of the fluid flow is computed and analyzed through
pertinent parameters.

A model of PVT unit containing PCM was analyzed by Khodadadi et al. [30]. The
impact of different kinds of nanoliquids and NEPCMs at various concentrations on the
system efficiency is estimated. The ZnO, SiC, Al2O3, MCNT (multi-walled carbon nan-
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otube), Cu, and Ag nanomaterials are used inside the water with phase change particle
concentrations of 0, 0.02, 0.04, by Sheikholeslami et al. [31,32]. The solar collector was
investigated regarding the collector performance and irreversibility in the presence of
the variable solar radiation. Along with these two main factors, performance factors are
important functions that must be considered in order to reach the optimal design. Ir-
reversibility is due to a decrease in temperature with an increase in wind speed due to
a slight decrease in temperature of different zones. Uddin et al. [33] presented a novel
model of bio-nano-transport, the impacts of first and second-order velocity slip, mass
slip, heat slip, and gyro-tactic (torque-responsive) microorganism slip of bio-convective
nanoliquid motion in the flowing plate with blowing tendency are numerically analyzed.
Zohra et al. [34] observed the microfluidic devices based on the microfluidic associated
technologies and microelectromechanical processes that have received a warm welcome in
the field of science and engineering. This is a mathematical formulation which analyzes
the fluid flow of steady forced convective revolving disk put into water-based nanoliquid
with microorganisms. Thiyagarajan et al. [35] analyzed pleural outflow as an obstruction of
the pleural cavity in the lung wall. The reversal of the lung and chest wall process causes
pleural fluid to accumulate in the pleural space. Parietal lymphatic dilation is caused
by an increase in pleural fluid. This proposed model has been designed to acquire new
outcomes of respiratory tract infections which investigates the response with respect to
the injection of transient mixed convection motion of visceral pleural liquid transports
between two vertical porous sheets. M. K. Alam et al. [36] studied the behavior of mass and
heat transmission on the time-dependent viscous squeezing flow along with changeable
magnetic field. They used a revolving channel in their analysis. The proposed model
has been updated through the inclusion of energy and variable magnetic field equations.
Bilal et al. [37] and Khoshrouye [38] researched that the development of technologies in
power engineering and microelectronics requires the improvement of efficient cooling sys-
tems. This advancement comprises the use of fins of notably changeable geometry within
cavities to increment heat elimination from the heat producing process. It is considered that
the fins are playing a significant role in augmenting heat transfer, so the proposed model
has studied the impacts of several parameters on the transfer of the heat of embedded fins
in cavities. In addition, the impacts range for some parameters on energy transmission.

Motivated by the prescribed literature review, it has been noticed that the analysis of
hybrid nanofluids with Fe3O4, and SWCNT, MWCNTs, has so far not considered between
two parallel porous plates with changeable magnetic fields. In addition, the impacts of
changeable magnetic field on mass and heat transfer in rectangular coordinate system is a
novel approach in the field. The introduction of hybrid nanofluids flow is very important
due to its many applications in industrial and engineering processes. In this article, we
are going to investigate the impacts of variable magnetic fields on the flow of hybrid
nanofluids for the improvement of heat and mass transmission. In the composition of
hybrid nanofluids, the (Fe3O4, single-wall carbon nanotubes and multi-wall carbon nan-
otubes) nanomaterials are used. Thermal radiation is also considered for high-temperature
phenomena. The governing equations of the hybrid nanofluid are formulated under certain
hypotheses, and solved numerically by (parametric continuation method) in MATLAB. The
numerical outcomes of several emerging parameters skin frictions, Nusselt number, etc.,
are discussed through tables and graphs. In addition, it has been noticed that the thermal
flow rate of (Fe3O4-SWCNTs-water) nanofluids rises from 1.6336 percent to 6.9519 percent
when the volume fraction of nanomaterial increases from 0.01 to 0.04. In the same way, the
thermal flow rate of (Fe3O4-MWCNTs-water) nanofluids rises from 1.7614 percent to 7.4413
percent when the volume fraction of nano-material increases from 0.01 to 0.04.

2. Formulation

We consider the flow of hybrid nanofluids between two horizontal infinite parallel
plates, as depicted in Figure 1. The distance between two plates has taken as h(t) = l

√
1 − at;

furthemore, the upper plate move towards the lower plate with velocity v = dh
dt . We
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assumed that the temperature TH is constant at the upper plate, and the flow of hybrid
nanofluid (CNTs-Fe3O4/H2O) in the channel is incompressible and viscid. The physical
characteristics of hybrid nanofluid flow CNTs-Fe3O4/H2O) rely on time. As a result of the
greater influence of variable magnetic fields, this type of behaviour of hybrid nanofluid is
thought to be due to their magnetic characteristics. Single and multi-wall carbon nanotubes,
on the other hand, have larger thermal conductivity. Subsequently, the hybrid nanofluid
(CNTs-Fe3O4/H2O) is developed by suspending a new volume fraction of CNT (Φ2 = 0.5)
into the originally formulated ferrofluid (Fe3O4/H2O). The mathematical formulation of
the aforementioned hybrid nanofluids by continuity, momentum, magnetic field and energy
conservation equations are as follows:

Figure 1. Geometry of the problem with coordinate system.

Continuity equation [15]:

∂u
∂x

+
∂v
∂x

= 0, (1)

Momentum equations [15,21]:

∂u
∂t

+ u
∂u
∂x

+ v
∂u
∂y

= − 1
ρhn f

∂P
∂x

+
μhn f

ρhn f
(

∂2u
∂x2 +

∂2u
∂y2 )−

b2σhn f

ρhn f
(

∂b1

∂y
− ∂b2

∂x
) (2)

∂v
∂t

+ u
∂v
∂x

+ v
∂v
∂y

= − 1
ρhn f

∂P
∂y

+
μhn f

ρhn f
(

∂2v
∂x2 +

∂2v
∂y2 )−

b1σhn f

ρhn f
(

∂b1

∂y
− ∂b2

∂x
) (3)

Maxwell Equations [21,22]:

∂b1

∂t
= u

∂b2

∂y
+ b2

∂u
∂y

− v
∂b1

∂y
− b1

∂v
∂y

+
1

σhn f μe
(

∂2b1

∂x2 +
∂2b1

∂y2 ) (4)

∂b2

∂t
= v

∂b1

∂x
+ b1

∂v
∂x

− u
∂b2

∂x
− b2

∂u
∂x

+
1

σhn f μe
(

∂2b2

∂x2 +
∂2b2

∂y2 ) (5)

The Energy Equation [15]:

∂T
∂t

+ u
∂T
∂x

+ v
∂T
∂y

=
κhn f

(ρCp)hn f
(

∂2T
∂x2 +

∂2T
∂y2 )

+
μhn f

(ρCp)hn f
(4(

∂v
∂y

)2 + (
∂u
∂y

)2 + (
∂v
∂x

)2 + 2
∂u
∂y

∂v
∂x

)

(6)

where b1, b2 are the components of magnetic field, (ρCp)hn f is the heat capacity of the
hybrid nanofluid, P is fluid pressure, T is the temperature, ρhn f is fluid density of hybrid
nanofluid, σhn f is electrical conductivity of hybrid nanofluid, μhn f is kinematic viscosity of
hybrid nanofluid.
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Nanofluid are defined as [15]:

νhn f =
μhn f
ρhn f

,
ρhn f

ρ f
= (1 − φ2)((1 − Φ1 +

Φ1ρMS
ρ f

) +
Φ2ρCNT

ρ f
),

κhn f

κb f
=

κCNT + (m − 1)κb f + φ2(κb f − κCNT)

κCNT + (m − 1)κb f + φ2(m − 1)(κb f − κCNT)

κb f

κ f
= (

κMS + (m − 1)κ f + φ1(κ f − κMS)

κMS + (m − 1)κ f + φ1(m − 1)(κ f − κMS)
)

(ρCp)hn f

(ρCp) f
= (1 − φ2)((1 − Φ1 +

Φ1(ρCp)MS

(ρCp) f
) +

Φ2(ρCp)CNT

(ρCp) f
),

σhn f

σf
= 1 +

3( σp
σf

− 1)φ1

(
σp
σf

+ 2)− (
σp
σf

− 1)φ
,

μhn f

μ f
=

1
(1 − φ1)2.5(1 − φ2)2.5 ,

(7)

with κhn f is the thermal conductivity of hybrid nanofluid, κb f is the thermal conductivity
of the Fe3O4-nanofluid, and φ1, Φ2 are the volume fraction of CNTs.

3. Boundary Conditions

The boundary conditions of the proposed model are as follows [15]:

u = 0, v = −dh
dt

, b1 =
axM0

2(1 − at)
, b2 =

axM0

2
√

1 − at
, T = TH at y = h(t)

u = 0, v = 0, T = 0, b1 = b2 = 0, at y = 0
(8)

The following similarity transformations have been used for reducing a system of
PDEs (1–6) into a non-linear system of ODEs [21],

u =
ax

2(1 − at)
f ′(η), v = − al

2
√

1 − at
f (η), b1 =

axM0

2(1 − at)
K′(η),

b2 = − alM0

2
√

1 − at
K(η), η =

y
l
√

1 − at
, θ(η) =

T
TH

,
(9)

Therefore, Equation (1) of the model has satisfied automatically, and the reduced forms
of the remaining Equations (2)–(6) are as follows:

f ′′′′ =
ρhn f

ρ f

μ f

μhn f
(S(3 f ′′ + η f ′′ + f ′ f ′′ − f f ′′′)) + Ha2SRem(

σhn f

σf
)2 μ f

μhn f
(2KK′ + f K2)

+ ηHa2S2Re2
m(

σhn f

σf
)3 μ f

μhn f
(K2 + ηKK′ − f KK′ + f ′K2)

− Ha2S2Re2
m(

σhn f

σf
)3 μ f

μhn f
( f K2 + η f KK′ − f 2KK′ + f f ′K2),

(10)

K′′ = RemS
σhn f

σf
(K + ηK′ − f K′ + f ′K), (11)

θ′′ = SPr
(ρCp)hn f

(ρCp) f

κ f

κhn f
(ηθ′ − θ′ f )− μhn f

μ f

κ f

κhn f
PrEc(4δ f ′2 + f ′′2), (12)

and the boundary conditions in the reduced form as follows,

f (0) = 0, f ′(0) = 0, K(0) = 0, θ(0) = 0,

f (1) = 1, f ′(1) = 0, K(1) = 1, θ(1) = 1,
(13)
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where Ha2 =
l2 M2

0 aσf
ρ f ν f

Hartmann number, S = al2

2ν f
squeeze number, Rem = σf ν f μe Rynold’s

magnetic parameter, Pr =
ν f (ρCp) f

κ f
Prandtl number, Ec = a2

4(Cp) f TH(1−at)2 Eckert number,

δ = l2(1−at)
a2 .

Emerging physical parameters in the reduced form of system are the Nusselt number
and skin friction coefficient, and can be defined as,

Cf =
μn f

ρn f ν2
l x

(
∂u
∂y

)y=h(t), Nu = −
aκn f (

∂T
∂y )z=h(t)

k f TH
, (14)

In case of Equation (16), we get

R2
1Cf

ρhn f

ρ f

μ f

μhn f
= f ′′(1), −θ′(1) =

κ f

κhn f
R2Nu. (15)

4. Numerical Solution by PCM

In this section, optimal choices of continuation parameters are made through the
algorithm of PCM [29] for the solution of non-linear Equations (10)–(12) with boundary
conditions in Equation (13):

• Step 1: First order of ODE

To transform the Equations (10)–(12) into the first order of ODEs, consider the following

f = t1, f ′ = t2, f ′′ = t3, f ′′′ = t4

K = t5, K′ = t6, θ = t7, θ′ = t8
(16)

putting these transformations in Equations (10)–(12), which becomes

t′4 =
ρhn f

ρ f

μ f

μhn f
(S(3t3 + ηt3 + t2t3 − t1t4)) + Ha2SRem(

σhn f

σf
)2 μ f

μhn f
(2t5t6 + t1t2

5)

+ ηHa2S2Re2
m(

σhn f

σf
)3 μ f

μhn f
(t2

5 + ηt5t6 − t1t5t6 + t2t2
5)

− Ha2S2Re2
m(

σhn f

σf
)3 μ f

μhn f
(t1t2

5 + ηt1t5t′6 − t2
1t5t6 + t1t2t2

5),

(17)

t′6 = RemS
σhn f

σf
(t5 + ηt6 − t1t6 + t2t5), (18)

t
′
8 = SPr

(ρCp)hn f

(ρCp) f

κ f

κhn f
(ηt8 − t1t8)−

μhn f

μ f

κ f

κhn f
PrEc(4δt2

2 + t2
3), (19)

and the boundary conditions becomes

t1(0) = 0, t1(1) = 1, t2(0) = 0, t2(1) = 0,

t5(0) = 0, t5(1) = 1, t7(0) = 0, t7(1) = 1,
(20)

• Step 2: Introducing of parameter p and we obtained ODEs in a p-parameter group

To get ODE’s in a p-parameter group, let we know p-parameter in Equations (17)–(19)
and therefore,
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t′4 =
ρhn f

ρ f

μ f

μhn f
(S(3t3 + ηt3 + t2t3 − t1(t4 − 1)q)) + Ha2SRem(

σhn f

σf
)2 μ f

μhn f
(2t5t6 + t1t2

5)

+ ηHa2S2Re2
m(

σhn f

σf
)3 μ f

μhn f
(t2

5 + ηt5t6 − t1t5t6 + t2t2
5)

− Ha2S2Re2
m(

σhn f

σf
)3 μ f

μhn f
(t1t2

5 + ηt1t5t′6 − t2
1t5t6 + t1t2

(21)

t′6 = RemS
σhn f

σf
(t5 + ηt6 − t1(t6 − 1)q + t2t5), (22)

t
′
8 = SPr

(ρCp)hn f

(ρCp) f

κ f

κhn f
(η(t8 − 1)q − t1t8)−

μhn f

μ f

κ f

κhn f
PrEc(4δt2

2 + t2
3), (23)

• Step 3: Differentiation by p, reaches the following system w.r.t the sensitivities to

the parameter-p

Differentiating the Equations (21)–(23) w.r.t by p

d′1 = h1d1 + e1 (24)

where h1 is the coefficient matrix, e1 is the remainder and d1 = dpi
dτ , 1 ≤ i ≤ 8.

• Step 3: Cauchy Problem

d1 = y1 + a1v1, (25)

where y1, v1 are vector functions. By resolving the two Cauchy problems for every
component. We are satisfied then automatically to ODE’s

e1 + h1(a1v1 + y1) = (a1v1 + y1)
′

(26)

and left the boundary conditions.
• Step 4: Using by Numerical Solution

An absolute scheme has been used for the resolution of the problem

vi+1
1 − vi

1
�η

= h1vi+1
1 (27)

yi+1 − yi

�η
= h1yi+1 + e1 (28)

• Step 5: Taking of the corresponding coefficients

As given boundaries are usually applied for pi, where 1 ≤ i ≤ 8, for the solution of
ODEs, we required to apply d2 = 0, which seems to be in matrix form as

l1.d1 = 0 or l1.(a1v1 + y1) = 0 (29)

where a1 = −l1.y1
l1.v1

5. Results and Discussions

This paper investigates the hybrid nano-fluid flow between two parallel and squeez-
ing plates under the influence of a variable magnetic field. The heat and mass transfer
phenomena are also considered. The governing system of the hybrid nanofluid flow eqau-
tions is converted into a non-linear system of ODEs through similarity transformations.
The impacts of various physical parameters, including Hartmann number (Ha), magnetic
Reynolds number (Rem), Prandtl number (Pr), squeezing parameter (S), Eckert number
(Ec), and hybrid nano-particle volume fraction (φ1, φ2) have been investigated in the con-
text of heat transfer and fluid flow properties. The statistics in Table 1 provide complete
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information about the thermophysical properties of nanomaterials. It is mandatory to
mention that our proposed model produces a nice results when compared with the results
of the models available in the current literature, and the comparison has been shown in
Table 2. Tables 3–7 illustrates the numerical outcomes of two important flow parameters
skin friction and Nusselt number, which are obtained through two different numerical
schemes(BVP4C and PCM). Table 8 displays quantitatively the impact of various flow
parameters for different types of hybrid nano-fluid.

Table 1. The thermophysical properties of water base fluid and hybrid nanoparticles.

ρ Cp κ σ

H2O 997.1 4179 0.613 5.5 × 10−6

Fe3O4 5200 670 6 9.74 × 106

SWCNT 2600 425 6600 106

MWCNT 1600 796 3000 107

Table 2. Comparison of the numerical results of f ′′(1) when Φ1 = Φ2 = Rem = δ = 0.

M S M. Bilal et al. [15] Present

0 0.5 4.713254 4.713061
1 4.739148 4.739224
2 4.820361 4.820101
3 4.396271 4.396400
2 0 1.842331 1.842350

0.3 3.653601 3.653573
0.6 5.391148 5.391053
1 7.593006 7.593187

Table 3. Comparison of the numerical results by two methods PCM and BVP4C for Skin friction and
Nusselt number, with various physical parameters and Φ1 = Φ2 = 0.1.

PCM BVP4C PCM BVP4C

S f ′′(1) f ′′(1) −θ′(1) −θ′(1)

0.1 5.9662 5.9917 2.7615 2.7688
0.2 5.9105 5.9143 2.7369 2.7344
0.3 5.8437 5.8422 2.7103 2.7178
0.4 5.7714 5.7756 2.6831 2.6812
0.5 5.6968 5.6990 2.6557 2.6554
0.6 5.6219 5.6252 2.6278 2.6282
0.7 5.5489 5.5432 2.6057 2.6076
0.8 5.4779 5.4723 2.5822 2.5871
0.9 5.4081 5.4023 2.5538 2.5532

Table 4. Comparison of the numerical results by two methods PCM and BVP4C for skin friction and
Nusselt number, with various physical parameters and Φ2 = 0.02.

PCM BVP4C PCM BVP4C

Φ1 f ′′(1) f ′′(1) −θ′(1) −θ′(1)

0.1 5.1032 5.1076 0.6308 0.6366
0.2 5.0736 5.0722 0.6774 0.6732
0.3 5.0801 5.0854 0.7399 0.7321
0.4 5.1222 5.1200 0.7957 0.7960
0.5 5.1989 5.1943 0.7765 0.7790
0.6 5.3095 5.3083 0.4537 0.4502
0.7 5.4558 5.4511 0.3872 0.3845
0.8 5.6343 5.6334 0.2733 0.2712
0.9 5.8421 5.8466 0.1209 0.1255
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Table 5. Comparison of the numerical results by two methods PCM and BVP4C for skin friction and
Nusselt number, with various physical parameters and Φ1 = Φ2 = 0.1.

PCM BVP4C PCM BVP4C

Ha f ′′(1) f ′′(1) −θ′(1) −θ′(1)

0.1 5.9632 5.9632 2.7584 2.7584
0.2 5.9391 5.9391 2.7486 2.7486
0.3 5.8992 5.8992 2.7325 2.7325
0.4 5.8437 5.8437 2.7103 2.7103
0.5 5.7731 5.7731 2.6826 2.6826
0.6 5.6879 5.6879 2.6499 2.6499
0.7 5.5887 5.5887 2.6128 2.6128
0.8 5.4762 5.4762 2.5721 2.5721
0.9 5.3512 5.3512 2.5283 2.5283

Table 6. Numerical results by parametric continuation method for hybrid nanofluid with various
physical parameters.

H2O,
Fe3O4,

SWCNT H2O,
Fe3O4,

MWCNT H2O, Fe3O4

Φ2 f ′′(1) −θ′(1) f ′′(1) −θ′(1) f ′′(1) −θ′(1)

0.02 5.6736 0.1161 5.6834 0.1351 5.6997 0.0573
0.03 5.6725 0.1170 5.6822 0.1356 5.6984 0.0564
0.04 5.6717 0.1181 5.6811 0.1361 5.6965 0.0554
0.05 5.6704 0.1196 5.6802 0.1370 5.6953 0.0542
0.06 5.6691 0.1208 5.6793 0.1379 5.6940 0.0529
0.07 5.6679 0.1220 5.6780 0.1387 5.6926 0.0516
0.08 5.6662 0.1236 5.6766 0.1399 5.6911 0.0503
0.09 5.6645 0.1251 5.6752 0.1410 5.6891 0.0488
0.10 5.6633 0.1269 5.6732 0.1422 5.6873 0.0471
0.11 5.6619 0.1282 5.6715 0.1438 5.6858 0.0457
0.12 5.6603 0.1301 5.6690 0.1455 5.6843 0.0441
0.13 5.6593 0.1325 5.6672 0.1471 5.6829 0.0425

Table 7. Numerical results by BVP4C Method for hybrid nanofluid with various physical parameters.

H2O,
Fe3O4,

SWCNT H2O,
Fe3O4,

MWCNT H2O, Fe3O4

Φ2 f ′′(1) −θ′(1) f ′′(1) −θ′(1) f ′′(1) −θ′(1)

0.02 5.6731 0.1157 5.6843 0.1343 5.6980 0.0563
0.03 5.6721 0.1164 5.6830 0.1350 5.6971 0.0551
0.04 5.6711 0.1173 5.6821 0.1355 5.6961 0.0540
0.05 5.6698 0.1190 5.6810 0.1363 5.6945 0.0533
0.06 5.6683 0.1201 5.6800 0.1370 5.6930 0.0521
0.07 5.6671 0.1213 5.6791 0.1378 5.6918 0.0502
0.08 5.6653 0.1226 5.6773 0.1391 5.6902 0.0492
0.09 5.6636 0.1242 5.6764 0.1403 5.6887 0.0476
0.10 5.6622 0.1253 5.6750 0.1413 5.6871 0.0462
0.11 5.6610 0.1270 5.6730 0.1428 5.6847 0.0445
0.12 5.6595 0.1292 5.6708 0.1441 5.6828 0.0432
0.13 5.6580 0.1311 5.6691 0.1464 5.6814 0.0413
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Table 8. The heat transfer has been calculated percent wise as for the various nanoparticles Pr = 6.2,
S = 1.5, Ec = 0.4, using the percentage formula %increase = With Nanoparticle

Without Nanoparticle × 100 = Result, Result-
100 = %enhancement.

Φ1, Φ2 −θ′(1) f or Fe3O4, SWCNT −θ′(1) f or Fe3O4, MWCNT

0.0 5.5582 5.5582
0.01 5.6490 5.6561

(1.6336% increase) (1.7614% increase)
0.03 5.8421 5.8628

(5.1078% increase) (5.4802% increase)
0.04 5.9446 5.9718

(6.9519% increase) (7.4413% increase)

In Figure 2a, it has been observed that the velocity profile for different values of the
squeezing parameter S increases the velocity profile more near the channel due to the rising
force in the horizontal direction. This increment in force has a resistance force near the
centre, which decreases the horizontal velocity after the central region. Figure 2b depicts
that the growing value of squeezing parameter S improves the velocity profile, it is because
the velocity gradient is falling near the channel wall for η < 0.5, while vertical velocity f ′(η)
is rising due to narrowing the channel of the flow for the value η > 0.5. The velocity profile
of the flow is plotted in Figure 3a,b, illustrates that Ha and Rem are rising. Furthermore, it
explains that the increasing value of the Hartmann number raises the velocity profile for
η < 0.6, and reduces it for η > 0.6. Cross-flow behaviour for the velocity profile has been
observed at the centre of the channel wall. The effect of the nano-material volume friction
is depicted in Figure 4. It is noticed that a rise in the quantity of nanomaterials significantly
fluctuates the velocity profile near the channel wall due to the increase in the density of the
nano-materials. Moreover, the velocity of SWCNTs is slightly higher than that of MWCNTs,
due to the low-density values of SWCNTs.

(a)

Figure 2. Cont.
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(b)

Figure 2. Effect of f (η) and f ′(η) for (a) S > 0, (b) S < 0 and fixed values of Rem = 1.5,
Ha = 0.4, Pr = 6.2, Ec = 0.5, δ = 0.4, Φ1 = 0.02, Φ2 = 0.5, m = 0.3.

(a)

Figure 3. Cont.
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(b)

Figure 3. Effect of f ′(η) for (a) Ha, (b) Rem and fixed values of S = 2.5, Pr = 6.2, Ec = 0.5, δ =

0.4, Φ1 = 0.02, Φ2 = 0.5, m = 0.3.

Figure 4. Effect of f ′(η) for Φ2 and fixed values of S = 1.5, Rem = 2.5, Ha = 0.4, Pr = 6.2, Ec =

0.5, δ = 0.4, Φ1 = 0.02, m = 0.3.

Figure 5a displays the influence of the squeezing parameter S on the magnetic field
profile G(η), which illustrates that the magnetic profile becomes parabolic for the various
value of the squeezing parameter. Body force is stronger near the bottom of the correspond-
ing main wall because the Lorentz force is smaller near the squeezing plate (because the
current is approximately parallel to the magnetic field). Initially, for the x-component of
velocity, the velocity decline is identified, but starts augmenting as η → 1 maximum value
of f ′(η) is noticed in the middle. In the study of the magnetic profile, we have observed that
the magnetic profile G(η) is falling in the vicinity of the upper plate when the squeezing
parameter increases. Figure 5b shows the falling behaviour of the magnetic Reynold’s
parameter Rem, which defines the ratio of fluid flux to the magnetic diffusivity. This pa-
rameter therefore is an instrumental in determining the diffusion of magnetic field along
streamlines. The variation in Rem has direct effect on G(η). As the increase in magnetic
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Reynold’s number increases, the opposing force of the axial velocity decreases the axial
velocity of the flow. In our study, less importance has been placed on diffusion, and most
of the analysis is based on the behaviour of the magnetic field during the flow.

(a)

(b)

Figure 5. Effect of G(η) for (a) S, (b) Rem and fixed values of Ha = 1.4, Pr = 6.2, Ec = 0.5, δ =

0.4, Φ1 = 0.02, Φ2 = 0.5, m = 0.3.

Figure 6 illustrates the impact of Φ2 on the magnetic profile, which signifies that
an opposing force is generated due to magnetic fields, as well as an improvement in the
fluid viscosity due to the suspension of nanomaterials concentration. This is the basic
reason for the fall in the magnetic field. The outcomes reflect that, as the concentration of
nanomaterials rises, the magnetic field decreases. Figure 7a explains the impact of growing
Eckert number on the temperature profile. The Eckert number is the ratio of kinetic energy
to the boundary layer enthalpy difference and is used to explained heat dissipation. An
abrupt surge for the temperature profile in the vicinity of the middle line has been noticed,
as we know Ec simply the ratio of specific heat to thermal conductivity, so it raises the
temperature profile considerably, and θ(η) profile becomes parabolic, which gives the
maximum value at the middle of the channel. The heat transmission of (MWCNTs, Fe3O4
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and H2O) is slightly more than (SWCNTs, Fe3O4 and H2O). The fluctuation that occurs
in temperature profile due to the rising value of nanomaterials volume fraction Φ2 has
been displayed in Figure 8. A rise in the volume fraction of nanomaterials augments heat
transmission and generation of heat, which grow the thickness of the thermal layer. In
the case of diverging channels, a significant increase in temperature is observed. Nearly
the same values for both MWCNT and SWCNT with H2O and Fe3O4 have been observed.
The velocity slip parameter significantly affects the temperature profile. Figures 9 and 10
are drawn to investigate the effects of S, Ha, and S, Ec on skin friction and Nusselt number.

Figure 6. Effect of G(η) for Φ2 and fixed values of S = 1.5, Rem = 1.5, Ha = 0.4, Pr = 6.2, Ec =

0.5, δ = 0.4, Φ1 = 0.02, m = 0.3.

Figure 7. Effect of θ(η) for Ec and fixed values of S = 0.5, Rem = 1.5, Pr = 6.2, Ha = 0.4, δ =

0.4, Φ1 = 0.02, Φ2 = 0.5, m = 0.3.
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Figure 8. Effect of θ(η) for Φ2 and fixed values of S = 0.5, Rem = 2.5, Ha = 0.4, Pr = 6.2, Ec =

0.5, δ = 0.4, Φ1 = 0.02, m = 0.3.

Figure 9. Effect of skin friction for S and Ha and fixed values of Rem = 2.5, Pr = 6.2, Ec = 0.5, δ =

0.4, Φ1 = 0.02, m = 0.3.
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Figure 10. Effect of Nusslet number for S and Ec and fixed values of Rem = 2.5, Pr = 6.2, δ =

0.4, Φ1 = 0.02, m = 0.3.

6. Concluding Remarks

The main objective of this article is to analyze the effects of a changeable magnetic
field on the hybrid nanofluids flow between the squeezing parallel plates so as to improve
the mass and heat transfer profile. Hybrid nanofluid (ferrous oxide water and carbon
nanotubes) CNTs-Fe3O4, H2O have been chosen for this purpose. The governing equation
of hybrid nanofluids flow including, momentum equaiton, energy equations, and magnetic
field equations have been converted into systems of highly nonlinear ODEs thorugh
similarity transformations, and subsequently solved by the parametric continuation method
(PCM). For the validity of the numerical solution, the proposed model is also solved by the
shooting method.

The main findings of this study are as follows:

• Statistical analysis shows that the thermal flow rate of (Fe3O4-SWCNTs-water) rises
from 1.6336 percent to 6.9519 percent when the volume fraction of nano-material
increases from 0.01 to 0.04 is shown in Table 4.

• It is obvious from Table 3 that the thermal flow rate of (Fe3O4-MWCNTs-water) rises
from 1.7614 percent to 7.4413 percent when the volume fraction of nano-material
increases from 0.01 to 0.04.

• Increase in the volume friction of the value of nano-material significantly fluctuates
the velocity profile near the channel wall due to the increase in the fluid density.

• The increasing value of the squeezing parameter comparatively improves the velocity
profile near the channel wall more than the center.

• By increasing the squeezing speed of the upper plate improve the velocity profile, it is
because the velocity gradient is falling near the channel wall for η < 0.5, while vertical
velocity f ′(η) is rising, due to narrowing the channel of the flow for the value η > 0.5.

• Body force is stronger near the bottom of the corresponding main wall, because the
Lorentz force is smaller near the squeezing plate (because the current is approximately
parallel to the magnetic field). Initially, for the x-component of velocity, the velocity
decline is identified, but starts augmenting as η → 1 maximum value of f ′(η) is
noticed at the middle.

• It has been noticed that the magnetic Reynolds number increases opposing force of
the axial velocity, which decreases the axial velocity of the flow.

• Strengthening the magnetic Reynold’s number increases the strength of the opposing
force of the axial velocity, which decreases the axial velocity of the flow.
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7. Future Work

This problem can be solved in the future in three-dimensional geometry. In addition,
the effect of variable magnetic fields on the physical properties of heat and mass transfer
and fluids can be interesting work to investigate.
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Nomenclature

The following abbreviations are used in this manuscript:

P Pressure (ML−1T−2)
Φ1, Φ2 the volume fraction of CNTs
x, y Cartesian Coordinates
κb f Thermal conductivity of the Fe3O4-nanofuid (W/(mK)

u x-axis velocity (m · s−1)
μhn f Viscosity of hybrid nanofluid (Ns/m2)
v y-axis velocity (m · s−1)
κhn f Thermal conductivity of hybrid nanofluid (W/(mK))
ρhn f Density of hybrid nanofluid (kg/m3)
H0 Water
t time (s)
Ha Hartmann number
TH Upper plate temperature (K)
σhn f Electrical conductivity of hybrid nanofluid (ML3T−3I−2)
Rem Rynold’s Magnetic Parameter
νhn f Kinematic viscosity of hybrid nanofluid (m2s−1)
Pr Prandtl number (ν/k)
μ f Dynamic viscosity (PaS)
(ρCp)hn f Specific Heat of hybrid nanofluid (J/(kgK))
ρ f Density (kg/m3)
S Squeezing number
Ec Eckert number
b1, b2 Components of Magnetic field
h(t) Distance between parallel plates (L)
CNTs Carbon nanotubes
Fe3O4 Ferrous-Oxide
SWCNTs Single-wall carbon nanotubes
MWCNTs Multi-wall carbon nanotubes
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Abstract: The purpose of this paper is to study the effects of different trajectory planning methods
on the mechanical properties of components. The scope of the research includes finite element
simulation calculation and experimental tests of the actual structure. The test shall be carried out in
the whole load range until the failure of the structure occurs. Taking the composite conical shell as an
example, a variable angle initial path generation method of the conical shell surface is proposed, and
the parallel offset algorithms based on partition and the circumferential averaging are proposed to fill
the surface. Then, finite element analysis is carried out for the paths that satisfy the manufacturability
requirements, the analysis results show that the maximum deformation and maximum transverse
as well as longitudinal stress of fiber of circumferential averaging variable angle path conical shell
are reduced by 16.3%, 5.85%, and 19.76%, respectively, of that of the partition variable angle path.
Finally, the strength analysis of conical shells manufactured by different trajectory design schemes
is carried out through finite element analysis and actual failure tests. The finite element analysis
results are in good agreement with the experimental results of the actual structure. The results
show that the circumferential uniform variable angle has good quality, and it is proved that the path
planning algorithm that coordinates path planning and defect suppression plays an important role in
optimizing placement trajectory and improving mechanical properties of parts.

Keywords: advanced composite; automatic fiber placement; path planning; multi-objective optimiza-
tion; mechanical properties

1. Introduction

Fiber reinforcement composites have been widely used in aerospace and other high-
tech fields due to their light weight, high strength, high modulus, fatigue resistance,
corrosion resistance, strong designability, and simplicity to realize automatically integrated
manufacturing [1]. Automatic fiber placement (AFP) is one of the most important tech-
nologies for manufacturing carbon fiber reinforced plastic (CFRP) components, which can
realize the manufacturing of large-size and complex composite structural parts because
each slit-tape is driven individually [2–4]. Moreover, it is the development direction of
low-cost manufacturing technology of composite materials.

AFP is a manufacturing process in which a numerically controlled robot or CNC ma-
chine delivers prepreg tows of thermoset composites at a specific position and orientation
through a placement head. It can lay as many as 32 fiber tows simultaneously at a constant
angle which is often set as 0◦, ±45◦, or 90◦, and the width of a prepreg tow is usually within
the range from 3.175 mm up to 25.4 mm. These tows are transported from a creel system
through the placement head and deposited onto the mold surface or already existing plies
along a specific path [5,6]. Path planning is an extremely important process in AFP [7],
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which directly determines the quality of the manufactured component and the efficiency of
the placement.

Over the past decades, studies on AFP-based path planning were focused on initial
path design and optimization [1,8–11], generation of offset path [10,11], and quality con-
trol [12–14]. Moreover, models of path deformation were also established to obtain the
relationship between placement parameters and layup quality of fiber path [1,14]. Many
studies for path generation for open-contoured structures were carried out by Shirinzadeh,
Long Yan et al. To sum up, the main construction methods of the initial reference path
mainly include [15–18]: forming a fixed angle with an axis [10], along the direction of
principal stress distribution or ply bearing information [19], surface–plane intersection
strategy [20], projecting the reference line on the mold surface [21], etc. Shirinzadeh
et al. [11] proposed a novel path planning algorithm for open-contoured structures, the
initial reference path is generated by projecting the major axis on the mold surface, the
entire surface is then completely covered by continuously offsetting the initial reference
path. However, the placement direction of the parallel path is severely deflected and defects
like wrinkles may occur since the steering radius is not controlled, the algorithm is only
suitable for simple surfaces. A new path planning algorithm, which uses a surface–plane
intersection strategy to construct the initial path, is proposed in [7]. For complex and
closed profile parts, the traditional path planning algorithm of isometric offset in fiber
placement is difficult to meet both angle deviation and curvature requirements, and it is
very easy to cause the angle deviation to exceed the limit. To overcome this limit, Duan [9]
proposed an angle control algorithm of trajectory planning, and the algorithm has been
successfully validated to plan the path of the airplane’s S-shaped inlet. Qu [10] also pro-
posed a path generation method to overcome the contradiction between angle direction
and fiber wrinkles on the S-shape inlet surface, and the proposed method can control the
angle deviation within 10 degrees and meet the curvature requirements. However, there
are still few studies on the effect of carbon fiber ply angle on the mechanical properties
of resin matrix composites. Different carbon fiber ply angles will inevitably affect their
service properties. Due to the limited deformation of tow, the local steering radius of the
placement path must be greater than the minimum steering radius determined by the
material properties, otherwise it will produce wrinkles, tears, and other distortions, which
will affect the surface quality and result in a decrease in strength as high as 57.7% [22].
This problem is well-described in References [23–26], which presents the results of both
experimental testing and numerical calculations regarding the influence of placement angle
on the properties of composite plates and profiles under compression. The results show
that the carbon fiber ply angle has a significant effect on the buckling and post-buckling
characteristics of the test structure. In order to predict, reduce, or even avoid those defects,
the optimal path planning method and its influence on component performance must
be understood.

To sum up, different path planning schemes will seriously affect the strength of
the parts. Resin-rich areas, voids, wrinkles, and other defects are easy to appear in the
plies, and there are few related researches on the comprehensive consideration of path
manufacturability and part strength, so it is urgent to develop corresponding path planning
methods to control the manufacturing quality of the composite component. On the other
hand, the research of other scholars on the initial trajectory design is not sufficient, and the
influence of path design on the mechanical properties of composite components is rarely
studied. Therefore, the objective of the work described in this paper is to study the effects
of different trajectory planning methods on the mechanical properties of components. The
research scope includes finite element simulation calculation and experimental tests of the
actual structure.

The subsequent sections, herein, are organized as follows. The generation of fixed
angle, geodesic, and variable angle path of the conical shell are discussed in the automated
fiber placement process and the steering radius as well as direction deviation are used to
evaluate the path quality in Section 2. Afterwards, using the idea of discretization, the

144



Materials 2021, 14, 6100

actual placement angle of each discrete element on the conical shell is calculated by using
the self-developed path angle calculation software, and the strength analysis is carried out
for the conical shell with different path design methods to find the optimal path design
scheme in Section 3. The strength analysis of conical shells manufactured by different
trajectory design schemes is carried out through finite element analysis and actual failure
tests in Section 4. Finally, conclusions are drawn in Section 5.

2. Path Planning for Composites Conical Shell

Composite conical shell structure has been widely used in aircraft, spacecraft, rockets,
and missiles, which are frequently subjected to dynamic loads in service [27,28]. However,
it is very challenging to design the roller path of composite conical shell components
to satisfy both process and structural requirements. In order to further improve the
mechanical properties of composite conical shells, a path design method considering
multiple constraints needs to be studied.

2.1. Numerical Model

A three-dimensional representation of the geometry of a conical shell is shown
in Figure 1. In this mathematical model, the basic parameters that are used to define
the cone shell are the semi-vertex angle (α), axial length A = 1160 mm, smaller radius
r = 295 mm, and larger radius R = 497 mm, and these parameters have the following
mathematical relationship:

tan(α) =
R − r

A
(1)

To define the placement angle, the Frenet Frame at pi (i is the number of the path) is
established, which contains three orthogonal vectors e1, e2, and e3. Here, the unit vectors
for the longitudinal and circumferential surface directions, e1 and e2, respectively, as well
as the surface normal e3 will be used in the fiber path definitions.

2.2. Trajectory of Conical Shell and Its Manufacturability

The composite material can be treated as a material or a structure, whose one out-
standing advantage is the designability of performance. Therefore, composite components
with different properties can be obtained by different ply directions and ply forms [29].
The quality of path planning directly affects both the quality of offset paths and the me-
chanical properties of the components. At present, the commonly used path planning
methods mainly include fixed angle, geodesic, and variable angle methods [30]. The fixed
angle algorithm meets the requirements of structural design, but it is easy to produce
wrinkles [31,32]. Compared with the fixed angle method, the geodesic method has an
infinite curvature radius and no wrinkle will occur. However, it is very easy to cause the
angle deviation to exceed its upper limit, which results in great difference between the
actual performance of the component and the design value [13,33]. The variable angle
path planning method is an ideal solution for the placement of composite conical shells at
present because it comprehensively considers the angle deviation and path curvature.

2.2.1. Initial Path Generation

The starting point is extremely important to the initial path itself and affects the quality
of the offset paths. The starting point is obtained according to the following steps in the
paper, as shown in Figure 2.
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Figure 1. Cone geometry. (a) Three-dimensional schematic diagram of the conical shell. (b) Devel-
oped surface of the conical shell.

Figure 2. Construction of the initial point.
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Step 1. The spindle axis is densified into a series of points Oi (i = 1, 2, . . . , n);
Step 2. The slicing ring is formed by the intersection of the mold surface and the

normal plane generated by points Oi and perpendicular to the spindle axis;
Step 3. The midpoint of the spindle is projected onto the corresponding ring first to

form the initial point in Figure 2. If it cannot meet the uniform angle deviation on either
side of the initial path, we iterate the points on both sides of the midpoint in turn.

If the starting point chosen here is not reasonable, it is extremely easy to cause an
angle deviation over its upper limit, and cannot generate the required path. Figure 3 shows
the geodesic paths at different starting points and their angle deviation. From the Figure 3,
we can clearly see that the geodesic path with the starting point P1 (the big end) fails to be
generated due to the occurrence of path turn back and unable to reach the boundary of the
small end. In addition, even if the angle deviations of the other two geodesic paths are all
over the upper limit, their variation laws are completely different.

Figure 3. Geodesic trajectory at different starting points.

After the starting point is determined by iterative optimization, the next step is to
design the variable angle path on conical shells surfaces, and discrete path points are
calculated with a multi constraint model in local Frenet Frames. The flow chart is shown
in Figure 4.

As shown in Figure 5, for a given surface S, Tv(Xv, Yv, Zv) is the reference direction of
the fiber path, Pi is the path point, and Σ is the tangent plane. All path points are obtained
according to the following steps.
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Figure 4. Flow chart of the path generation method.

Figure 5. Generation of variable angle trajectory.

Step 1. Select a point P0 on the mold surface as the starting point through the
above methods;

Step 2. Calculate the normal vector N (nxi, nyi, nzi) of the surface at the points
Pi(Xi, Yi, Zi) and the reference direction Tv is projected onto the tangent plane to ob-
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tain the projection vector T∂i at the points Pi, the coordinates of T∂i are obtained by the
following formula: ⎧⎪⎪⎪⎪⎪⎨

⎪⎪⎪⎪⎪⎩

X′
∂ = − nxi(nxiXv+nyiYv+nziZv)

n2
xi+n2

yi+n2
zi

+ Xi + λXv

Y′
∂ = − nyi(nxiXv+nyiYv+nziZv)

n2
xi+n2

yi+n2
zi

+ Yi + λYv

Z′
∂ = − nzi(nxiXv+nyiYv+nziZv)

n2
xi+n2

yi+n2
zi

+ Zi + λZv

(2)

Step 3. Calculate the P′
i+1 on the tangent plane with a step λ under the three constraint

conditions which including angle direction, steering radius and compaction, then P′
i+1 is

projected onto the mold surface to get the next path point Pi+1;
Step 4. Repeat Steps 2 and 3 until the path point reaches the boundary of the surface.

All the path points are fitted to form the initial path.
Using the above method, the 45-degree variable angle path manufacturability of

different starting points is analyzed as shown in Figure 6. It can be seen that the variable
angle trajectory with the starting point P1 (at the big end) has a good effect on this conical
shells surface. The angle deviation is less than 1 degree and the minimum steering radius is
greater than 2000 mm. Therefore, point Pm is selected as the starting point of the 45-degree
variable angle trajectory in this paper. The initial trajectory design principle of other angles
is the same as 45 degrees.

Figure 6. Paths on conical shells surface and its manufacturability. (a) Paths and Angle deviation
evaluation. (b) Fiber steering evaluation.
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2.2.2. Densification and Coverage Algorithm of the Initial Path

To achieve uniform paths over a mold, parallel equidistant offset algorithm is a
common method to densify the path for automated fiber placement path planning. It
has good applicability for open free curved surfaces with small and medium curvature.
However, if the initial path is always offset for the revolving body, the curvature and
angle deviation of the offset path will exceed its limit and produce a larger triangle area.
It will produce tows breaking enrichment areas and affect the mechanical properties of
components. In order to avoid a series of problems existing in the traditional isometric
offset path planning algorithm on the rotating body, the offset paths generation algorithm
based on partition and circumferential averaging planning algorithm is adopted in this
paper, as shown in Figure 7.

Figure 7. Concept for offsetting the initial path. (a) Equidistant offset [7], (b) Offset proportionally
based on profile perimeter.

As can be seen from Figure 7a, equidistant offset path is that the reference path is
offset by a certain distance (tows number multiplied by tow width) along the direction
of the bi-normal vector, whose purpose is to formulate a set of paths without gaps and
overlaps between subsequent paths. To avoid the transition concentration of triangular
region, the conical shell surface is partitioned in this paper, and the number of partitions
depends on the quality of offset paths. In this paper, the conical shell surface is divided
into the same four regions according to the variable angle trajectory, and other paths are
generated by equidistant offset in each region. Those offset paths and its manufacturability
evaluations are shown in Figure 8. The minimum steering radius of offset paths all exceeds
2000 mm and the angle deviation ranges from 0 to 15◦. It can be seen that the method also
has a good effect on the conical shell surface. Other paths are generated using the same
method and Figure 9 shows the laying paths of four angles, the red line is the initial path,
and the blue line is the offset path.

Different from the equidistant offset paths based on the partition, the placement qual-
ity of each circumferential averaging path of the conical shell is the same, and the maximum
number of the whole tows is guaranteed. However, it may not meet the technological
requirements, which are closely related to the parameters of the cone. Figure 10 shows the
circumferential averaging paths based on variable angle and analyzes their manufactura-
bility. From the analysis results, it can be clearly known that the angle deviation of all offset
paths is less than 2 degrees, and the minimum steering radius is greater than 2000 mm.
Other paths are generated using the same method and Figure 11 shows the laying paths of
four angles.
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Figure 8. Equidistant offset paths based on partition and its manufacturability. (a) Equidistant offset
paths based on partition. (b) Angular deviation of each offset path. (c) Steering radius of each
offset path.
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Figure 9. Four typical angle plies are based on partition. (a) 0◦ Ply. (b) 45◦ Ply. (c) −45◦ Ply.
(d) 80◦ Ply.

Figure 10. Circumferential averaging planning trajectory and its manufacturability. (a) Circumferential averaging path
planning. (b) Angular deviation of each offset path. (c) Steering radius of each offset path.
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Figure 11. Four typical angle plies based on circumferential averaging. (a) 0◦ Ply. (b) 45◦ Ply.
(c) −45◦ Ply. (d) 80◦ Ply.

3. Finite Element Analysis Based on Path Design

From the previous section, we know that there are different path planning methods
for the same conical shell surface, and they all meet the technical requirements. However,
how to choose the final path planning method to complete the laying still needs to be
compared in terms of strength. According to the ply angle for each element data of typical
parts, the strength analysis results are obtained by using ABAQUS simulation software,
and compared with the traditional ply angle design in ABAQUS software in this paper.

In order to realize finite element analysis based on path design, the path design
software is developed by CATIA secondary development technology. The software can
design the path of fixed angle, geodesic and variable angle, and can calculate the angle
of the center point of each triangular patch. The flow chart in Figure 12 illustrates the
detailed process.

3.1. Material Parameters and Ply Settings

The composite prepreg used in the experiment is EH104-HF40-D6/12 made by Jiangsu
Hengshen Co., Ltd. of CHINA, and the performance parameters of the material are shown
in Table 1. The prepreg tow had a slitting width of 6.35 mm, a nominal thickness of 0.15 mm.
In this paper, the conical shell skin adopts the shell element and S3 element. The total
number of units is 8528 and the number of nodes is 4368. The layer of the cone shell
model created is symmetrical with 24 layers, the total thickness is 3.6 mm, and the layering
sequence is designed as [45/0/−45/90]3s. The internal pressure of 3 MPa provided by the
design department was applied to the external wall of the conical shell to analyze its static
mechanical properties. Static pressure loading is shown in Figure 13. In addition, both the
big end and the small end are imposed fixed support constraints.
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Figure 12. Flow chart of finite element analysis based on trajectory.

Table 1. Basic mechanical property parameters of materials.

Property E1/GPa E2/GPa G12/GPa G13/GPa G23/GPa v12

Values 170 8.6 4.8 4.8 3.4 0.2823

Figure 13. Loading and boundary conditions.

3.2. Simulation Results of Stress Distribution of Composite Conical Shell

The material properties are set according to the same material mechanical properties
and the same layup sequence and the same load is applied to analyze the cone shells
with two different path design methods (Figures 9 and 11). Table 2 shows the finite
element analysis results of the cone shell with two trajectory planning methods of partition
equidistant offset and circumferential averaging, which are simulated according to the
steps described in Figure 12. From the Table 2, we can clearly see that the distribution
of the total displacement nephogram U, fiber transverse stress nephogram S11 and fiber
longitudinal stress nephogram S22 of the conical shell under loading, as well as their
maximum values as shown in Table 3.
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Table 2. Nephogram of displacement and stress distribution.

Fixed Angle Path Partition Variable Angle Path
Circumferential Averaging Variable

Angle Path

 

As shown in Table 2 and Table 3, different path design schemes based on variable
angle affect not only the displacement of the cone shells, but also the stress distribution.
Compared with fixed angle trajectory conical shell, the maximum deformation of circum-
ferential averaging variable angle path conical shell increased by 3.01%, the fiber transverse
stress decreased by 6.97%, and fiber longitudinal stress increased by 4.42%. If partition
variable angle path is applied, these values can be changed to 23.02, 13.62, and 30.13%,
respectively. Therefore, the comprehensive evaluation of the performance of conical shells
designed by circumferential averaging variable angle trajectory design scheme is better
than the partition variable angle path design scheme.

Table 3. Maximum displacement and maximum stress of different path design schemes.

Trajectory Design Scheme U Max (mm) S11 Max (MPa) S22 Max (MPa)

Fixed angle trajectory 2.884 776.3 38.93
Partition variable angle trajectory 3.548 882.0 50.66

Circumferential averaging variable
angle trajectory 2.971 830.4 40.65

Based on the results presented above, the possible explanation is that the size of
path angle deviation and the position of the overlapping area formed by different path
planning methods have a great impact on the mechanical performance. By comparing the
circumferential averaging variable angle path design method (Figure 14a) with partition
variable angle path design method (Figure 14b) has smaller angle deviation, and the
gaps/overlaps position are more evenly distributed on the surface of the conical shell.
Therefore, the organic combination of defect suppression, path planning, and strength
analysis greatly ensures the rationality of trajectory design, which makes it possible to lay
high-quality and efficiency, especially for complex rotating bodies.
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Figure 14. A 45-degree path angle deviation and gaps/overlaps distribution of different path design
schemes. (a) Circumferential averaging paths. (b) Equidistant offset paths based on partition.

4. Experimental and Analysis

To verify the feasibility of the above scheme, the placement experiment of the compos-
ite conical shell described in the previous paper is completed by using the circumferential
averaging paths and equipment developed independently by our research team. As shown
in Figure 15, the automatic fiber placement platform includes fiber placement head, KUKA
6-DOF robot, translation guiderail and spindle, and the guiderail can move the platform in
the Y direction and greatly increase the movement capacity in the axis direction of the spin-
dle. The equipment can realize flying cutting/flying sending operation at the laying speed
greater than 200 mm/s and can lay up to 8 tows with the width of a single tow is 6.35 mm,
simultaneously. Moreover, the prepreg used for laying is EH104-HF40-D6/12, and its
corresponding minimum turning radius was 1500 mm which was measured by experiment
under the conditions of our common laying technology. Under the process conditions of
laying temperature of 35 ◦C, laying speed of 150 mm/s, belt tension of 4 N and laying
forces of 500 N, the laying experiment was carried out with the fiber placement platform.

Figure 15. Robot automatic fiber placement platform.

The placement experiment results of four typical plies are shown in Figure 16. It can
be seen that the tow fits well with the conical shell surface, and there are neither visible
wrinkles nor gaps and overlaps in each ply. This fully shows that the path generation
method has strong engineering practicability and can well ensure the quality of tow place-
ments. Therefore, through the path design and optimization based on the laying process
and the mechanical properties of the parts, it greatly meets the strength requirements of
the part while ensuring the quality of the path laying, and also improves the efficiency of
path planning.
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Figure 16. The placement experiment results on the conical shell surface.

In order to verify that the optimized placement path has good quality, the strength of
composite components manufactured by two different path design schemes is analyzed.
The experimental tests (Figure 17) were conducted in the full range of loading, until the
structure’s failure. In addition, numerical simulations were conducted the finite element
method in ABAQUS, as shown in Figure 18. The total load is 6 MPa. The set load increased
by 6/50 for each incremental step, which is reflected in the time step. Increase the time of
each incremental step by 1/50 = 0.02 s. The experimental results and simulation analysis
are shown in Table 4.

Figure 17. Mechanical properties test on the conical shell surface.

157



Materials 2021, 14, 6100

Figure 18. Mechanical properties test on the conical shell surface.

Table 4. Results of both experimental testing and numerical calculations.

Trajectory Design Scheme Finite Element Simulation Experimental Test

Partition variable angle
trajectory 4.56 MPa 4.32 MPa

Circumferential averaging
variable angle trajectory 5.52 MPa 5.38 MPa

From Table 4, we get the following conclusions. The simulation results show that the
conical shell manufactured by the partition variable angle path is damaged when the load
increases to 4.56 MPa, and the experimental test result is 4.32 MPa. The experimental and
simulation results are basically consistent. If the circumferential uniform variation angle
path is applied, these values can be changed to 5.52 and 5.38 MPa, respectively. Therefore,
both experiments and simulation show that the design of circumferential uniform variation
angle path has good quality, as well as proves the rationality of the trajectory design method
proposed in this paper. The path planning algorithm that coordinates path planning
and defect suppression play an important role in optimizing placement trajectory and
improving mechanical properties of parts.

5. Conclusions

The placement path design of conical shell surfaces mainly includes the generation
of initial trajectory and offset trajectory. Different path design methods have different
mechanical properties of components, and they are very different. In order to optimize
and select the optimal placement path, the path planning algorithm of coordinated path
planning and defect suppression is studied. The conclusions can be summarized in the
following point.

(1) The initial point is extremely important to the initial path and offset paths. If the
initial point selection is unreasonable, on the one hand, which will lead to the failure
of path generation because the occurrence of path turns back and cannot reach the
boundary, on the other hand, when taking the initial point close to the boundary, the
angle deviation can reach more than 20◦, which cannot meet placement requirement.
Therefore, it is necessary to iteratively optimize the initial point to design the initial
path to make it have the best laying quality.

(2) The fixed angle algorithm meets the requirements of structural design, but it is easy
to produce wrinkles. Compared with the fixed angle method, the geodesic method
has an infinite curvature radius and no wrinkles will occur. However, it is very easy
to cause the angle deviation to exceed its upper limit. The variable angle trajectory
planning method is an ideal solution for the placement of composite conical shells at
present because it comprehensively considers the angle deviation and steering radius
of the path. For this cone shell, the angle deviation of the variable angle path designed
by the path design software developed independently by our research group is less
than 2 degrees, and the minimum steering radius of the path is greater than 2000 mm.
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(3) By comparing the circumferential averaging variable angle path design method
(Figure 13a), the partition variable angle path design method (Figure 14b) has smaller
angle deviation, and the gaps/overlaps position are more evenly distributed on the
surface of the conical shell. The possible explanation is that the size of path angle
deviation and the position of the overlapping area formed by different path planning
methods have a great impact on the mechanical performance. Therefore, the organic
combination of defect suppression, path planning, and strength analysis greatly
ensures the rationality of path design, which makes it possible to lay high-quality and
efficient, especially for complex rotating bodies.

(4) According to the finite element analysis results of the cone shell with two trajectory
planning methods of partition variable angle path and circumferential averaging
variable angle path, it can be observed that the maximum deformation and maximum
transverse and longitudinal stress of fiber of circumferential averaging variable angle
path conical shell are reduced by 16.3%, 5.85%, and 19.76%, respectively, than that of
the partition variable angle trajectory. Considering the manufacturability and strength
of all laying paths, the design scheme based on circumferential averaging variable
angle path is better than the partition variable angle path design scheme.

(5) The actual placement experiment proves that the proposed path generation method
can obtain a good placement effect. This fully shows that the path generation method
has strong engineering practicability and can well ensure the quality of tow placement.
In addition, both experiments and Finite element simulation results further verify
the rationality of path design method proposed in this paper. The path planning
algorithm that coordinates path planning and defect suppression plays an important
role in optimizing placement trajectory and improving mechanical properties of parts.
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Abstract: With the rapid development of the aerospace field, traditional energy absorption materials
are becoming more and more inadequate and cannot meet the requirements of having a light weight,
high energy absorption efficiency, and high energy absorption density. Since existing studies have
shown that carbon nanotube (CNT) buckypaper is a promising candidate for energy absorption,
owing to its extremely high energy absorption efficiency and remarkable mass density of energy
absorption, this study explores the application of buckypaper as the landing buffer material in a
manned lunar lander. Firstly, coarse-grained molecular dynamics simulations were implemented
to investigate the compression stress-strain relationships of buckypapers with different densities
and the effect of the compression rate within the range of the landing velocity. Then, based on a
self-designed manned lunar lander, buckypapers of appropriate densities were selected to be the
energy absorption materials within the landing mechanisms of the lander. For comparison, suitable
aluminum honeycomb materials, the most common energy absorption materials in lunar landers,
were determined for the same landing mechanisms. Afterwards, the two soft-landing multibody
dynamic models are established, respectively, and their soft-landing performances under three severe
landing cases are analyzed, respectively. The results depicted that the landers, respectively, adopting
the two energy absorption materials well, satisfy the soft-landing performance requirements in all
the cases. It is worth mentioning that the lander employing the buckypaper is proved to demonstrate
a better soft-landing performance, mainly reflected in reducing the mass of the energy absorption
element by 8.14 kg and lowing the maximum center-of-mass overload of the lander by 0.54 g.

Keywords: CNT buckypaper; soft-landing; multibody dynamic models; energy absorption; coarse-
grained molecular dynamics simulations

1. Introduction

The moon is not only the closest celestial body to the earth, but also the only natural
satellite of the earth. Due to its potential resources and unique space location, the moon has
become the preferred target for humanity in carrying out deep space exploration. During
the lunar exploration boom from 1958 to 1976, a total of 108 lunar probes were launched
by the United States and the former Soviet Union. The most eye-catching one was the
“Apollo 11” lunar manned probe, which succeeded in manned soft landing on the moon
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for the first time [1–4]. After years of silence, China’s “Chang’e Project” also successfully
realized the soft landing of unmanned lunar landers on the moon three times from 2014 to
2020 [5–7]. Soft landing means that the maximum center-of-mass acceleration of the lander
is limited within several g to a dozen g during the whole landing process. The part that
lands on the moon’s surface is usually called the lander. For both the “Apollo” series of
landers and the “Chang’e” series of landers, the landing overloads were controlled within
a small range through the soft-landing mechanisms, thereby protecting the integrity of
the structure and equipment and the safety of astronauts [8,9]. For all of those landers,
impact energy was mainly dissipated by aluminum honeycomb element within the landing
mechanisms by means of plastic collapse [10–14]. Aluminum honeycomb, a kind of porous
metal material, is a new type of physical engineering material which was developed rapidly
in the late 1980s. Due to its excellent physical properties and deformation characteristics
of plastic collapse, aluminum honeycomb has been widely used in the fields of shock
absorption and energy absorption, and the mass density of energy absorption is about
15–20 J/g [15–19]. With the sharp pace of deep space exploration, such as further manned
lunar exploration, the establishment of lunar bases, the development and utilization of
lunar resources, etc., the mass of the lander will be greatly increased. Traditional energy
absorption materials, even including aluminum honeycomb, are becoming more and
more inadequate in meeting the increasing requirements of light weight, high energy
absorption efficiency, and high energy absorption density. Therefore, developing novel
energy absorption materials is a matter of a great urgency.

In recent years, the randomly distributed CNT network, also called CNT buckypaper,
has attracted wide attention [20–27]. In a buckypaper, due to the long range of van der
Waals (vdW) interaction between carbon atoms, CNTs gradually aggregate to form bundles
or entanglements [28–30]. L. Zhang and S.W. Cranford et al. [31,32] found that the Young’s
modulus of buckypaper could be adjusted from 0.2 GPa to 3.1 GPa by changing the density
and the diameter of CNTs; L.J. Hall et al. [29] found that the Poisson’s ratio of buckypaper
could be adjusted between positive and negative values by changing the content of multi-
walled CNTs. Studies by R.L.D. Whitby et al. [33] showed that a buckypaper usually had
a very low density (0.05–0.4 g/cm3) and high porosity (0.8–0.9); Q. Wu et al. [34] found
that the pore size of a buckypaper constructed by single-walled CNTs with diameters of
0.8–1.2 nm and lengths of 100–1000 nm was about 10 nm. What is more noteworthy is
that, Y. Li and M. Xu et al. [35–37] revealed the viscoelastic characteristics of buckypaper
by experiments and simulations, especially the frequency independence and temperature
independence in the temperature range of −196−1000◦. Additionally, the mechanism of
energy dissipation was found to be the zipping-unzipping behavior between CNTs [35,36].
Our previous work [38,39] also indicated that the buckypaper possessed a great capacity
of plastic deformation; the energy absorption efficiency could reach up to 98%, the mass
density of energy absorption could reach up to 90 J/g (much higher than that of aluminum
honeycomb), and by increasing the density of buckypaper, the mass density of energy
absorption could be further improved.

All of these results show that buckypaper possesses distinguished energy absorption
characteristics and crashworthiness, which makes it a potential candidate for energy ab-
sorption materials of future lunar landers [40–42]. Hence, this paper explores the possibility
of the application of buckypapers in a manned lunar lander. Firstly, coarse-grained molec-
ular dynamics simulations are implemented to study the uniaxial compression mechanical
properties of buckypaper with different densities. Then the corresponding stress-strain
relationships are obtained, and the influence of compression rate within the range of land-
ing velocity is analyzed. Secondly, for comparison, suitable buckypapers and aluminum
honeycombs are, respectively, determined as the energy absorption materials within the
landing mechanisms of a self-designed manned lunar lander. For convenience, the lander
adopting buckypapers is calleda buckypaper-buffering lander and the lander adopting
aluminum honeycomb is called an aluminum honeycomb-buffering lander. Then, soft-
landing dynamical models of both the two landers are established and three severe landing
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cases are selected. Finally, for all the three cases, the soft-landing performances of the two
landers are analyzed, respectively.

2. Model and Characteristics of Buckypaper

2.1. Coase-Grained Molecular Dynamic Model

In this work, a buckypaper is built of (5,5) single-walled carbon nanotubes (SWCNTs).
A coarse-grained molecular dynamics (CGMD) method is applied to establish large-scale
CNT buckypapers. In the CGMD model, each CNT is simplified as a multi-bead chain. For
a particular chain, stretching properties can be described by bonds between two adjacent
beads, and bending properties can be described by angles among three successive beads.
The interaction between different CNTs can be expressed by long-ranged (vdW) interaction
between pairs of beads. The total energy of this CGMD model can be expressed as follows:

Etot = Ebond + Eangle + EvdW (1)

where Ebond = ∑bonds
1
2 kb(r − r0)

2 is the inter-chain stretching energy. Buehler and Cran-
ford [43–45] have validated that rb0, θ0, and σ can be determined by equilibrium conditions,
and kb, ka, and ε can be determined by the principle of conservation of energy. In detail,
the stretching behavior of a CNT can be described by the uniaxial tension tests and then
the Young’s modulus E can be obtained. Thus kb can be calculated by EA/r0, where A is
the cross-sectional area of the CNT. Bending tests can determine the bending behavior and
bending stiffness EI (I is the bending moment of inertia) of the CNT and thus ka= 3EI/2b0
can be gained. Simulations of an atomistic assembly of two CNTs can be implemented
to calculate the equilibrium distance D between them and their adhesive strength β, and
thereby ε and σ can be acquired via ε = βr0 and σ = D/ 6

√
2, respectively. The relevant

parameters of the coarse-grained model in this work are shown in Table 1.

Table 1. Potential parameters for the coarse-grained model of (5,5) SWCNT.

Parameters (5,5) SWCNT

Equilibrium bead distance, rb0 (Å) 10

Stretching constant, kb (kcal/(mol·Å2
)) 1000

Equilibrium angle, θ0 (◦) 180
Bending constant, ka (kcal/(mol·rad2)) 14,300

vdW distance, σ (Å) 9.35
vdW energy, ε (kcal/mol) 15.10

2.2. Structure of (5,5) SWCNT Buckypaper

A random walk method is adopted to generate the structure of buckypaper to ensure
the randomness and isotropy. Initially, a series of points are put into an orthogonal cell in a
spatially uniform manner, serving as the positions for the initial beads of SWCNTs. Each
SWCNT grows to the next position for the next bead by a random bond vector with the
magnitude equal to the equilibrium bond length (10 Å). Specifically, when the distance
between the newly generated bead and its nearest bead is less than a specific distance 2 Å,
it is considered that the position of the newly generated bead has been occupied by other
beads, so the CNT returns to the position of the previous step, re-generates a random bond
vector, and generates a new bead position. The process of coincident inspection needs to be
repeated until the new bead position is not occupied by other beads, and then the new bead
is formed. When the random walk distance is equal to the desired length of a single CNT,
the walk ends, and the current bead is the end bead of this CNT. In this work, all the CNTs
in a box have the same length. After the energy minimization and equilibrium process,
the equilibrium state of a buckypaper can be obtained, as shown in Figure 1. All three
axes of the simulation box are set to be periodic so that a large-scaled buckypaper with
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continuous mass can be generated. The establishment of the CGMD model of a buckypaper
is described in more detail in our published papers [38,39].

Figure 1. Establishment of a CGMD of buckypaper. (a) Random walk; (b) Buckypaper.

2.3. Compression Characteristics of Buckypaper

The uniaxial compression simulations of buckypapers with different densities are
performed on the open source platform LAMMPS [46]. The deformation of the buckypaper
is realized by controlling the displacement of the simulation box in the x direction, allowing
the y and z directions to fluctuate. The compression ratio is 108/s and the time step is
10 fs. The compression stress σx in the x direction can be calculated by virial formula.
The compression strain εx is given by 1 − Lx/Lx0, where Lx and Lx0 are the current length
and initial length of the buckypaper in the x direction, respectively. Similarly, the lateral
propagation strains are, respectively, defined as εy = Ly/Ly0 − 1 and εz = Lz/Lz0 − 1,where
the subscripts y and z represent the corresponding directions, respectively. According
to the initial linear stage, the Young’s modulus E can be calculated by E = −σx/εx.
Compression stress-strain relationships of buckypapers with six different densities are
obtained by related compression simulations and demonstrated in Figure 2. It can be seen
that the Young’s modulus of the buckypaper increases with the increase of its density.
Since the vertical landing velocity of the lunar lander is generally less than 4 m/s, in
order to understand the influence of compression rate on the stress-strain relationship
of the buckypaper, four different compression rates in the 0–4 m/s range (1.141 m/s,
2.282 m/s, 3.423 m/s and 4.564 m/s) are imposed on the buckypaper with a density
of 107.6 kg/m3, and the corresponding relationships between compression stress σ and
compression strain ε are depicted in Figure 3. It can be seen that the compression strain
rate has no obvious effect on the stress-strain relationship within the specific rate range.
Therefore, the influence of the landing velocity on the relationship between cushioning
force and cushioning stroke can be ignored. Additionally, for the strain less than 3%, the
buckypaper is in the elastic stage and the compression stress increases rapidly with the
increase of the compression strain. However, for the strain over 3%, the compression stress
of the buckypaper increases slowly with the increase of strain. Generally, the effective
cushioning stroke of the buckypaper can reach about 80%. It can be inferred that after the
compaction of the buckypaper, the growth of the compression stress will become sharp.
When the compression load is removed, the buckypaper will rebound rather slightly with
a high level of non-recoverable deformation, resulting in a considerable amount of energy
dissipation. The area surrounded by the compression stress-strain curve in Figure 3 is just
the energy absorption EI by the buckypaper per unit volume (that is, EI =

∫
σdε).

164



Materials 2021, 14, 6202

Figure 2. Compression stress as a function of compression strain for buckypapers with different
densities.

Figure 3. Compression stress as a function of compression strain for the buckypaper with density of
107.6 kg⁄m3 under different compression rate.

3. Dynamic Model and Computational Methods of Soft Landing

3.1. Overall Scheme

The overall scheme of a manned lunar lander is shown in Figure 4. It consists of a
main body (including an ascent module and a descent module) and four landing mecha-
nisms (also called landing legs). The four landing mechanisms are identical and evenly
arranged. In order to improve the computational efficiency, it is necessary to simplify those
components that have few influences on landing performance. For example, the main
body is considered to be two connected cylinders both with height of 2.5 m, maintaining
characteristics of mass and moment of inertia. Each landing gear system is comprised of
one primary strut, two auxiliary struts, and one footpad. Both the primary and auxiliary
struts contain an outer cylinder and an inner cylinder. The primary strut is attached to the
module at the upper end of the outer cylinder by a universal fitting and to the pad at the
lower end of the inner cylinder by a ball fitting. Within the primary strut is a compression
buffer component which is made of energy absorption materials. The auxiliary strut is
attached to the module at the upper end of the outer cylinder by a universal fitting and
to the primary strut at the lower end of the inner cylinder by a ball fitting. The auxiliary
strut, having a bidirectional buffer capability, contains two buffer components which are
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made of the same energy absorption materials. Sliding between the outer cylinder and
inner cylinder causes the compression of related buffer components, thus absorbing impact
energy by plastic deformation. The dish-shaped footpad is allowed to rotate while sliding,
preventing the lander from sinking to the soft lunar surface excessively and improving the
landing stability in case the initial horizontal velocity is fairly large. The modules, primary
and auxiliary struts except buffer components, and footpads can be roughly treated to
be rigid.

Figure 4. Overall Scheme of a manned lunar lander.

3.2. Definitions of the Coordinate Systems

As shown in Figure 4, two different right-handed Cartesian systems are employed to
establish the soft landing dynamic model. They are inertial coordinate system and body
coordinate system, which are defined as follows.

(1) In inertial coordinate system OXYZ, the origin O is located in initial barycenter
of the main body and fixed to the lunar surface, X axis is direct to the opposite of lunar
gravity. Z axis is perpendicular to X axis and direct to downhill. Y axis is determined by
the rule of right-handed Cartesian system.

(2) In body coordinate system O′X′Y′Z′, the origin O′ is located in barycenter of the
main body. X′ axis is perpendicular to the interface of the lunar lander and carrier rocket
and point up. Z′ axis is perpendicular to X′ axis and direct to Leg 1. Y′ axis is determined
by the rule of right-handed Cartesian system.

Other landing legs are numbered in turn in counterclockwise direction from top
view. The auxiliary struts are numbered in form of “i-j”. Here, “i” is the number of the
corresponding landing leg. “j” equals “1” for the left auxiliary strut and “2” for the right
one from outside view.

Tib = TT
bi =

⎡
⎣ cos θ cos∅ − sin θ cos ϕ + cos θ sin∅ sin ϕ sin θ sin∅+ cos θ sin∅ cos ϕ

sin θ cos∅ cos θ cos ϕ + sin θ sin∅ sin ϕ − cos θ sinϕ+ sin θ sin∅ cos ϕ
− sin∅ cos∅ sin ϕ cos∅ cos ϕ

⎤
⎦ (2)

3.3. Determination of Key Geometric Parameters

There are two important geometric parameters of landing legs. As shown in Figure 5,
One is the initial height from the body’s bottom to the local lunar surface, expressed by Lh.
The other is the distance between the line connecting the centers of two adjacent footpads
and the central axis of the body, expressed by Lv. Since the surface of the moon is strewn
with large and small rocks and other bumps, the bottom of the body is necessary to keep a
safe distance from the lunar surface during the whole landing process, avoiding contacting
the bumps. That means Lh should not be too small. However, Lh should not be too large.
Otherwise, the initial distance between the barycenter and the lunar surface, expressed
by H0, could be too large, reducing landing stability. Landing stability is related to the
“stability polygon” which is defined as a regular polygon whose vertexes are the centers of
four footpads. It can be roughly believed that during the landing process, if the projection
of the barycenter of the lander along the direction of gravity is located inside the stability
polygon, the landing process is stable, that is, the lander will not tip over. As can be seen
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from Figure 5, increasing Lv can increase the area of the stability polygon, so as to improve
the landing stability of the lander. However, the increase of Lv also means the increase of
the length of both primary and auxiliary struts, thus increasing the mass of the landing
legs. Therefore, Lh and Lv affect the landing stability and the mass of the landing legs
simultaneously. On the premise of ensuring landing stability, in order to reduce the mass
of the lander, Lh and Lv should be as small as possible.

Figure 5. Compression stress as a function of compression strain for the buckypaper with density of
107.6 kg⁄m3 under different compression rate.

The minimum value of Lh can be estimated by the following formula:

Lh,min ≈ Sh + S0 + ΔH (3)

where, Sh is the displacement of the primary strut in the vertical direction, S0 is the safe
distance between the bottom of the lander and the lunar surface after landing, and ΔH is
the subsidence displacement of the barycenter of the lander relative to the lunar surface
during landing.

H0 = Lh,min + L0 (4)

In order to ensure that the lander does not tip over during landing, the following
condition must be met:

WD ≤ WH (5)

where, WD is the kinetic energy of the lander at the moment of tipping over, which can be
approximate to that at the moment of touchdown; WH refers to the increase of potential
energy of the lander with the barycenter of the lander moving from the initial location at
touchdown moment to the vertical plane containing centers of any two adjacent footpads;
WD and WH can be calculated, respectively, by the following formulas:

WD =
1
2

mld

(
v2

v + v2
h

)
(6)

WH = mldg′Δh (7)

where mld is the mass of the main body, set as 1.372 × 104 kg; vv and vh are the vertical
velocity and horizontal velocity of the lander at the initial moment of touchdown respec-
tively; g′ is the gravitational acceleration on the lunar surface; and Δh refers to the increase
height of the barycenter of the lander corresponding to WH .

Assuming that the main primary strut has no buffering stroke, Δh can be estimated as
follows:

Δh =
√

H2
0 + L2

v − H0 (8)
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According to Formulas (3)–(6), we can get:

Lv ≥ 1
2g′

√(
v2

v + v2
h
)2

+ 4g′
(
v2

v + v2
h
)

H0 (9)

Actually, during the process of rolling over, a buffering stroke is produced to absorb
partial impact energy, and thus the kinetic energy of the lander is reduced. Therefore, this
estimate is conservative.

The impact energy needed to be absorbed can be decomposed into a vertical part Wv
and a horizontal part Wh. They can be obtained, respectively, by:

Wv =
1
2

mldv2
v + mldg′ΔH (10)

Wh =
1
2

mldv2
h (11)

Since extreme landing and landing surface conditions must be taken into consideration
during the design of landing mechanisms, the buffer capacity of each primary strut can be
assumed as follows:

Ap_max = a0Wv (12)

where a0 is a constant considering landing uncertainties, and its value is generally less than
0.7. Meanwhile, it is assumed that each auxiliary strut is able to absorb impact energy in
horizontal direction. Hence, the buffer capacity of each auxiliary strut can be obtained:

Bs_max =
1
2

mldv2
h (13)

Moreover, it is necessary to consider the limitation of the maximum response accelera-
tion of the lander while landing. Thus, we have

F ≤ mldamax (14)

where amax is the maximum allowable response acceleration, and F is the buffering force.
According to Formulas (12) and (14), the minimum buffering stroke of the primary

strut can be estimated:
Sp_min ≈ Ap_max/

(
F/nlg

)
(15)

where nlg is the number of landing mechanisms and obviously equals 4 here.
Above all, considering the size, strength and soft landing requirements synthetically,

the materials and related parameters of landing mechanisms are as follows. All of the
outer and inner cylinders of struts are made of aluminum alloy (7055) with elastic modulus
of 70 GPa, poisson’s ratio of 0.3, density of 2850kg/m3, and yield limit of 550 MPa. The
geometric parameters are illustrated in Table 2.
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Table 2. Parameters of landing mechanisms.

Parameters of Landing Mechanisms Value (mm)

H0 3318
Lh 1443
Lv 5484

Primary struts

Initial length 3506
Outer diameter of outer cylinders 216
Outer diameter of inner cylinders 180

Wall thickness of outer/inner cylinders 3
Overlap length of outer-inner cylinders 833

Auxiliary strut

Initial length 1774
Outer diameter of outer cylinders 98
Outer diameter of inner cylinders 50

Wall thickness of outer/inner cylinders 3
Overlap length of outer-inner cylinders 512

3.4. Buffering Forces

The buffering force can be expressed as a function of relative stroke between the outer
and inner cylinders. The buffering force of the primary strut is obtained by:

FP,i =

{
cv·FPH,i(SP,i)− fP,i,

.
SP,i > 0 and (SP,i − SPR,i) > 0

− fP,i,
.
SP,i ≤ 0 and (SP,i − SPR,i) ≤ 0

(i = 1, 2, 3, 4) (16)

The buffering force of the auxiliary strut is obtained by:

FSj,i =

⎧⎪⎨
⎪⎩

cv·FSCj,i
(
SSj,i

)− fSj,i,
.
SSj,i > 0 and

(
SSj,i − SSCRj,i

)
> 0

cv·FSTj,i
(
SSj,i

)− fSj,i,
.
SSj,i < 0 and

(
SSTRj,i − SSj,i

)
> 0

− fSj,i, others
(j = 1, 2) (17)

where i denotes the number of landing legs, values 1 and 2 of j, respectively, represent
the left auxiliary strut and right auxiliary struts from the outside view, FP,i and FSj,i are
the buffering forces of the main and auxiliary struts, respectively, and cv is the dynamic
load coefficient which takes into account the effect of impact velocity. As is known, the
initial impact velocity has little effect on the buckypaper’s buffering force as a function
of stroke, and thus cv can be taken as 1. SP,i and SSj,i represent the buffering stroke of

the primary and auxiliary struts, respectively.
.
SP,i and

.
SSj,i are the buffering velocity

of the primary and auxiliary struts respectively, and they are defined to be positive for
compression and negative for tension. SPR,i, SSCRj,i and SSTRj,i are permanent deformation
of the buffer component within the primary strut, the compression buffer component
within the auxiliary strut, and the tension buffer component within the auxiliary strut,
respectively. FPH,i(SP,i) is the compression force as a function of compression displacement
of the buffer component within the primary strut. FSCj,i

(
SSj,i

)
and FSTj,i

(
SSj,i

)
are the forces

as a function of compression displacement of the buffer component for compression and
tension buffer, respectively. fP,i and fSj,i are the sliding friction between the inner and outer
cylinders of the primary and auxiliary struts, respectively.

Since the compression strain rate has no obvious effect on the stress-strain relationship
within the range of landing velocity (0–4 m/s), the buffering force as a function of the
buffering stroke for a buckypaper-buffer component can be easily obtained based on the
compression stress-strain relationship and the physical dimension. The area surrounded
by the buffering force-stroke curve is just the energy absorption by the buffer component.
Buffer components should meet the limitation of the physical dimensions within the struts
and the energy absorption requirements. Meanwhile, buffering force is expected to be
as small as possible. By comparing the buckypapers with five densities, the densities
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ρbpp = 52.81 kg/m3 and ρbpf = 91.01 kg/m3 have been selected for buffering materials of
the primary struts and auxiliary struts, respectively. The physical dimensions of the buffer
components are described in Table 3. Neglecting the rebound of the buckypaper, the buffer-
ing force as a function of the buffering stroke can be obtained based on the compression
stress-strain relationship, shown in Figure 6. The mass of buckypaper components within
one single landing mechanism can be acquired by:

mbp = ρbppLbppπD2
bpp/4 + ρbp f Lbp f π

(
D2

bp f 1 − D2
bp f 2

)
/4 (18)

where Dbpp and Lbpp are the initial diameter and length of the buckypaper component
within the primary strut, respectively; and Dbp f 1, Dbp f 2, and Lbp f are the initial outer
diameter, inner diameter, and length of the buckypaper components for both tension and
compression buffer. Finally, mbp is equal to 1.76 kg.

Table 3. Parameters of buffer components.

Parameters of Buffer Components
(mm)

Buckypaper
Components

Aluminum Honeycomb Components

Buffer components of
primary struts

Diameter, Dbpp 204 204 204
Length, Lbpp 870 Strong: 580 Weak: 290

Maximum stroke, SPR,max 696 450 225

Tension/compression
components of
auxiliary struts

Outer diameter, Dbp f 1 94 94
Inner diameter, Dbp f 2 50 50

Length, Lbp f 289 289
Maximum stroke, SSR,max 231 250

Figure 6. Buffering characteristics of buckypaper components within (a) primary and (b) auxiliary struts.

As is well known, aluminum honeycomb is the most commonly used energy ab-
sorption materials for landing mechanisms of a lunar lander. For the purpose of better
understanding the buffering properties of buckypaper, aluminum honeycomb is also se-
lected as an alternative buffering material for the lunar lander. The diagram of aluminum
honeycomb and the definition of coordinate system are described in Figure 7. Aluminum
honeycomb (abbreviated AH in Table 4) is an anisotropic material with parameters il-
lustrated in Table 4, where Exx, Eyy and Ezz are elasticity modulus in the corresponding
directions, Gxy, Gzx, and Gyz are shear modulus in the corresponding directions, and ρal
is the density. According to the mechanical properties of aluminum honeycomb material,
the energy absorption process can be divided into three stages: elastic stage, plastic stage,
and elastic stage of matrix material. The elastic stage of aluminum honeycomb material
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corresponds to the initial compression progress. Upon the compression load, elastic buck-
ling occurs. Before the compression force reaches the peak, both the honeycomb and its
matrix material have no plastic deformation. In the plastic stage, the aluminum honeycomb
collapses under pressure and the plastic buckling deformation appears, resulting in a long
platform of load. When the aluminum honeycomb is completely collapsed and compacted,
it enters the elastic stage of the matrix material, causing the corresponding load rising
sharply. Energy dissipation mainly depends on the plastic stage and can be obtained by the
integral of compression load against compression stroke. The peak load during the elastic
phase can be eliminated by applying a preload to the aluminum honeycomb. As is shown
in Table 3, the aluminum honeycomb components have the same physical dimensions with
the buckypaper ones, yet different available strokes. It is noted that the primary strut has
two aluminum honeycomb components with different strengths. The relationship between
the buffering force and the buffering stroke of the aluminum honeycomb components can
be approximated as depicted in Figure 8.

Figure 7. Diagram of aluminum honeycomb and the coordinate system.

Table 4. Parameters of aluminum honeycomb materials.

Aluminum Honeycomb
Components

Exx
(MPa)

Eyy
(MPa)

Ezz
(MPa)

Gxy
(MPa)

Gzx
(MPa)

Gyz
(MPa)

ρ
(g/cm3)

Primary strut-Weak AH 1.01 1.02 2.29 0.59 286 573 0.0912
Primary strut-Strong AH 3.42 3.47 4.59 2.03 429 860 0.1296

Auxiliary strut-Compression AH 3.42 3.47 6.19 2.03 0.75 860 0.1344
Auxiliary strut-Tension AH 11.54 11.70 8.88 6.85 645 1291 0.1984

Figure 8. Buffering characteristics of aluminum honeycomb components within (a) primary and (b) auxiliary struts.
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3.5. Forces upon the Main Body

According to Newton’s second law, the translational equation of the main body of the
lander is:

mld

⎡
⎢⎣

..
X
..
Y
..
Z

⎤
⎥⎦ =

⎡
⎣ FX − mldg′

FY
FZ

⎤
⎦ (19)

where X, Y, and Z are, respectively, the components of the displacement of the barycenter
of the body in the inertial coordinate system, and FX, FY, and FZ are, respectively, the
components of the resultant force acting on the body induced by the landing mechanisms
in the inertial coordinate system.

In the body coordinate system, the rotational Euler equation of the lander is:

IX′
.

ωX′ − ωY′ωz′(IY′ − IZ′) = NX′ IY′
.

ωY′ − ωZ′ωX′(IZ′ − IX′) = NY′ IZ′
.

ωZ′ − ωX′ωY′(IX′ − IY′) = NZ′ (20)

where IX′ , IY′ and IZ′ are, respectively, the rotational inertias of the body about the X′ axis,
Y′ axis, and Z′ axes; ωX′ , ωY′ and ωZ′ are, respectively, the corresponding components
of angular velocity vector about each axis; and NX′ , NY′ and NZ′ are, respectively, the
corresponding components of the moment applied by the landing mechanisms to the body.

The force applied on the body by the landing mechanisms can be expressed in the
inertial coordinate system by:

FX = ∑i(FPX,i + FS1X,i + FS2X,i)

FY = ∑i(FPY,i + FS1Y,i + FS2Y,i)

FZ = ∑i(FPZ,i + FS1Z,i + FS2Z,i)

(21)

where i = 1, 2, 3, 4, denoting the sequence number of the landing mechanisms; FPX,i,
FPY,i and FPZ,i are, respectively, the components of the force FP,i induced by the primary
strut about each axis in the inertial coordinate system; similarly, FS1X,i, FS1Y,i and FS1Z,i
are respectively the components of the force FS1,i induced by the auxiliary strut with the
number of i−1; FS2X,i, FS2Y,i and FS2Z,i are, respectively, the components of the force FS2,i
induced by the auxiliary strut with the number of i−2.

The corresponding momentum can be expressed in the body coordinate system by:

NX′ = ∑i

[(
Y′

P,iFPZ′ ,i + Y′
S1,iFS1Z′ ,i + Y′

S2,iFS2Z′ ,i
)
−

(
Z′

P,iFPY′ ,i + Z′
S1,iFS1Y′ ,i + Z′

S2,iFS2Y′ ,i
)]

NY′ = ∑i

[(
Z′

P,iFPX′ ,i + Z′
S1,iFS1X′ ,i + Z′

S2,iFS2X′ ,i
)
−

(
X′

P,iFPZ′ ,i + X′
S1,iFS1Z′ ,i + X′

S2,iFS2Z′ ,i
)]

NZ′ = ∑i

[(
X′

P,iFPY′ ,i + X′
S1,iFS1Y′ ,i + X′

S2,iFS2Y′ ,i
)
−

(
Y′

P,iFPX′ ,i + Y′
S1,iFS1X′ ,i + Y′

S2,iFS2X′ ,i
)] (22)

where i still denotes the sequence number of the landing mechanisms; FPX′ ,i, FPY′ ,i, and
FPZ′ ,i are, respectively, the components of FP,i about each axis of the body coordinate system;
FS1X′ ,i, FS1Y′ ,i, FS1Z′ ,i, FS2X′ ,i, FS2Y′ ,i and FS2Z′ ,i are, respectively, the components of FS1,i and
FS2,i about each axis of the body coordinate system. X′

P,i, Y′
P,i and Z′

P,i are the coordinates
of the connection point between the primary strut and the body of the lander in the body
coordinate system; X′

S1,i, Y′
S1,i and Z′

S1,i are the coordinates of the connection point between
the auxiliary strut with the number of i−1 and the main body in the body coordinate
system; and X′

S2,i, Y′
S2,i and Z′

S2,i are the coordinates of the connection point between the
auxiliary strut with the number of i−2 and the main body in the body coordinate system.

3.6. Contact Force between Footpads and the Lunar Surface

The real interaction between the footpads and the lunar surface is rather complicated.
In multi-body dynamics, it can be simplified to be a normal force and a tangential force. For
the normal force, a nonlinear spring damping model is used to simulate the impact of the
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footpads on the lunar surface. The tangential force includes the following two parts. One
is the frictional force caused by the slipping between the footpads and the lunar surface.
And the other is the bulldozing force applied on the side of the footpads by the sinking of
the footpads. This frictional force is modeled by coulomb friction and the bulldozing force
is a function depending on the depth and velocity of the sinking of the footpads. Hence,
the normal force and the tangential force can be calculated by:

FN = KNδeN
L + CN

.
δL (23)

FT = μT FN + KTδeT
L

.
δL (24)

where KN , eN and CN are respectively the stiffness, nonlinear exponent and damping
coefficient, all related about the sinking depth δL; KT and eT are bulldozing coefficients
related to δL; μT is the friction coefficient between the footpads and the lunar surface, which
is set as 0.4.

3.7. Initial Landing Conditions and Landing Cases

All the components of the lander except the energy absorption components are ap-
proximately regarded to be rigid. The soft landing dynamics simulations of the lander are
implemented based on the popular commercial software of MSC. Adams. According to
current references [3,4], the initial landing conditions of a lunar lander is summarized as
Table 5. To analyze the soft-landing dynamic properties and validate the design reasonabil-
ity, three severe landing cases are selected based on amounts of simulations, including the
high-overloading case (Case 1), the easily overturning case (Case 2) and the long-stroke
case (Case 3). According to the reference [4], they are depicted in Table 6 in detail and
exhibited in Figure 9.

Table 5. Initial landing conditions.

Requirements Initial Value

Vertical touchdown velocity(m/s) −4~0
Horizontal touchdown velicty(m/s) −1~1

Landing surface slope(deg) −8~8
Yaw angle(deg) −45~45
Pitch angle(deg) −4~4

Depth of concave(mm) 0~200

Table 6. Landing cases.

Requirements Case 1 Case 2 Case 3

Vertical touchdown velocity Vx (m/s) −4 −4 −4
Horizontal touchdown velicty Vy (m/s) 0 0 0
Horizontal touchdown velicty Vz (m/s) 1 −1 1

Landing surface slope α (deg) 0 −8 −8
Yaw angle ϕ (deg) 45 45 0
Pitch angle ∅ (deg) 0 4 4

Depth of concave dc (mm) 0 0 200 (Footpads 2, 4)

173



Materials 2021, 14, 6202

Figure 9. Diagrams of three severe landing case. (a) High-overloading case; (b) Easily overturning
case; (c) Long-stroke case.

4. Simulation Results and Discussions

4.1. Overload Response of the Mass Center

In this section, the high-overloading case (Case 1) corresponding to the limitation
of the center-of-mass overload is mainly focused on. For better analyzing the overload
response, the center-of-mass velocity response is firstly observed. Considering the overload
bearing capacity of the astronauts, the center-of-mass acceleration a of the manned lunar
lander is generally required to be less than 5 g, that is, a ≤ amax = 5 g. As is represented
in Figure 10, for the two landers with different buffering materials, both the velocities
in the X-axis direction (vertical velocity) increase slightly during the short free-fall stage
of the initial 0.05 s. After the footpads touching the lunar surface, it decreases to almost
zero within 0.2 s. The velocities in Z-axis direction for the two landers are not quite the
same. The difference is that the buckypaper-buffering lander needs 1.24 s to mitigate this
horizontal velocity completely while the aluminum honeycomb-buffering lander needs
1.3 s. Additionally, the velocity in Y-axis direction maintains zero during the whole landing
progress. Above all, the buckypaper-buffering lander reaches the static state earlier than
the aluminum-buffering one by 0.06 s.

Figure 10. Center-of-mass velocity of lunar lander in Case 1 within (a) buckypaper and (b) aluminum
honeycomb.

In this load case, corresponding to the two buffering materials, the center-of-mass
accelerations of the two landers as a function of time are described in Figure 11. It is neces-
sary to declare that all the acceleration responses adopt low passing filter of 80 MHz. It
can be seen that the two acceleration responses are analogous. During the initial 0.05 s, the
lander is in free fall, therefore, the center-of-mass acceleration is just the local gravitational
acceleration of the lunar surface. When the footpads touch the lunar surface, the accelera-
tion in the X-axis direction will rapidly decrease to zero and then points to the opposite
direction, followed by a quick increase and a subsequent decrease in the module. Due to
the influence of the horizontal velocity, a low acceleration in the Z-axis also appears. In the
Y-axis direction, the acceleration is almost zero. It can be seen form Figure 10 that the high
overload mainly occurs on the X-axis. The maximum overload of the buckypaper-buffering
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lander is 3.46 g while that of the aluminum honeycomb-buffering lander is 4.00 g. During
the buffering progress, a stepped leapfrog phenomenon appears in the overload response
of the aluminum honeycomb-buffering lander. It is due to the fact that there are two stages
of aluminum honeycomb components with different strengths in the primary strut, and
the strong one begins to work only when the weak one is compacted. However, for the
buckypaper-buffering lander, the overload response is relatively smooth. Moreover, the
high overload the lander suffers mainly occurs within the initial 0.2 s. Over the period of
0.2 s to 1.3 s, the rest slight accelerations in both X and Y directions will decrease to zero
gradually.

Figure 11. Center-of-mass acceleration of lunar lander in Case 1 within (a) buckypaper and
(b) aluminum honeycomb.

In addition, the important results about the center-of-mass velocity and overload
responses for the three cases are demonstrated in Table 7. For both the two landers, the
maximum center-of-mass accelerationss are lower than the maximum allowable value
of 5 g. Both in Case 1 and Case 2, it spends shorter time finishing the landing process
for the buckypaper-buffering lander than the aluminum honeycomb-buffering one, and
the overload of the former is lower than that of the latter. However, the conclusions are
contrary in Case 3.

Table 7. Important data about the center-of-mass overload responses.

Cases Landers
Time for the

Whole Landing (s)
Maximum

Overload (g)

Case 1
Buckypaper 1.24 3.46

Aluminum honeycomb 1.30 4.00

Case 2
Buckypaper 0.68 2.66

Aluminum honeycomb 0.92 2.76

Case 3
Buckypaper 3.60 2.71

Aluminum honeycomb 3.21 2.62

4.2. Overturning Resistance Capability

During the whole landing process, in order to prevent the lander from overturning,
the center of mass of the lander should not exceed the “stability walls” which are formed
by the vertical planes extended from the “stability polygon”. This is to say that the center
of mass of the lander should always lies within the space enclosed by the “stability walls”.
Therefore, it is necessary to monitor the distances between the center of mass of the lander
and the four stability walls, respectively. Suppose the centers of all the footpads are Bi
(i = 1, 2, 3, 4, corresponding to the sequence number of the landing mechanism), the
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center of mass of the lander is B0, the projection of the center of mass on the “stability wall
ij” which involves centers of two adjacent footpads Bi and Bj is Bij

0 , the distance vector
from B0 to Bj is B0j, the distance vector from Bi to Bj is Bij, and the gravity vector of the
lunar is g′, the distance B0_ij from the center of mass to the stability wall involving Bi and
Bj, also called “stability distance ij”, can be calculated by:

B0_ij =
B0j·

(
g′ × Bij

)∣∣g′ × Bij
∣∣ ij = 12, 23, 34, 41 (25)

If B0_ij > 0, the center of mass is located within the space enclosed by the stability
walls. If B0_ij < 0, the center of mass is located outside the stability walls. If B0_ij = 0, the
center of mass is just located on the stability walls.

In this section, the easily overturning case (Case 2) corresponding to the limitation of
the stability distance is mainly focused on. The four stability distances are, respectively,
recorded in Figure 12. It can be seen that the simulation results about the stability distances
are semblable for the two landers and the landing process has a great influence on stability
distance 23 and stability distance 41. During the initial landing stage, only the upslope
Leg 2 and Leg 3 touch the lunar soil, and thus Leg 2 and Leg 3 begin to buffer. Due to the
influence of horizontal velocity, the stability distance 23 decreases first and then increases
until the whole landing is finished. Yet, the stability distance 41 keeps decreasing until
Leg 1 and Leg 4 touch the lunar surface, followed by a slight increase as a result of the
lateral slipping of the footpads of Leg 1 and Leg 4. Besides, the stability distance 12 and
stability distance 34 are nearly identical all the time due to the symmetry of the lander
about the xz plane and change slightly over time during the landing process. It also can
be seen from the figure that the minimum stability distance is stability distance 41. The
corresponding value is 3386 mm and 3349 mm for the buckypaper-buffering lander and
aluminum honeycomb-buffering, respectively, indicating a better stability for the former to
some extent.

Figure 12. Distances from the center of mass to the stability walls in Case 2 within (a) buckypaper
and (b) aluminum honeycomb.

In addition, the minimum stability distances of the two landers in the three severe
cases are listed in Table 8. It can be found that the minimum stability distance of the
buckypaper-buffering lander is larger than that of the aluminum honeycomb-buffering
lander in both Case 2 and Case 3, while the former is slightly smaller than the latter in
Case 1. In addition, considering that if the distance between the bottom of the lander and
the lunar surface (also called “bottom-lunar distance” for short) is too small, the bottom
structure of the lander is likely to collide with rocks on the lunar surface while landing,
probably causing turnover of the lander. Hence, bottom-lunar distance is required to be
not less than a certain value Dcr, and herein Dcr = 300 mm. The bottom-lunar distance
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versus time during the whole landing process can be recorded, and then the minimum
values for the two landers in three cases are also summarized in Table 8. It can be found
that for the two landers the bottom-lunar distances are adequate in all the cases. In both
Case 1 and Case 3, the minimum values for the two landers are quite close, and in Case 2
that of the buckypaper-buffering lander is slightly smaller than the that of the other lander.

Table 8. Important data about key distances related to overturning resistance capability.

Cases Landers
Minimum

Stability Distance
(mm)

Minimum
Bottom-Lunar
Distance (mm)

Case 1
Buckypaper 3789 692

Aluminum honeycomb 3798 695

Case 2
Buckypaper 3386 694.8

Aluminum honeycomb 3349 721.5

Case 3
Buckypaper 3384 794.6

Aluminum honeycomb 3336 794.1

4.3. Buffering Stroke

While landing, the landing mechanisms absorb the impact energy by compressing
the buffer components within them, resulting in buffering strokes of the primary struts
and the auxiliary struts. The buffering strokes of the primary strut and auxiliary strut,
denoted by SP,i and SSj,i respectively, should not be larger than the designed maximum
strokes, denoted SP,max and SS,max, respectively. Herein, for aluminum honeycomb buffers,
SP,i ≤ SP,max = 675 mm, and SSj,i ≤ SS,max = 270 mm. For buckypaper buffers, SP,i ≤
SP,max = 696 mm, and SSj,i ≤ SS,max = 231 mm. In this section, the long-stroke case
(Case 3) is mainly focused on.

In this section, the long stroke case (Case 3) corresponding to the limitation of the
buffering stroke is mainly focused on. Figures 13 and 14, respectively, describe the buffering
strokes versus time for the primary struts and auxiliary struts. Generally, the change
tendencies and laws are approximate for the two landers. Primary Strut 2 and Primary
Strut 4 always have the same buffering strokes due to their symmetry. At the initial stage,
compression buffering firstly occurs in Primary Strut 3 of upslope Leg 3, and simultaneously
the corresponding tension buffering appears in Auxiliary Strut 5 and Auxiliary Strut 6.
Due to the concaves below Leg 2 and Leg 3, Leg 1, located downhill, becomes the second
landing leg to touch the lunar surface and buffers, quickly followed by Legs 2 and Leg 4.
Thereinto, Primary Strut 1 has the largest compression stroke, followed by Primary Sturt 3,
and Primary Strut 2 and Primary Strut 4 have the minimum compression strokes with
the same value. Besides, Auxiliary Strut 1 and Auxiliary Strut 2 have the largest tension
strokes with the same value, followed by Auxiliary Strut 3 and Auxiliary Strut 8 with the
second-largest ones, and Auxiliary Strut 1 and Auxiliary Strut 2 with the minimum ones.
Especially, a second tension buffering happens on Auxiliary Strut 5 and Auxiliary Strut 6
in Leg 3, during which the tension length is only 1–2 mm owing to the plastic deformation
of buffering components. Above all, the maximum compression strokes of the primary
struts for the buckypaper-buffering lander and the aluminum honeycomb-buffering lander
are, respectively, 471.3 mm and 526.9 mm, the former smaller than the latter by 55.6 mm.
The largest tension strokes of the auxiliary struts for the buckypaper-buffering lander and
the aluminum honeycomb-buffering lander are, respectively, 115.7 mm and 108.0 mm, the
latter slightly larger than the latter. Besides, it can be found that all the auxiliary struts
hardly have any compression stroke.
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Figure 13. Compression stroke of primary struts versus time for (a) buckypaper-buffering lander
and (b) aluminum honeycomb-buffering lander.

Figure 14. Stroke of auxiliary struts versus time for (a) buckypaper-buffering lander and (b) alu-
minum honeycomb-buffering lander.

In addition, Table 9 concludes the maximum buffering stoke of the primary struts and
auxiliary struts, respectively, for the two landers in the three cases. It can be observed that
all the maximum practical buffering strokes can meet the design requirements. What’s
more, for each case, the maximum buffering stroke of the primary struts for the buckypaper-
buffering lander is always shorter than that of the aluminum honeycomb-buffering lander.
Yet, for the maximum buffering strokes of the auxiliary struts, there is little difference
between the two landers, only 7.7 mm for the maximum difference.

Table 9. Maximum buffering stroke of the primary struts and auxiliary struts in three cases.

Cases Landers
Maximum Stoke of

Primary Struts (mm)
Maximum Stoke of

Auxiliary Struts (mm)

Case 1
Buckypaper 280.5 112.9

Aluminum honeycomb 289.1 118.6

Case 2
Buckypaper 314.6 110.5

Aluminum honeycomb 332.6 109.4

Case 3
Buckypaper 471.3 115.7

Aluminum honeycomb 526.9 108.0
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5. Conclusions

In this work, a coarse-grained molecular dynamics method is used to implement a
series of simulations about uniaxial compression of buckypapers with different densities.
The results indicate that Young’s modulus of a buckypaper increases with its density,
accompanied with the improvement of its energy absorption capacity. Besides, the com-
pression rate within the range of the landing velocity has little influence on the stress-strain
relationship, and thus the influence of the landing velocity on the relationship between
the buffering force and buffering stroke can be ignored. That is, the buffering force as a
function of the buffering stroke can be substituted by the quasi-static compression stress as
a function of compression strain. Two energy absorption materials, buckypaper and alu-
minum honeycomb, were, respectively, selected for the parametric design of two landing
mechanisms, thus, respectively, establishing two soft-landing multibody dynamics models
of two landers with a difference only in their energy absorption materials. Then a series of
simulations are implemented to explore the landing properties of the two landers under
three severe cases. It is found that both of the two landers are able to land on the lunar sur-
face smoothly and safely under all the three cases. In the high-overloading case, during the
whole landing process, the highest center-of-mass overloads of the buckypaper-buffering
lander and the aluminum honeycomb-buffering lander are, respectively, 3.46 g and 4.00 g,
both of which are lower than the allowable value 5 g. What is important is that, compared
with the aluminum honeycomb components, the buckypaper components cutdown the
highest overload by 0.54 g, which can improve the comfort of astronauts and reduce the
loads induced on related structure and devices. In the easily overturning case, the barycen-
ters of both the two landers are always located within the range of the stability walls and
keep far away from the walls. The minimum stability distances are 3386 mm and 3349 mm,
respectively, for the buckypaper-buffering lander and aluminum honeycomb-buffering
lander. Meanwhile the bottoms of the two landers always remain adequate distance from
the lunar surface, 471.3 mm, and 526.9 mm, respectively, for the buckypaper-buffering
lander and aluminum honeycomb-buffering lander. In the long-stroke case, the maximum
compression strokes of the primary struts for both the two landers are within their required
stroke ranges, 471.3 mm and 526.9 mm, respectively, for the buckypaper-buffering lander
and aluminum honeycomb-buffering lander. The above differences of the results between
the two landers are probably due to the difference between the curves of buffering force
versus buffering stroke. Remarkably, compared with the aluminum honeycomb compo-
nents, the buckypaper can reduce the total mass of the buffering components by 52.71%. In
other words, the mass of the lander can be decreased by 8.14 kg, indicating less fuel and
less cost to a great extent. This is owing to the buckypaper’s much lower density than the
aluminum honeycomb. In summary, compared to the aluminum honeycomb-buffering
lander, the buckypaper-buffering lander has not only better landing performance, but also
much lighter mass. In spite of the fact that all of these findings are obtained in silico, this
study can shed lights on the superiority of buckypapers in the aspect of crashworthiness
while applied in a soft-landing mechanism of a manned lunar lander and is believe that
our results will stimulate more relevant practical work.
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Abstract: To increase the sensitivity of the analysis method of good copper sample preparation is
essential. In this context, an analytical method was developed for sensitive determination of Cu (II)
in environmental water samples by using TiO2 nanotubes as a solid-phase extraction absorbent (SPE).
Factors affecting the extraction efficiency including the type, volume, concentration, and flow rate
of the elution solvent, the mass of the adsorbent, and the volume, pH, and flow rate of the sample
were evaluated and optimized. TiO2 nanotubes exhibited their good enrichment capacity for Cu (II)
(~98%). Under optimal conditions, the method of the analysis showed good linearity in the range of
0–22 mg L−1 (R2 > 0.99), satisfactory repeatability (relative standard deviation: RSD was 3.16, n = 5),
and a detection limit of about 32.5 ng mL−1. The proposed method was applied to real water samples,
and the achieved recoveries were above 95%, showing minimal matrix effect and the robustness of
the optimized SPE method.

Keywords: atomic absorption spectroscopy; copper; hydrothermal treatment; solid phase extraction;
TiO2 nanotubes

1. Introduction

Inorganic contaminants are generally found in trace and ultra-trace levels to a complex
matrix. To analyze them, preliminary treatment of samples containing very complex
matrix is thus necessary. Indeed, this step is crucial in the analytical process since it affects
the quality of the analysis in terms of sensitivity, precision, and repeatability. Several
pretreatment methods have been developed, such as liquid–liquid extraction, supercritical
phase extraction, microwave extraction, and solid-phase extraction (SPE) [1–9].

Recently, many researchers preferred the SPE method because of its advantages to the
enrichment, high recovery, simplicity, rapid, and low organic solvent consumption. SPE is
selective, efficient, clean, and can be automated or even used online with several analysis
techniques [10–16]. This explains the constant development of this technique through the
search for new adsorbents. The most used adsorbents, such as commercial activated carbon
and ion-exchange resins [17–20], are characterized by their high production and regenera-
tion costs, which has developed the research toward other adsorbents such as metal-organic
frameworks (MOFs), nanocomposites and nanomaterials [10–12,21–31]. The nanometric
size of these structures leads to an increase in the proportion of atoms present on their
surface, thus allowing a high reactivity and an interesting adsorption capacity [32,33]. The
most used of these nanomaterials are carbon nanotubes [10–12,22,24,34,35]. Nevertheless,
nanostructured titanium dioxide proves to be a possible alternative to the rather high cost
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of these nanomaterials since its elaboration is easy to implement and inexpensive. Several
morphologies of nanomaterials have been tested, among them the nanotubular one which
has an open mesoporous morphology that gives them the properties of adsorbents [36,37].
The typical value of the total volume of specific pores of nanotubes is in the range of 0.60 to
0.85 cm3 g−1. They have a large specific surface area compared to the starting materials
(~50 m2 g−1) and whose value determined by Brunauer-Emmett-Teller [BET] method varies
from 100 to 400 m2 g−1 [38–42]. The values of the total volume and specific surface area
depend on the average diameter of the nanotubes. Among these nanotubular structures,
titanium dioxide nanotubes can be used for the same applications as those known for the
precursor TiO2 before the transformation. Their new morphology is also accompanied by
new properties allowing particular and specific applications in catalysis [41–44], medical
applications [45,46], environmental applications, and extraction processes of various or-
ganic and inorganic contaminants: pesticides, polycyclic aromatic hydrocarbons (PAHs),
phthalates, dyes, and heavy metals [47–50].

Among the inorganic contaminants, we are interested in the element copper. Copper is
a multipurpose metal, when present in low doses, it is a trace element essential to life, but in
higher doses, it is toxic [51–55]. As it is not biodegradable, it can accumulate and eventually
reach high levels [53,55]. Its origin in water is very diverse, in addition to the natural
contents coming mainly from the deposits, its use by man causes important discharges in
the environment [55]. Research in recent years has been based on the identification of new
processes of analysis and even good methods for removing copper from water [22,26,27,34].

For Cu2+ analysis, atomic absorption spectroscopy (AAS) and inductively coupled
plasma are the most widely used [4]. Other more sensitive and selective methods are also
used. Qi et al. applied sensor-based methods for rapid detection of Cu2+ in water [56].

Therefore, in this work, a solid phase adsorbent, titanium dioxide nanotubes, was syn-
thesized to develop a solid phase extraction (SPE) method for preconcentration/extraction
of Cu (II) from natural water.

2. Materials and Methods

2.1. Experimental

Chemical Reagents and Solutions
The TiO2 nanotubes were elaborated using a precursor of titanium dioxide (P25,

Degussa-Hüls A.G. (Evonik, Germany), 68% anatase and 32% rutile, SBET = 50 m2 g−1,
non-porous and pHPZC = 5.6), a concentrated solution of caustic soda (Fisher Chemicals,
Ohio, USA, Purity: 98.64%) and a diluted solution of hydrochloric acid (Panreac Quimica
S.A., Barcelona, Spain, Purity: 37%). The nitric acid was purchased from Scharlau Chemie
S.A., (Barcelona, Spain, purity 65%) and the water used throughout the elaboration is
ultra-pure purchased from Milli-Q, Millipore (Merck Millipore, MA, USA), 18 MΩ cm. The
hydrated copper nitrate Cu(NO3)2 × 3H2O was purchased from the company Panreac
Quimica S.A. (Barcelona, Spain) with 99% purity. The different Cu (II) solutions are
prepared by dissolving adequate amounts of hydrated copper nitrate in ultra-pure water.

2.2. Apparatus

The copper was determined by a flame atomic absorption spectrometer model Analytik
Jena "novAA 400.” (Jena, Germany).The pressure and flow rate of the nebulizer were 3
bars and 0.45 L min−1, respectively. The pump speed was 22 rpm and the generator power
was maintained at 40.68 MHz. The studied element was identified at the wavelength of
324.754 nm.

2.2.1. Synthesis of Titanium Dioxide Nanotubes

The alkaline hydrothermal method, as described in a previous study [38,39,49] was
used to prepare the titanate nanotubes. A commercial TiO2 (P25, 0.50 g) was dispersed in
a 15 mL of NaOH solution of 11.25 mol L−1 and introduced into a Teflon-lined autoclave
with an 80% filling factor. The autoclave was then heated at 130 ◦C for 20 h to prepare
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the hydrogenated nanotubes (HNT) samples. This later was washed with one liter of
hot ultra-pure water then filtered under vacuum to eliminate the excess of unreacted
soda. To exchange the Na+ ions contained in the structure by protons, we proceeded to
the neutralization of the product by a solution of hydrochloric acid (0.1 mol L−1). The
precipitate was then washed with 0.5 L of hot ultra-pure water to remove NaCl formed in
excess. The obtained wet solids were dried in an oven at 80 ◦C for 24 hr. Finally, HNT was
calcined at 500 ◦C for two hours in an air atmosphere to obtain titanium dioxide nanotubes
(TON). The latter were used as adsorbents for Cu (II) removal from water samples.

2.2.2. Characterization of Nanotubes

The structural study of HNT and TON was determined at room temperature with
X-ray diffraction (XRD) analyses using an automated “X’Pert PRO MPD, PANalytical Co.,
Almelo, The Netherlands” diffractometer X-ray diffraction (XRD). Monochromatic Cu
Kα-radiation (λ = 1.5418 Å) was obtained with a Ni-filtration and a system of diverging
and receiving slides of 0.5◦ and 0.1 mm, respectively. The diffraction pattern was measured
with a voltage of 40 kV and a current of 30 mA over a 2θ range of 3–40◦ using a step size of
0.02◦ at a scan speed of 1 s per step.

For a porous solid, the term texture mainly refers to the specific surface area (SBET,
m2 g−1), specific pore volume (Vp, cm3 g−1), porosity ε, pore shape, and pore distribution
or distribution of pore volumes as a function of pore size. The specific surface areas of HNT
and TON, pore volume, and average pore diameters were determined by the BET method
and calculated from the nitrogen adsorption-desorption measurements at 77 K using the
“Micro metrics ASAP 2000” volumetric apparatus.

Morphology and structure of titanium dioxide nanotubes were characterized by trans-
mission electron microscopy (TEM), purchased from Philadelphia (PA, USA) with an accel-
eration current of about 200 kV and by high-resolution transmission electron microscopy
(HR-TEM) of the “JEOL-2010” type (the acceleration current is 400 kV).

2.2.3. pH of Points Zero Charges (pHpzc)

The pH of zero charge point (pHpzc) of the studied material is an important parameter
in adsorption phenomena that depends on electrostatic forces. It gives information on the
charge of dominant sites on the solid surface. Indeed, the surface is positively charged at
pH values below pHpzc and negatively charged at pH values above pHpzc. To measure
the pHpzc values, the salt method was applied [57]. The titration cell is filled with 100 mL
of electrolyte NaOH (0.01 mol L−1)/NaCl (0.1 mol L−1) and 1 g of the studied material
(HNT and TON). The material suspension was equilibrated for 24 h, and then the titration
was carried out with 0.1 mol L−1 of HCl while measuring the pH for each volume added.
Blank titration is done without studied material in the same way as in the presence of the
solid with the same concentration of electrolytes.

2.2.4. SPE Process

Empty solid-phase extraction cartridges (0.2 g, 3 mL, polypropylene) are filled with
TON. This adsorbent is held in place by the polypropylene upper and lower frits. The
packed cartridge was then placed on a vacuum elution apparatus. This solid phase was
first conditioned with 10 mL HNO3 (2 M) and 10 mL of ultra-pure water. After that, a
volume of ultra-pure water or sample water varying from 100 to 500 mL and spiked with
Cu (II) at a concentration of 2.62 mg L−1 is percolated through the cartridge at a flow rate
to be determined during this work. The washing of the adsorbent, with 10 mL of ultra-pure
water is performed only in the case of real water samples. Finally, to ensure complete
desorption of Cu (II) three elution solvents of volume 10 mL were tested namely nitric acid,
hydrochloric acid, and pure ethanol.

Factors influencing this method (the elution solvent, volume, and concentration, the
volume of the sample, the mass of the adsorbent, the pH of the sample, elution, and
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percolation flow rates) were thus optimized. The extraction yield of Cu (II) cations is
calculated according to the following Equation (1):

R% =
Cf − Ci

C0
·100 (1)

with:
Cf = concentration of Cu (II) obtained from the spiked sample;
Ci = concentration of Cu (II) obtained from the unspiked sample;
C0 = concentration of the Cu (II) added to the sample: spiking level: 2.62 mg L−1.

3. Results and Discussion

3.1. Material Characterizations

The change in the crystal structure from HNT to calcined TON was studied by XRD
(Figure 1). The comparison of the HNT XRD pattern with the ASTM sheet corresponding
to TiO2 (P25), showed that the elaborated nanotubes did not correspond to either anatase
or rutile. HNT showed an orthorhombic system with the lattice constants a0 = 1.926 nm,
b0 = 0.378 nm, and c0 = 0.300 nm [39,58] and according to the ASTM sheet N◦ 47–0124, its
structure corresponded well to that of hydrogenated nanotubes of type H2Ti2O5 × H2O.
Upon calcination of HNT at 500 ◦C, the XRD pattern of TON showed characteristic peaks
of anatase phase TiO2 and additional peaks, which corresponded to H1.2Na0.8O7Ti3 crystal-
lizing in the monoclinic system.

Figure 1. XRD of orthorhombic H2Ti2O5 phase (a) and calcined TiO2 nanotubes (TON) (b).

The specific surface area (SBET), pore volume (Vp), as well as an average diameter
(dp) of nanotubes before and after calcination are summarized in Table 1. When TiO2
particles (P25) are transformed into hydrogenated nanotubes, a considerable increase in
the specific surface area from 50 to 269 m2 g−1 was observed. Indeed, the multi-walled
structure of the elaborated nanotubes HNT gives them a high specific surface since nitrogen
molecules can intercalate in the interfoliar spaces. When calcined, the specific surface
of nanotubes decreased, and the pore diameter increased (from 9 nm for T = 130 ◦C to
23 nm for T = 500 ◦C). The decrease in SBET after calcination can be explained by: (i) The
disappearance of the multi-walled structure of the nanotubes after calcination, thus the
measured SBET corresponds only to the inner and outer surface of the nanotubes; (ii) the
decrease of the number of nanotubes after calcination.
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Table 1. Textural characteristics of elaborated nanotubes before and after calcination.

T (◦C) SBET (m2 g−1) Vp (cm3 g−1) dp (nm)

130 269 0.67 9

500 ~100 0.63 23
SBET: specific surface, Vp: porous volume, dp: average pore diameter.

The analysis of the TEM and HR-TEM images of the HNT nanotubes (Figure 2), shows
their hollow and homogeneous nanotubular structure. The outer diameters of tubes were
6–8 nm and inner diameters were 4–6 nm, and the lengths were measured to be several
hundred nanometers. The HR-TEM analysis showed that the walls of the nanotubes were
amorphous (Figure 2b).

Figure 2. Images of HNT nanotubes with (a) TEM and (b) HR-TEM.

After calcination, the outer and inner diameters of nanotubes decreased to 7–5 nm
(Figure 3a). However, HR-TEM analysis was consistent with the XRD results and showed
nanotubes walls transformed into crystalline anatase (Figure 3b).

Figure 3. Images of TON nanotubes with (a) TEM and (b) HR-TEM.

The anatase TiO2 nanotubes (TON) were used as adsorbents for the SPE of Cu (II)
from water samples. Factors that may influence the extraction yields of the copper ions
namely the type, volume, concentration, and flow rate of elution solvents, were studied.
Likewise, the volume, pH, and flow rate of percolated samples and the effect of the mass of
the adsorbent were optimized.
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3.2. Optimization of SPE Method
3.2.1. Effect of Elution Solvent Type and Volume

The influences of three eluents (nitric acid, hydrochloric acid, and ethanol) on the
recoveries of Cu ions from TiO2 nanotubes were examined (Figure 4).

Figure 4. Effect of the elution solvent type on the extraction yield of Cu (II). Solvent volume = 10 mL.

They are the most used solvents for solid-phase extraction of heavy metals [12,25,34,47].
As can be seen in Figure 4, the extraction yield of Cu cations is strongly related to the nature
of the elution solvent. The maximum elution is obtained with HNO3 (2M) [34], therefore
it was chosen as elution solvent for the next steps of this optimization. This result is in
agreement with that presented by Soylak et al. [34], who studied the extraction of Cu (II)
by carbon nanotubes.

The effect of the volume of HNO3 on the recovery of the Cu (II) was investigated in
the range 2–14 mL maintaining its concentration at 2M. The results are shown in Figure 5.

Figure 5. Effect of HNO3volume on Cu (II) extraction.

As can be seen, the volume of HNO3 had a significant effect (p < 0.001) on the efficiency
of the SPE method, and on the extraction yield of Cu (II) cations. Extraction yield increases
progressively with the volume of HNO3 until reaching a maximum of 10 mL. To ensure
a maximum elution of Cu (II) cations, a volume of 12 mL of HNO3 was used for the next
steps of the optimization.
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3.2.2. Effect of Eluent Concentration and Flow Rate

Several factors affecting the elution efficiency of analytes, such as eluent concentration,
and flow rate were also studied. HNO3 concentrations between 0.5 and 4 mol L−1 were
examined, and their effects on the extraction efficiency of Cu (II) cations are shown in
Figure 6.

Figure 6. Effect of HNO3 concentration on Cu (II) extraction (solvent volume = 12 mL).

Obtained results showed insignificant differences in recoveries among the different
concentrations of HNO3. Therefore, the acidic solvent concentration of 2 mol L−1 was
chosen for the extraction of Cu cations.

Considering the importance of the elution or desorption step in the SPE process,
several elution flow rates from 1 to 8 mL min−1 were also tested (Figure 7).

Figure 7. Effect of elution flow rate on the extraction yield of Cu (II). Solvent volume = 12 mL;
[HNO3] = 2 M.

Results show a decrease of the extraction yields when the elution flow rate exceeds
2 mL min−1.

3.2.3. Effect of Sample Volume and Flow Rate

The breakthrough volume in the solid phase extraction was investigated. Different
volumes from 100 to 500 mL of ultra-pure water spiked with 2.62 mg L−1 of Cu (II) was
percolated through the cartridge. Results presented in Figure 8 show a decrease in yields
as the percolated volume increased.
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Figure 8. Effect of sample volume on the extraction yield of Cu (II). Solvent volume = 12 mL;
[HNO3] = 2 M; the elution flow rate = 2 mL min−1.

Therefore, a sample volume of 100 mL was recommended to obtain the maximum
extraction yield.

To ensure better repeatability of results, the flow rate of the sample percolation must
be controlled. For this purpose, percolation flow rates ranging from 1 to 8 mL min−1 were
tested, with the other conditions kept constant. Results are given in Figure 9 and they
illustrate maximum extraction yield when the sample was percolated at a flow rate lower
than 2 mL min−1.

Figure 9. Effect of percolation flow rate on Cu (II) extraction yield. Solvent volume = 12 mL;
[HNO3] = 2 mol L−1; the elution flow rate = 2 mL min−1; sample volume = 100 mL.

3.2.4. Effect of Sample pH

The pH is an important factor in the SPE procedure [57,59]. It determines the surface
charge of the TiO2 nanotubes, on the one hand, and on the other hand the form of copper in
solution. Indeed, the pH values of precipitation of Cu (II) hydroxide, correspond to initial
concentrations between 2.62 and 1500 mg L−1 and varies from 6.89 to 5.80 respectively.
The values of pH at the point of zero charge pHpzc are frequently used to determine the
sorption properties of oxides and hydroxides [60]. Results from titration curves (Figure 10)
showed pHpzc of 6.7 and 8.3 for HNT and TON, respectively.
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Figure 10. Titration curves of NaOH (0.01 mol L−1)/NaCl (0.1 mol L−1) solution by HCl (0.1 mol L−1)
in the absence and presence of 1 g of the material (HNT et TON).

The pHpzc of the used adsorbent TON is 8.3, this value shows that the surface is
positive for a pH value lower than 8.3 and negative for pH above 8.3.

The effect of the sample pH on recoveries of Cu (II) was examined between 3 and 9.
The results presented in Figure 11 show lower adsorption capacities at pH values below
4, the is possibly due to the presence of excess H+ ions competing with Cu (II) ions for
the available adsorption sites. Then this adsorption capacity reached its maximum values
when the pH was between 5 and 6 [49,59].

Figure 11. Effect of the sample pH on solid-phase extraction of Cu (II). Solvent volume = 12 mL;
[HNO3] = 2 M; the elution flow rate = 2 mL min−1; sample volume = 100 mL; percolation flow
rate = 2 mL min−1.

So, we can conclude that the adsorption of copper was more pronounced in the case
of positive charges of TON adsorbent.
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3.2.5. Effect of the Mass of the Adsorbent

The mass of the adsorbent, which is a determining factor in the solid phase extraction
method, is also optimized. TON amounts between 0.1 and 0.5 g were tested for the
extraction of copper cations. The results given in Figure 12 show insignificant differences
between calculated yields.

Figure 12. Effect of the mass of the adsorbent on Cu (II) extraction.

So, with a minimum mass of nanotubes, 0.1 g, maximum recovery of ~100 % can be
achieved. It is the nanometric size of these structures and the large proportion of atoms
present on their surface that favor this high reactivity.

3.3. Optimal Conditions

The SPE procedure following the optimal conditions obtained is therefore summarized
as follows: through a cartridge, filled with 0.1 g of TiO2 nanotubes, 10 mL of HNO3
(2 mol L−1), and 10 mL of ultrapure water are first percolated. A sample volume of 100 mL
of water is percolated through the adsorbent at a flow rate of 2 mL min−1. The washing
of the adsorbent was performed with 10 mL of ultrapure water (in the case of real water
samples). Elution of Cu (II) is performed with 12 mL HNO3 (2 M) at a flow rate of
2 mL min−1. These optimum conditions allow an extraction yield higher than 95% and a
maximum adsorption capacity of 70 mg g−1 of TON. This adsorption capacity is perfect
when TiO2 nanotubes are applied as SPE adsorbent. While, for environmental applications
and water treatment, higher adsorption capacities are desired [30,61].

3.4. Characteristics of the Method

The analytical parameters such as the sensitivity, detection limits, and reproducibility
of the analytical method can be improved with a good sample extraction method. Indeed,
it allows a better sensitivity of the technique of analysis by removing interferents from
the matrix. The extraction of Cu (II) cations with TiO2 nanotubes is repeated five times
according to the optimal conditions obtained. Extraction yields were between 95.81 and
98.85% with satisfactory RSD of 3.16% (lower than 5%). Detection limit of AAS technique
was in the range of 32.5 ng mL−1.

In the present work, flame atomic absorption spectrometry was used for the identi-
fication of Cu (II) cations. To consider all concentrations of the analyzed copper during
the optimization of the SPE method, three calibration ranges are considered (Table 2). The
study of linearity showed a linear relationship between the concentration and the response
of the technique. Calibration equations and correlation coefficients are illustrated in Table 2
and results show good and linear correlation of the regression method R2 > 0.998.
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Table 2. Calibration equation, correlation coefficient of Cu (II) analyses by SAAF.

Calibrations Range (mg L−1) Calibration Equation R2

0–1.65 Y = 0.0869x − 0.0017 0.9982

0–3 Y = 0.0628x − 0.0022 0.9999

0–22 Y = 0.0131x − 0.0015 0.9985

3.5. Application of Optimal Conditions to Real Water Samples

To evaluate the effect of the matrix on the extraction efficiency of the optimized SPE
method, the optimal conditions were applied to real water samples (tap water and mineral
water). Mineral water was spiked with Cu (II) at a concentration of 2.37 mg L−1, while tap
water was spiked at four Cu (II) concentration levels. Analytical results given in Table 3
show the minimal effect of the matrix.

Table 3. Recovery percentages of tap and mineral water samples spiked with Cu cations.

Water Samples Added Copper (mg L−1) R%

Tap water

2.37 97.04
1.57 95.23
0.68 89.54
0.26 87.21

Mineral water 2.37 96.20

Calculated yields were between 87 and 97% and were not far from those determined
with ultra-pure water.

4. Conclusions

In this study, a reliable and efficient method was used for the determination of Cu
(II) in water samples. This method consists of using well-characterized titanium dioxide
nanotubes TON as an adsorbent in the solid phase extraction procedure of this analyte.
TON showed interesting results in terms of calculated extraction yields that are higher than
95% and repeatability since the calculated RSD value is about 3.16%. Furthermore, this
method improved the detection limit of the analysis technique of copper (32.5 ng mL−1).
The optimal conditions determined during this work were successfully applied for the
solid-phase extraction of Cu (II) from real water samples and a minimal matrix effect is
observed. The simplicity and relative affordability of the preparation of titanium dioxide
nanotubes, as well as their effectiveness as SPE adsorbents, give them great potential in the
fields of selective inorganic contaminant separation and sample process.
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Abstract: We developed a simple method to fabricate SiO2-sphere-supported N-doped CNTs (NC-
NTs) for electromagnetic wave (EMW) absorption. EMW absorption was tuned by adsorption of
the organic agent on the precursor of the catalysts. The experimental results show that the conduc-
tivity loss and polarization loss of the sample are improved. Meanwhile, the impedance matching
characteristics can also be adjusted. When the matching thickness was only 1.5 mm, the optimal
3D structure shows excellent EMW absorption performance, which is better than most magnetic
carbon matrix composites. Our current approach opens up an effective way to develop low-cost,
high-performance EMW absorbers.

Keywords: CNTs; dielectric loss; nitrogen doping; electromagnetic wave absorption

1. Introduction

With the development of science and technology, the rapid rise of artificial intelligence,
the popularity of the smart home, and the extensive application of various electrical and
electronic products, people’s work efficiency and quality of life has improved. However,
at the same time, the widespread use of electronic products also hides huge harms: long-
term exposure to electromagnetic radiation will damage human health, but also harms
other electronic products’ electromagnetic interference, affecting their normal work. These
hazards have attracted the attention of many countries in the world, and development of
efficient electromagnetic absorption and shielding materials has become the main research
direction. Therefore, it is necessary to develop a high-performance electromagnetic wave
(EMW) absorber. To improve the efficiency of the unitizations, lightweight absorbers with
a thin thickness are required. Carbonaceous materials such as graphene, carbon nanotubes
(CNTs) and carbon nanofibers have attracted great attention because of their low mass
density, good mechanical and chemical stability and high surface areas [1–9]. Carbon
nanotubes have received extensive attention and in-depth studies in the field of EMW
absorption due to their tubular structure suitable for electron transport, their light weight
and good electrical conductivity [10–17]. For example, Lv et al. encapsulated Fe/Fe3C
nanoparticles (NPs) into N-doped CNTs (NCNTs) and obtained the result that the sample
had a reflection loss (RL) of −46.0 dB and a thickness of 4.97 mm at 3.6 GHz [10]. Chang
et al. reported Fe3O4/PPy/CNT composites with an RL of −25.9 dB with a thickness of
3.0 mm [11]. The reflection loss of ZnFe2O4@CNT/PVDF composite film prepared by Li
et al. was −54.5 dB, with a matching thickness of 2.4 mm [12]. Gong et al. reported SiCN(Fe)
fibers with an RL of −47.64 dB and the effective absorption bandwidth of 4.28 GHz [13].
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The minimum reflection loss of Fe3O4/CNTs prepared by Zeng et al. was −51.0 dB, with a
matching thickness of 4.4 mm [14]. Recently, a series of magnetic metal alloys (Fe, Co, Ni,
etc.) that encapsulated into NCNTs were designed for EMW absorption [15,16]. However,
the impedance matching feature of the composites mentioned above needed to be precisely
tuned due to highly conductive magnetic metals and CNTs in these composites [17].
Furthermore, there is still room to improve the EMW absorption property of CNT-based
absorbers, such as stronger absorption at a lower filler ratio and thinner matching thickness.

Here, we propose a simple method for SiO2-sphere-supported NCNTs with embedded
Fe3C/Fe nanoparticles (NPs) (SiO2@Fe3C/Fe@NCNT-GT) for EMW absorption. Fe(OH)X
was first coated on the surface of SiO2 spheres [18], and then the organic solvent (terephthalic
acid) was adsorbed on the Fe(OH)x surface to form relatively larger metal NPs for the growth
of NCNTs with moderate diameters. Compared to the counterpart (SiO2@Fe3C/Fe@NCNT)
without treatment in the organic solvent, the as-prepared SiO2@Fe3C/Fe@NCNT-GT showed
significantly improved EMW absorption performance. At a filler ratio of 25%, the minimum
RL (RL, min) and effective bandwidth of the SiO2@Fe3C/Fe@NCNT-GT reached −48.43 dB
and 4.51 GHz, respectively, while the matching thickness was only 1.5 mm.

2. Materials and Methods

2.1. Materials

Tetraethoxysilane (TEOS, 99 wt%, analytical reagent, A.R.) was purchased from Tian-
jin Komiou Chemical Reagent Co., Ltd. (Tianjin, China). NH4OH (25 wt%, A.R.) was
purchased from XiLong Scientific Co., Ltd. (Shantou, China). Absolute ethanol (99 wt%,
analytical reagent, A.R.) was purchased from Tianjin Fuyu Fine Chemical Co., Ltd. (Tianjin,
China). Terephthalic, N,N-Dimethylformamide (DMF) and dicyandiamide were purchased
from Tianjin Guangfu Fine Chemical Research Institute (Tianjin, China). Ferric acetylace-
tonate was purchased from Sinopharm Chemical Reagent Co., Ltd. (Shanghai, China).
Paraffin was purchased from Yuyang Wax Industry (Changge, China). It is worth noting
that all chemicals were purchased without further treatment before use, and all aqueous
solutions were prepared using ultrapure water.

2.2. Characterizations and Electromagnetic Parameter Measurement

The morphology and size of the samples were characterized using scanning electron
microscopy (SEM; Hitachi SU70, Tokyo, Japan) and transmission electron microscopy
(TEM; FEITecnai-F20, Hillsboro, USA). Energy dispersive X-ray spectroscopy (EDX) was
performed to confirm the elemental contents of the samples. X-ray diffraction (XRD)
data were measured using a Rigaku D/max 2550 V (Tokyo, Japan) with Cu Kα radiation
(λ = 1.5418 Å). X-ray photoelectron spectroscopy (XPS) analyses were carried out by using a
spectrometer with Mg Kα radiation (ESCALAB 250, Shanghai, China). Raman spectra were
recorded on a Raman spectrometer (Xplora Plus, Paris, France) using a 488 nm He−Ne
laser. The Brunauer–Emmett–Teller (BET) surface area and pore volume were tested with a
Quantachrome Instruments Autosorb-iQ2-MP (Beijing, China) after the composites were
vacuum dried at 200 °C for 10 h. Fourier-transform infrared (FTIR) spectra of samples were
collected using a Nicolet FTIR510 spectrometer (KBr pellet method, 4 cm−1 resolution,
Waltham, MA, USA). The electromagnetic wave absorption properties of the absorbing
materials were measured using a vector network analyzer (Anritsu MS4644A Vectorstar,
Kanagawa, Japan) in the 2–18 GHz range at room temperature.

2.3. Methods
2.3.1. Synthesis of the SiO2

Synthesis of the SiO2 was conducted following the Stöber method. Deionized water
(18 mL), absolute ethanol (76 mL) and TEOS (14 mL) were dissolved into NH4OH (98 mL),
and continuously stirred for 4 h. Then, the colloidal solution was centrifuged, and the
resultant was placed in an oven at 100 ◦C for 12 h to obtain silica microspheres [19,20].
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2.3.2. Synthesis of the SiO2@Fe(OH)x

SiO2 with diameters of about 400 nm (216 mg) were first dispersed in ethanol (72 mL),
and ferric acetylacetonate (270.5 mg) was added to the mixture above, sequentially. Distilled
water (3.6 mL) and ammonia (2 mL) were added to the mixture with sonication for 15 min.
The as-prepared mixture was sealed in a conical flask and stirred at 80°C for 10 h. The
precipitate was washed with distilled water and ethanol several times, then centrifuged
and dried in a vacuum oven at 40 ◦C to obtain the SiO2@Fe(OH)x [20].

2.3.3. Synthesis of the SiO2@Fe3C/Fe@NCNT

The SiO2@Fe(OH)x was annealed in Ar (the temperature was 800 ◦C, the time was
30 min and the ramp rate was 5 ◦C/min) to obtain SiO2@Fe3C/Fe@NCNT [20].

2.3.4. Synthesis of the SiO2@Fe(OH)x-GT

The SiO2@Fe(OH)x (200 mg), terephthalic acid (300 mg), pure water (3 mL) and
ethanol (3 mL) were added into N,N-Dimethylformamide (DMF) solution (30 mL), and
stirred for 30 min. Then, the mixed solution was placed into a 50 mL Teflon container and
was treated at a high temperature of 150 ◦C for 12 h. The precipitate was washed and dried
in a 40 ◦C vacuum oven to obtain the SiO2@Fe(OH)x-GT.

2.3.5. Synthesis of the SiO2@Fe3C/Fe@NCNT-GT

The SiO2@Fe(OH)x-GT was annealed in Ar (the temperature was 800 ◦C, the time was
30 min, and the ramp rate was 5 ◦C/min) to obtain the SiO2@Fe3C/Fe@NCNT-GT. The
detailed experimental material, structural characterizations and the method are described
in the Supplementary Materials.

3. Results and Discussion

The diameter of the prepared SiO2 microspheres were approximately 400 nm. After be-
ing coated with an Fe(OH)x layer on the surface of the SiO2 spheres, the diameter increased
from 400 nm to about 500 nm (SiO2@Fe(OH)x). Scanning electron microscopy (SEM) imag-
ing and transmission electron microscopy (TEM) imaging showed that the Fe(OH)x layer
was uniformly coated on the surface of the SiO2 spheres (Figures 1a–c and S1a, Supplemen-
tary Materials). In the X-ray diffraction (XRD) pattern, there were two obvious peaks at
2θ 35.02◦ and 62.72◦, indicating that the outmost layer of the SiO2@Fe(OH)x was mainly
composed of weakly crystalline Fe(OH)3, which corresponded to JCPDS card no. 22-0346
(Figure S2a). Energy dispersive X-ray spectroscopy (EDX) element mappings were also
confirmed. As shown in Figure 1d, there were Si and O signals in the spherical core region,
suggesting that the spherical core region materials were still SiO2 spheres. Fe and O single
elements were obviously present in the area outside the sphere, confirming the composition
of the SiO2@Fe(OH)3. The XRD pattern of the SiO2@Fe(OH)x-GT indicated that the weakly
crystalline Fe(OH)3 (Figure S2a) remained after the treatment, but the rough surface be-
came relatively smooth (Figure S1b). TEM images show that there was a lamellar structure
on the surface of the SiO2@Fe(OH)3-GT, different from the SiO2@Fe(OH)3 (Figure 1e–g).
The peak at 798 and 1431 cm−1 in the Fourier-transform infrared (FTIR) spectra of the
SiO2@Fe(OH)3-GT corresponded to the C–H deformation vibration and the C=C stretching
vibration (Figure S2b). The peak 1659 cm−1 in the spectrum of the SiO2@Fe(OH)3-GT
corresponded to the C=O stretching vibration (Figure S2b). Thus, the FTIR results indicated
the adsorption of terephthalic acid on the Fe(OH)3 layer. EDX element mappings also
confirmed that Fe, O and C single elements were present in the area outside of the sphere,
confirming the adsorption of terephthalic acid on the Fe(OH)3 layer (Figure 1h).
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Figure 1. (a–c) TEM images of structural characterizations and (d) EDX element mappings of the SiO2@Fe(OH)x. (e–g) TEM
image of structural characterizations and (h) EDX element mappings of SiO2@Fe(OH)x-GT.

In order to analyze the composition and valence state of the SiO2@Fe3C/Fe@NCNT-
GT, XRD and Raman spectra were performed. As shown in Figure 2a, there was a broad
diffraction (2θ) from 10◦ to 30◦, corresponding to amorphous SiO2 in the XRD pattern
of the SiO2@Fe3C/Fe@NCNT-GT. In the XRD pattern of the SiO2@Fe3C/Fe@NCNT-GT,
the peak at 2θ 44.7◦ and 42.9◦ can be indexed to (110) planes of the Fe NPs (JCPDS no.
06-0696) and (211) planes of the Fe3C (JCPDS no. 35-0772), in sequence, while the peak
at 26.4◦ is attributed to the NCNTs (JCPDS no. 41-1487). The Raman spectra of the
SiO2@Fe3C/Fe@NCNT-GT showed two distinguishable peaks: one at 1325 cm−1 (D band)
and the other at 1585 cm−1 (G band) (Figure 2b). Their intensity ratios (ID/IG) for the
SiO2@Fe3C/Fe@NCNT-GT was 1.002, which indicated rich defects in the sample. These
defects in the SiO2@Fe3C/Fe@NCNT-GT can greatly improve the polarization relaxation
and contribute to enhancing the absorption of electromagnetic waves [21]. As shown
in Figure 2c, the N2-sorption isotherms of the SiO2@Fe3C/Fe@NCNT-GT displays type-
IV loops, revealing that the mesopores existed in the prepared sample. Furthermore,
the Brunauer–Emmett–Teller (BET) surface area of the SiO2@Fe3C/Fe@NCNT-GT was
243.54 m2 g−1. The illustration in Figure 2c displays pore size distribution diagrams. The
pore sizes of the SiO2@Fe3C/Fe@NCNT-GT were centered at 15 nm, and pore volume
was 0.568 cm3 g−1. X-ray photoelectron spectroscopy (XPS) spectra displayed that there
were five elements (Fe, N, O, Si and C) in the SiO2@Fe3C/Fe@NCNT-GT (Figure S3). The
peaks were at 398.5 (pyridine-N), 399.9 (pyrrolic-N), 401.1 (graphite-Nand) and 404.5 eV
(oxide-N) in the XPS spectra of N 1s, respectively (Figure 2d) [22]. The peaks at 709.1 and
721.9 eV in the XPS spectra of Fe 2p can be indexed to metallic Fe. The peaks (717.3 and
733.2 eV) and satellite peaks (712.1 and 724.9 eV) reveal the oxidation state of Fe species
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in the sample [23–25] (Figure 2e). The binding energies of C–C (284.6 eV), C–N (285.7 eV)
and C–O (288.7 eV) were observed on the surface of NCNT (Figure 2f) [26,27]. The carbon
atom will tend to form unsaturated covalent bonds with the oxygen anion, increasing
the charge state and increasing the band gap. This is due to the electron density shifts
from the carbocation to the more electronegative oxygen anion, which in turn affects the
electron structure.

Figure 2. (a) XRD pattern, (b) Raman spectra, (c) pore size distribution and N2-sorption isotherm, (d–f) N 1s, Fe 2p and C
1s XPS spectra of the SiO2@Fe3C/Fe@NCNT-GT.

SEM images indicated that the SiO2@Fe3C/Fe@NCNT-GT exhibited 3D morphology,
where the NCNTs were grown on the surface of the SiO2 spheres (Figure S4). Bamboo-like
NCNTs in the SiO2@Fe3C/Fe@NCNT-GT are also observed in Figure 3a,b with a length
of approximately 1.5 μm. Magnified TEM images show that their average diameter and
wall thickness were approximately 51 and 12 nm, respectively (Figures 3b,c and S5). There
were some NPs, with an average diameter of about 39 nm, embedded in the bamboo-like
NCNTs. Figure 3c shows that the NPs were encapsulated in 25–30 layers of the graphene
shell in the high-resolution TEM (HRTEM) images. The d-spacing of labeled lattice fringes
of 0.20 nm corresponded to the (110) planes of Fe, while the d-spacing of 0.35 nm corre-
sponded to the (002) planes of graphite–carbon (Figure 3d). Notably, a mass of defects
were present in the NCNT walls and graphene shell of the SiO2@Fe3C/Fe@NCNT-GT.
As is shown in Figure 3c, these defects are marked with a yellow frame. Defects in-
cluding lattice distortion, lattice dislocation and fracture edges are considered to have
a positive effect on the absorption property of the SiO2@Fe3C/Fe@NCNT-GT. The dis-
tribution of elements in the SiO2@Fe3C/Fe@NCNT-GT was analyzed by EDX element
mapping. There were O and Si signals in the spherical core zone, indicating that the
spherical core region mediums were still SiO2 spheres (Figure 3e). Fe, C and N single
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elements were present in the zone of the NCNTs, confirming the composition of NCNTs.
Compared to the SiO2@Fe3C/Fe@NCNT [20], the average diameter of the NCNTs in the
SiO2@Fe3C/Fe@NCNT-GT increased from 15 nm to 58 nm, the length of bamboo nodes
increased from 15 nm to 50 nm, and the wall thickness increased from 3 to 12 nm. The
adsorption of terephthalic acid limited the contact of the Fe(OH)3 with the reductive gases,
leading to the formation of the larger metal NPs. Consequently, the diameter of NCNTs
became larger compared to the counterpart without the adsorption of terephthalic acid.

Figure 3. (a–c) TEM images, (d) HRTEM images, (e) TEM image and EDX elemental mappings of SiO2@Fe3C/Fe@NCNT-GT.
The defects are marked by yellow dotted square (c).

The factors that may enhance the absorption performance of EMW were investigated
through the comparison of electromagnetic parameters of the SiO2@Fe3C/Fe@NCNT-GT
and the SiO2@Fe3C/Fe@NCNT, including complex permittivity and permeability. They
can be expressed separately by the formula εr = ε′ − jε” and μr = μ′ − jμ”. (ε′ is the real part
of permittivity, ε” is the imaginary part of permittivity, μ′ is the real part of permeability,
and μ” is the imaginary part of permeability) [28–30]. As shown in Figure 4a–c, the ε′
values of the SiO2@Fe3C/Fe@NCNT-GT varied in a range of 16.63−9.81, and the ε” values
of the SiO2@Fe3C/Fe@NCNT-GT varied in a range of 6.15−2.44. The permittivity for both
samples gradually decreased with the increase in the frequency, which is due to the fre-
quency dispersion effect. The ε′ and ε” values of the SiO2@Fe3C/Fe@NCNT-GT were larger
than those of the SiO2@Fe3C/Fe@NCNT. The dielectric loss tangent (tanδe = ε”/ε′) of the
SiO2@Fe3C/Fe@NCNT-GT was also larger. Figure S6 shows that the two samples had very
little difference in the real part of permeability, imaginary part of permeability and mag-
netic loss tangent (tan δm), with a value over 2–18 GHz. The saturation magnetization (Ms),
remnant magnetization (Mr) and coercivity (Hc) of the SiO2@Fe3C/Fe@NCNT-GT were
slightly larger than those of the SiO2@Fe3C/Fe@NCNT (Figure S7). Thus, the magnetic loss
of the SiO2@Fe3C/Fe@NCNT-GT is not a determining factor for the EMW performance.
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Figure 4. (a) ε′—f curves, (b) ε”—f curves, (c) tanδe—f curves, (d) εc”—f curves, (e) εp”—f curves and (f) α—f curves of
SiO2@Fe3C/Fe@NCNT-GT and SiO2@Fe3C/Fe@NCNT.

In general, the dielectric loss of the absorbing material includes the conduction loss
and the polarization relaxation loss within the range of gigahertz. The former can be
expressed by the formula (εc” = σ/ε0ω); the characters σ, ε0 and ω represent the con-
ductivity, the permittivity in a vacuum and the circular frequency, respectively. The
latter is expressed by the formula (εp” =ε” − εc”). The experimental results showed
that the electrical conductivity of the SiO2@Fe3C/Fe@NCNT-GT was higher than that
of the SiO2@Fe3C/Fe@NCNT (Table S1). Therefore, the SiO2@Fe3C/Fe@NCNT-GT had
increased conductive loss compared to the SiO2@Fe3C/Fe@NCNT (Figure 4d). Meanwhile,
the SiO2@Fe3C/Fe@NCNT-GT also had improved polarization losses compared to the
SiO2@Fe3C/Fe@NCNT (Figure 4e) and had a higher attenuation coefficient (Figure 4f).
As shown in Figure S8, multiple Cole–Cole semicircles could be found in the curve of
the SiO2@Fe3C/Fe@NCNT-GT, confirming the existence of dipole polarization and in-
terfacial polarization relaxation. Therefore, the increased dielectric relaxation loss of the
SiO2@Fe3C/Fe@NCNT-GT is relevant to their enhanced dipole and interface polariza-
tions [31–35]. Figure 5 shows the RL—f curves of the two samples with d of 1.5–5.0 mm
over 2–18 GHz. It can be found that the SiO2@Fe3C/Fe@NCNT-GT exhibited a better
EMW absorption property than the SiO2@Fe3C/Fe@NCNT. It should be noted that all
of the RL values of SiO2@Fe3C/Fe@NCNT-GT can exceed −20 dB (Figure 5a), where the
minimum value was −48.43 dB with d of only 1.5 mm. However, the RL, min value for
the SiO2@Fe3C/Fe@NCNT was only −16.63 dB with d of 5 mm (Figure 5b). Furthermore,
the effective absorption bandwidth (EAB10, RL ≤ −10 dB) of the SiO2@Fe3C/Fe@NCNT-
GT was 4.51 GHz, which is superior to that of the SiO2@Fe3C/Fe@NCNT (2.12 GHz)
(Figure 5a,b). Thus, the SiO2@Fe3C/Fe@NCNT-GT showed a significantly enhanced
EMW absorption property in the main parameters, including RL, min, EAB10 and d values,
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showing it has potential applications in practical EMW absorption. In addition, our pre-
pared SiO2@Fe3C/Fe@NCNT-GT had comparable, or better, EMW absorption performance
than reported carbon nanotube-based absorbent materials (Figure 5c, Table S2) [36–53].
The Mz—f plot reveals that the SiO2@Fe3C/Fe@NCNT-GT had better impedance match-
ing characteristics compared to the SiO2@Fe3C/Fe@NCNT (Figure S9). Therefore, the
increase in diameter of NCNTs may also have a positive effect on the optimization of
dielectric loss and impedance matching characteristics, thus enhancing the EMW absorp-
tion performance of the SiO2@Fe3C/Fe@NCNT-GT. Overall, compared to the counter-
part (SiO2@Fe3C/Fe@NCNT) without treatment in the organic solvent, the as-prepared
SiO2@Fe3C/Fe@NCNT-GT showed significantly improved EMW absorption performance.
In addition, SiO2@Fe3C/Fe@NCNT-GT exhibited a decreased EMW absorption perfor-
mance when the filling ratio was 20% or 30% (Figure S10). Therefore, the optimal filler
ratio for EMW absorption is 25%.

Figure 5. RL—f curves of (a) SiO2@Fe3C/Fe@NCNT-GT and (b) SiO2@Fe3C/Fe@NCNT, (c) the
absorption performance of SiO2@Fe3C/Fe@NCNT-GT with previously reported absorbers.

4. Conclusions

In summary, we fabricated the SiO2@Fe3C/Fe@NCNT-GT with a moderate diameter
for EMW absorption. Compared to the counterpart (SiO2@Fe3C/Fe@NCNT) without treat-
ment in the organic solvent, the dielectric loss of the as-prepared SiO2@Fe3C/Fe@NCNT-GT
was optimized, the impedance matching characteristics were adjusted, and the absorp-
tion performance of EMW was significantly improved. At a filler ratio of 25%, mini-
mum, reflection loss can reach −48.43 dB. In the meantime, effective bandwidth of the
SiO2@Fe3C/Fe@NCNT-GT can reach 4.51 GHz, while the matching thickness is only

204



Nanomaterials 2021, 11, 2636

1.5 mm, which is better than most magnetic carbon matrix composites. Our present ap-
proach opens up an effective way to develop low-cost, high-performance EMW absorbers.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/nano11102636/s1, Figure S1: SEM images of SiO2@Fe(OH)3 and SiO2@Fe(OH)3-GT,
Figure S2: XRD patterns and FTIR spectras of SiO2@Fe(OH)3 and SiO2@Fe(OH)3-GT, Figure S3: XPS
spectra of the SiO2@Fe3C/Fe@NCNT-GT, Figure S4: SEM image of SiO2@Fe3C/Fe@NCNT-GT,
Figure S5: (a) TEM image, (b) Average diameter of NCNTs and NPs of SiO2@Fe3C/Fe@NCNT-GT,
Figure S6: (a) μ′—f curves, (b) μ”—f curves, and (c) tanδm—f of SiO2@Fe3C/Fe@NCNT-GT and
SiO2@Fe3C/Fe@NCNT, Figure S7: Magnetization hysteresis loops of the SiO2@Fe3C/Fe@NCNT-GT
and SiO2@Fe3C/Fe@NCNT, Figure S8: Cole-Cole semicircles of the (a) SiO2@Fe3C/Fe@NCNT-GT
and (b) SiO2@Fe3C/Fe@NCNT, Figure S9: The Mz—f curves of the (a) SiO2@Fe3C/Fe@NCNT-GT
and (b) SiO2@Fe3C/Fe@NCNT, Figure S10: RL—f curves of (a) the SiO2@Fe3C/Fe@NCNT-GT with
a filler ratio of 20 wt.% and (b) 30 wt.%, Table S1: Electrical conductivity of absorbing materials,
Table S2: EMW absorption properties of some representative materials.
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Abstract: Highly ordered nanostructure arrays have attracted wide attention due to their wide range
of applicability, particularly in fabricating devices containing scalable and controllable junctions.
In this work, highly ordered carbon nanotube (CNT) arrays grown directly on Si substrates were
fabricated, and their electronic transport properties as a function of wall thickness were explored.
The CNTs were synthesized by chemical vapor deposition inside porous alumina membranes,
previously fabricated on n-type Si substrates. The morphology of the CNTs, controlled by the
synthesis parameters, was characterized by electron microscopies and Raman spectroscopy, revealing
that CNTs exhibit low crystallinity (LC). A study of conductance as a function of temperature
indicated that the dominant electric transport mechanism is the 3D variable range hopping. The
electrical transport explored by I–V curves was approached by an equivalent circuit based on a
Schottky diode and resistances related to the morphology of the nanotubes. These junction arrays can
be applied in several fields, particularly in this work we explored their performance in gas sensing
mode and found a fast and reliable resistive response at room temperature in devices containing
LC-CNTs with wall thickness between 0.4 nm and 1.1 nm.

Keywords: low crystallinity carbon nanotubes; anodic aluminum oxide; electric transport; gas sensor;
Schottky junction arrays

1. Introduction

Carbon nanotubes (CNTs) remain being considered as promising materials in science
and technology owing to their multiple outstanding properties [1–4]. However, these
properties strongly depend on the crystallinity or graphitization level of their walls since
this determines the electronic structure [5], and consequently, the optical [6], electric [7],
and mechanical [8] properties. These nanostructures have proved to be useful as active
materials in photo-actuators [9], photodetectors [10], semiconductor electronics [11], and
gas sensors [12]. Nevertheless, it is still challenging to produce an array of CNTs with
the same morphological characteristics and, therefore, the same physical properties [13].
A particularly suitable method for growing highly ordered nanotube arrays is to use an
anodic aluminum oxide (AAO) as a template. One of the significant advantages of using
AAO membranes is the cost-efficient synthesis of large area arrays of densely packed
nanopores with well-controlled dimensions in the nanometer range. Also, using this
dielectric matrix to deposit the carbon nanostructures provides mechanical support to
fabricate robust devices [14]. Using the chemical vapor deposition (CVD) process, the
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diameter, length, wall thickness, and graphitization level of CNT can be controlled [15–18].
The controllability in morphology has an advantage in tuning physical properties [19,20].
The use of these arrays has been reported in electronic systems with better performance
than those using non-organized CNTs [21,22]. However, the synthesis of millions of CNTs
will hardly be completely crystalline, and there will be amorphous components that affect
specific properties. Therein lies the importance of studying and classifying the effects of
systems with a high degree of disorder.

The distinctive feature that low-crystalline materials exhibit is that they have localized
electronic states; therefore, in a material with a strong structural disorder, an electronic
structure with highly localized states arises, exhibiting an electric transport mechanism
known as variable range hopping (VRH) [23]. In this case, the conductance tends to zero as
the temperature tends to zero due to the hopping process is a phonon-assisted mechanism
that transfers an electron from one localized state to another [24]. A good description of
this mechanism opens the possibility to tailor the global transport properties in arrays with
highly structural defects [25]. The contribution to study CNTs with localized states has a
relevant impact since macroscopic samples generally contain several distortions, either in
the diameters, chirality, or doping [26]. In this case, rather than making an individualized
picture of the properties of the nanotubes, it is necessary to generate approximate models of
the average characteristics. For that reason, this work analyzes the electric transport in low-
crystallinity CNTs (LC-CNTs) with controllable dimensions in a robust device consisting of
Si substrates.

The heterojunction form between carbon allotropes and Si has been reported as a
Schottky junction, in which the carrier transport generally follows the thermionic emission
(TE) theory at room temperature [27–29]. Moreover, other conduction mechanisms are su-
perposed in complex nanosystems interfaces such as space-charge limited or tunneling [30].
These components are difficult to explore due to several variables, such as substrate doping,
CNTs/Si contact, or temperature [31]. It is important to approach the heterojunction as a
global system and isolate the crystalline and non-crystalline components from CNTs. For
instance, the study of CNTs and Si junctions using AAO and CVD process with synthesis
temperature of 950 ◦C has been reported [31–33]. At this temperature, the CNTs start to lose
the defects and behave more as multiwall CNTs with metallic properties [34]. The effects
that the impurities in the crystal lattice can induce in electronic transport are not observed
in these systems. For that reason, CNTs synthesized at low temperatures are expected to
present low crystallinity, and therefore, the effects of interest in the electronic transport
mechanism can be observed. Moreover, it is important to analyze the behavior as a function
of wall thickness and how this affects the device junction due to dimensionality effects.
Furthermore, since these heterojunction devices have been proved to sense gases [34,35], it
is appropriate to explore this characteristic in the proposed LC-CNTs. The tunability of
electrical transport will allow exploring different morphologies to optimize gas sensing.

This paper presents the synthesis, characterization, and study of the electrical transport
properties of LC-CNTs arrays grown directly on Si substrates using AAO as a template.
The dominant electric transport mechanism in LC-CNTs is the 3D-VRH and shows a strong
dependence on the wall thickness of tubes. Moreover, the LC-CNTs arrays are exposed to
reducing gases, and they exhibit a dependence of its electric resistance as a function of gas
concentration, which opens the possibilities to use it as gas sensors.

2. Materials and Methods

2.1. Synthesis of Porous Alumina Membranes on Silicon Substrates

Porous alumina membranes (PAMs) were fabricated on Si substrates using a 5 μm
layer of Al (99.999% purity). The Al was deposited at a rate of 2 Å/s over polished n-type
Si (100) wafers (1–10 Ω·cm) by electron beam evaporation. The Al film was anodized in
two steps to obtain PAMs with highly ordered pore patterns [36]. The first anodization
step was performed at 40 V in 0.3 M oxalic acid for a period of 40 min, maintaining the
temperature of the electrolyte at 5 ◦C. Furthermore, an aqueous solution with 6.0 wt%
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phosphoric acid and 1.8 wt% chromic acid at 60 ◦C was employed to remove the porous
alumina layer produced in the first anodization step, leaving an ordered pattern of pores
nucleus in the surface of the mask. Then, the second anodization was performed under the
same previously mentioned conditions for 50 min, yielding a homogeneous and ordered
membrane with a thickness close to 2.5 μm. Finally, to remove the alumina barrier layer at
the bottom of the pores and widen the pores without affecting the membrane order, the
samples were subjected to an etching treatment with a 5 wt% phosphoric acid solution at
21 ◦C for 55 min.

2.2. Low Crystallinity Carbon Nanotubes Synthesis

The synthesis of LC-CNTs inside the pores of PAMs was achieved by CVD method,
using a horizontal tube furnace (MTI - OTF 1200X furnace, MTI Corp., Richmond, CA,
USA). A piece of PAM/Si (~1 cm2) was heated at the center of the reactor at a rate of
30 ◦C/min under an Ar atmosphere (200 sccm) until reaching 650 ◦C. Then, a flow of C2H2
at 25 sccm was introduced as a carbon source, and CNTs were synthesized at different
times: from 1 to 30 min. This process promotes the growth of controllable nanotubes inside
the pores with tunable wall thickness by keeping the temperature constant [36]. Finally,
the whole system LC-CNTs/PAM/Si was cooled down to 21 ◦C under Ar environment.

2.3. Deposition of the Top Electrode

Top electrodes, consisting of a ~10 mm2 circular area of 99.9% pure Au, were de-
posited perpendicular to the top of the LC-CNT/PAM/Si samples at an evaporation rate
of 0.4 Å/s until obtaining 100 nm of Au thickness. The deposition was performed in a
Balzers evaporator equipped with a Temescal STIH-270-2PT (Ferrotec, Livermore, CA,
USA) electron beam source operated at 8 kV and a quartz crystal microbalance to measure
the evaporation rate and deposited thickness.

2.4. Characterizations

The structural characterization was carried out through Raman Spectroscopy using a
LabRam010 spectrometer (Horiba. Ltd., Kyoto, Japan) at 632.5 nm wavelength. Scanning
electron microscopy (SEM) and transmission electron microscopy (TEM) were used to
characterize the samples morphologically. SEM analysis was carried out using a FEI
Quanta 250 FEG (Thermo Fisher Scientific, Waltham, MA, USA). Standard TEM analysis
was performed using a Hitachi HT7700 (Hitachi High Tech Co., Ltd., Tokyo, Japan), and
high-resolution TEM (HR-TEM) by using a FEI Tecnai ST-F20 microscope (FEI Company,
Hillsboro, OR, USA). In order to perform the TEM measurements, CNTs were released
from the PAM by dissolving it in sodium hydroxide solution 3.5 M at 21 ◦C. Afterward,
samples were rinsed with double distilled water and suspended in isopropanol alcohol to
obtain a CNTs dispersion.

2.5. Electric Transport Measurements as a Function of Temperature

The electric transport properties were studied in the samples as a function of the wall
thickness by analyzing the I–V curves. This measurement assists in the identification of
the existing junction between the Si substrate and the LC-CNTs. The I–V curves were
measured in the voltage range from −1.5 to 0.8 V to predict a model which fits the electrical
characteristics of the junction. Moreover, the conductance was measured around zero bias
as a function of temperature from 10 to 300 K to study the dominant transport mechanism.
The samples were biased by contacting the top Au-electrode and the Si substrate. The
measurements were performed with a Keithley electrometer model 6517B (Keithley In-
struments Inc., Cleveland, OH, USA) in a 10 K closed cycle refrigerator system from Janis
Research Company (Wilmington, MA, USA) with high vacuum conditions (<10−6 Torr).
The resistance of the fabricated devices is several orders of magnitude larger than the total
resistance of the wires and electrodes; therefore, the errors introduced by using a two-probe
measurement are negligible.
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2.6. Room Temperature Resistance Measurements in Different Atmospheres

The electrical response of the samples was analyzed in a perturbed atmosphere to test
their performances as gas sensors. These were exposed to different cycles of H2 and C2H2
concentrations under an Ar atmosphere at room temperature (21 ± 1 ◦C), atmospheric
pressure, and absence of light. The resistive response (S), shows in Equation (1), is defined
as the percentage change in electric resistance when the device is exposed to the analyte
(R(t)) compared to Ar environment (RAr). The electric resistance was measured using a
Keithley 6487 picoammeter (Tektronix, Portland (Beaverton), OR, USA) around zero bias.

S =
R(t)− RAr

RAr
100% (1)

The gas mixtures were prepared on the base of a total flow of 100 sccm controlled by
Alicat (Alicat Scientific Inc., Tucson, AZ, USA) Mass Flow Controllers (Models MC-5SLM
for Ar and MC-10SCCM for H2 and C2H2). The measured response corresponded to
changes in current when the device was exposed to a certain amount of analyte by a certain
amount of time.

3. Results and discussions

3.1. Morphological and Structural Characterization

Figure 1 shows SEM micrographs of a LC-CNTs/PAM/Si sample, synthesized with
5 min. Figure 1a corresponds to a top view of a PAM with the LC-CNTs grown inside, and
Figure 1b shows the same sample after the Au deposition. The incorporation of the top
electrode keeps the pores open, but their average diameter is reduced from 43 ± 6 nm to
30 ± 9 nm. Figure 1c shows a lateral view of the sample, in which the electrode thickness
(129 ± 23 nm) and the PAM height (2040 ± 2 nm) are determined. Since the Au is deposited
with the sample oriented perpendicular to the evaporated metal flow, the Au partially
penetrates the nanotubes. Figure 1d shows a backscattered electron image which evidences
that the Au average penetration inside the pores is about 320 ± 65 nm. Thus, the Au and
Si-electrodes are electrically connected only through the LC-CNTs.

Figure 1. SEM micrographs of a sample synthesized with 5 min of growth time. (a) Top view of the
pristine sample. (b) top view after Au deposition. (c) Side view, showing the height of the PAM
and the thickness of Au-electrode. (d) Backscattered electron image side view, showing the Au
penetration inside the nanopores.
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Figure 2a–c show TEM images of the LC-CNTs grown with 5, 20, and 30 min of
synthesis time, respectively. Moreover, Figure 2d corresponds to a representative HR-TEM
image of a nanotube synthesized at 30 min. From this image, it is possible to notice the low
degree of crystallinity of the CNTs. The average wall thickness of LC-CNTs with 5 min,
20 min, and 30 min of synthesis time is 0.7 ± 0.4 nm, 1.9 ± 0.4 nm, and 3.2 ± 0.4 nm,
respectively. These average wall thicknesses are uniform along the vertical direction of the
CNTs. The thickness (w) as a function of time synthesis (ts) is plotted in Figure 2e, and a
linear dependence is observed.

Figure 2. TEM micrographs of LC-CNTs growth with 25 sccm C2H2 flow at (a) 5 min, (b) 20 min,
and (c) 30 min of synthesis time. (d) HR-TEM micrograph of sample growth with 30 min of synthesis
time. (e) Wall thickness as a function of the time synthesis plot obtained from the HR-TEM images.

Figure 3 shows the first-order Raman spectra between 850 cm−1 and 1900 cm−1 range
of samples with a wall thickness of 0.7 nm, 1.1 nm, 1.9 nm, and 3.2 nm. The spectra showed
two main resonances located around 1326 cm−1 and 1600 cm−1, which correspond to the
G and D bands of carbonaceous materials, respectively [37]. Both resonances are linked to
vibrational modes of sp2 bonded carbon atoms. The G peak involves the bond-stretching
motion of C–C atoms (E2g vibrational mode), which occurs even without the presence of
the six-fold aromatic rings [38]. The D resonance can be linked to an active A1g breathing
mode in amorphous carbon structures [39,40]. In this case, the spectra are characteristic of
carbon nanotubes with a low degree of graphitization [37]. Besides, two peaks labeled as
7A1 and 5A1 shown in Figure 4a need to be considered to fit the data. These resonances,
located around 1200 cm−1 and 1510 cm−1, can be attributed to the breathing modes of
seven and five-member carbon rings, respectively [41].

From the Raman spectra and the plots of fit parameters shown in Figure 3, it is possible
to realize that the degree of graphitization of the LC-CNTs does not exhibit significant
changes concerning the wall thickness. In all the samples, the Raman shift position of the
four resonances, RS(7A1), RS(D), RS(5A1), and RS(G), is almost constant. Similar behavior
is observed for intensity ratios between the peaks, and particularly in the case of D and G
peaks, in which the intensity ratio has a value close to 0.9. On the other hand, the full width
at half maximum (FWHM) of G and D peaks (FWHM(G) and FWHM(D)) tend to decrease
in a bounded range. These values are an indication that the samples have a similar level
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of graphitization. The low crystallinity of the CNTs observed in TEM micrographs and
Raman spectra agree with previous work [15,22,42].

Figure 3. (a) Raman spectra of LC-CNTs as a function of wall thickness. (b) Peak position of reso-
nances 7A1, D, 5A1, G. (c) Representative ratio of I(D)/I(G), I(7A1)/I(D), and I(5A1)/I(D). (d) FWHM
of G and D peaks.

3.2. Study of Conductance as a Function of Temperature

Since there is a considerable degree of disorder in the studied CNTs, a conductance
analysis as a function of temperature was used to determine their electric transport proper-
ties. Figure 4 shows the conductance characterization of the same samples analyzed by
Raman spectroscopy. The electrical behavior of all LC-CNTs exhibits a non-metallic tem-
perature dependence, which can be mainly explained by using the variable range hopping
(VRH) model [23]. This transport promotes that charge carriers move by phonon-assisted
hopping between localized states. The conductance at zero electric fields can be obtained
by Mott’s law [43] as follows:

G = Gh exp
[
−(T0/T)1/(d+1)

]
(2)

where Gh is the hopping conductance, T is the absolute temperature, T0 = α3/kBn(Ef)
is the characteristic activation temperature and is a measure of the degree of electronic
localization, which depends on the parameter α that is related to the spatial decay of the
localized electronic state, n(Ef), the density of localized electronic states at the Fermi level,
and the Boltzmann constant (kB). The dimensionality value is d = 3, obtained from the
best fit of the data, which indicates that the dominant electric transport mechanism is
the three-dimensional variable range hopping (3D-VRH). However, as the LC-CNT wall
thickness increase, the conductance does not tend to zero when the temperature tends
to zero (see insets in Figure 4), as is required by Equation (2). Hence, it is necessary to
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add a Gm parameter that can be considered as roughly independent of temperature, and
which represents the main contribution of a metallic transport mechanism acting in parallel
to the 3D-VRH for the low-temperature range (<20 K). It is important to mention that
some other transport mechanisms could explain this non-phonon assisted conductivity,
such as Bloch Grüneisen [44] or FIT [45]. However, the contribution of Gm is at least two
orders of magnitude lower than VRH around 300 K, therefore, for simplicity, the model
with the fewest free fit parameters was used for the electric conductance curve fitting.
The parameters of the fitting of each curve are presented in Table 1. It is noticed that
T0 decreases when the wall thickness increases. This value changes up to two orders of
magnitude from 0.7 nm to 3.2 nm of wall thickness and is in good range for amorphous
systems (105–1012 K) [46]. This difference could be originated by an increment in n(Ef)
or a reduction of the localized electronic wave function α. Nevertheless, the magnitude
of this difference is expected to mainly arrive from a change in α, due to T0 has a cubic
dependence on this parameter. The previous discussion implies that the wave functions
are less localized as the wall thickness increases, which is also consistent with the observed
behavior of the parameter Gm.

Figure 4. Conductance as a function of temperature and wall thickness of LC-CNTs. Insets show a
zoom near 10 K.

Table 1. Fitting parameters for the experimental conductance of Figure 4.

w (nm) T0 (K) Gh (S/m2) Gm (S/m2)

0.7 ± 0.4 8.6 ± 0.2 × 107 6.0 ± 0.9 × 109 1.0 ± 0.1 × 10−4

1.1 ± 0.4 7.1 ± 0.2 × 107 1.0 ± 0.1 × 1010 1.1 ± 0.1 × 10−2

1.9 ± 0.4 1.8 ± 0.1 × 106 2.4 ± 0.3 × 104 3.0 ± 0.3 × 10−2

3.2 ± 0.4 2.4 ± 0.1 × 105 1.6 ± 0.1 × 103 2.1 ± 0.2 × 10−2

3.3. Gas Sensing Measurements

The tunable electric transport exhibited by the nanotubes as a function of wall thick-
ness opens the possibility to design devices for a particular application. For instance, a
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sensor to detect a certain gas atmosphere is feasible since the molecules interacting with
the sample are expected to change the electrical parameters [47]. To study this principle,
an experiment to measure the electrical resistance was performed in a gas chamber for a
set of samples with wall thickness between 0.3 to 3.2 nm. Figure 5a shows the resistive
response of a specific device with 0.7 nm wall thickness under different concentrations of
analytes (H2 and C2H2) from 1% to 5%. It is observed five representative cycles of the tran-
sient responses under H2 and C2H2 analytes. The maximum values reveal a quasi-linear
dependence on both gas concentrations (insets), which is an indication that the sensing
mechanism is not saturated under these conditions. The resistive response has been tested
in different bias voltages, and the results are exposed in Figure 5b. For both analytes, the
sample exhibits their maximum response at biased closed to 0.3 V. This nonlinear behavior
is consistent with the observed in materials forming junctions in which the maximum
sensitivity is related to a potential barrier [48].

Figure 5. (a) Gas sensing behavior of sample with 0.7 nm wall thickness at different H2 and C2H2

concentrations. Insets show the maximum sensitivity percentage as a function of the analyte concen-
tration. (b) Normalized resistive response as a function of bias voltage.

Additionally, the resistive response of several devices was evaluated at the same
concentrations of H2 and C2H2, and a bias voltage around 0.3 V. Particularly, a strong
dependence as a function of the wall thicknesses of LC-CNTs was observed. Table 2
summarizes the maximum response measured under H2 and C2H2, and the conductance
at zero bias. Only the devices containing LC-CNTs with wall thicknesses between 0.4
and 1.9 nm exhibit a response to the presence of the analytes. In the case of devices with
thin walls (<0.4 nm), a high noise was presented in the current measurements; since
thinner tubes have a very low conductance (bellow 5 × 10−3 S/m2), the gas sensing
signal was overlapped to the noise. Moreover, for tubes with thicker walls (>1.1 nm)
and higher conductance, the sensibility tens to disappear. For both analytes and in all
tested concentrations, the response time of the arrays was less than 15 s, a period that
can be mainly attributed to the time the analyte takes flowing from the flow controller to
the device. The half-maximum time, period which the sensor takes to reach half of the
maximum response, was observed between 15 s and 25 s for all cases, being just a few
seconds faster for H2 than C2H2.

Previous reports indicate that devices built on the same conditions as these LC-CNTs
do not respond electrically to H2 perturbation by a reaction effect [35]. Besides, the results
of Figure 5b point out that the LC-CNTs/Si samples contain a diode-like junction since
the electrical response is more representative around 0.3 V bias voltage. This effect is
common in porous nanomaterials in which the gas produces a perturbation at the junction
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interface that gives rise to a change in the electrical signal [49–52]. The physical mechanism
behind this is that the gases permeate through the pores until it reaches the contact barriers,
producing the electrical difference. Moreover, we performed the gas sensing experiment in
self-supported LC-CNTs (without the Si substrate), using Au electrodes in the top and the
bottom, and there was no change in the resistivity response. Thus, the heterojunction is
expected to promote the sensing gases mechanism and, to explore its nature, an analysis of
the electrical transport is carried out below.

Table 2. Maximum resistive response measuring under exposure to 5% of H2 and C2H2 concentration
in Ar atmosphere for several LC-CNTs devices.

w (nm) H2 Max. Resp. (%) C2H2 Max. Resp. (%) Conductance/Area (S/m2)

0.3 ± 0.4 0 0 2.41 ± 0.02 × 10−3

0.4 ± 0.4 2.7 ± 0.1 5.2 ± 0.1 1.62 ± 0.01 × 10−1

0.7 ± 0.4 1.0 ± 0.2 5.7 ± 0.1 1.94 ± 0.02 × 10−1

1.1 ± 0.4 0.4 ± 0.2 1.3 ± 0.2 2.00 ± 0.02 × 100

1.9 ± 0.4 0 2.2 ± 0.2 2.90 ± 0.03 × 100

3.2 ± 0.4 0 0 6.83 ± 0.07 × 100

3.4. Electrical Characterization of the LC-CNTs/Si Junction

To explain the previous results, we study the junction between LC-CNTs and Si, with
a focus on the devices that exhibit the highest sensitivity. For that purpose, the dark
I–V curves were measured on samples that contain LC-CNTs with 0.4 nm, 0.7 nm, and
1.1 nm of wall thickness, in a voltage range from −1.5 V to 0.7 V at room temperature,
connecting the positive terminal to the LC-CNTs (Au-electrode) and the negative to the Si
substrate. The results are plotted in Figure 6, in which it is observed that the curves exhibit
a rectifying behavior with a high reverse current. In fact, these I–V curves can be modeled
by an equivalent circuit consisting of a resistance connecting in parallel with a diode and a
resistance in series, as shown in the inset of Figure 6.

Figure 6. Room temperature dark I–V curves of samples with wall thickness of 0.4 nm, 0.7 nm, and
1.1 nm. Equivalent circuit (inset).
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The I–V curves indicate that the arrays present two kinds of junctions attributed to the
contacts between LC-CNTs and Si. Since below 0 V, the I–V curves have linear behavior,
and above 0 V has a nonlinear tendance, the simplest model that explains this behavior is a
parallel system composed of rectifying (Schottky) and non-rectifying (ohmic) junctions. The
resistance in parallel (Rp) of the circuit represents the equivalent resistance of all LC-CNTs
ohmic-connected with the substrate. Meanwhile, the resistance in series (Rs) represents
the equivalent resistance of the LC-CNTs connected to the Si that forming a rectifying
junction. Thus, Rs considers the resistance of the LC-CNTs plus the junction resistances.
This junction can be modeled as a Schottky barrier [31,53], and the current through the
thermionic emission diffusion (TED) theory [54], described by:

ID = Is

[
exp

(
V

nVT

)
− 1

]
(3)

This model initially developed for charge carrier transport across potential barriers in
crystalline materials has also been used for non-crystalline systems [49]. Considering the
equivalent circuit (inset Figure 6), the total current through it is given by the expression [55]:

I = ID + Ip = Is

[
exp

(
V
(
1 + Rs/Rp

)− IRs

nVT

)
− 1

]
+

V
Rp

(4)

where ID is the current through the diode and Rs, Ip is the current through Rp, Is corresponds
to the saturation current, n is the ideality factor, and VT = kBT is the thermal voltage. The
analytical solution of this equation can be obtained using the Lambert W function [55].

I =
nVT
Rs

W
{

IsRs

nVT
exp

(
V + IsRs

nVT

)}
− Is +

V
Rp

(5)

Since the model is dictated by thermionic emission, Is has the following expression:

Is = A· A∗· T2· exp
(−φB

VT

)
(6)

where A is the contact area, A* is the Richardson constant, and φB is the barrier voltage.
Table 3 shows the parameters of the I–V curves fitting of Figure 6 and other relevant

information calculated from the fit parameters. It is observed that n, which is a measure of
conformity of the diode behavior to TED theory, has a close value to 1 (ideality), indicating
that the model is appropriate to describe the charge transport across the junction. The
equivalent resistance Rp decreases as the wall of the CNTs widens. This dependence was
expected due to his value is related to the individual resistance of the nanotubes, which
are less resistive as their wall thickness increases. The value of Rs slowly decreases as the
wall widens; however, in this case, it is not possible to attribute this only to the resistance
of the LC-CNTs due the junction resistances are expected to contribute to the equivalent
resistance Rs. However, the values of Rs and Rp can be used to get a lower bound of the
percentage of CNTs connected through a Schottky junction (SC), because Rs is an upper
bound of the equivalent resistance of the CNTs connected through a Schottky junction
but without considering the junction resistance contribution. This percentage is given by
SC = 100/(1 + Rs/Rp), and as we can be observed in Table 3, the number of CNTs connected
through a Schottky junction is more than 80% in all the cases.

218



Nanomaterials 2021, 11, 3040

Table 3. Fitted parameters of I–V curves as a function of wall thickness.

w (nm) n Rp (Ω) Rs (Ω) Is (nA) SC (%) A (m2) φB (eV)

0.4 ± 0.4 1.09 ± 0.01 11226 ± 171 1093 ± 16 0.11 ± 0.18 >91 5.5 × 10−8 0.34 ± 0.04
0.7 ± 0.4 1.00 ± 0.01 5019 ± 106 1110 ± 28 0.13 ± 0.54 >82 9.0 × 10−8 0.35 ± 0.11
1.1 ± 0.4 1.05 ± 0.01 3891 ± 36 872 ± 14 0.13 ± 0.26 >82 1.4 × 10−7 0.36 ± 0.05

From the currents Is, whose values are according to the literature [31,56], and based
on Equation (6), it is possible to estimate an average barrier voltage φB of the junctions.
For that, first is necessary to compute the contact area A for each sample. Considering
that one nanotube has a cross-sectional area given by the expression ACNT = wπ(Dp − w),
where w is wall thickness, and Dp ≈ 50 nm is the average pore diameter of the bare AAO, is
obtain a values of about 6 × 10−17 m2, 11 × 10−17 m2, and 17 × 10−17 m2 for samples with
0.4 nm, 0.7 nm, and 1.1 nm wall thickness, respectively. Then, the total number of CNTs
connected in each sample is around 1 × 109, since the area of the top electrode is ~10 mm2

and the pores cover about 20% of the total area of the electrode (determined from an image
processing method of a SEM picture of a bare PAM). Finally, the total contact area A of the
Schottky junctions can be calculated considering the percentage of the CNTs connected
to the Si through this junction. The values for A are shown in Table 3, together with the
average barrier voltage φB, which has values between 0.34 to 0.36 eV for the three samples.

Figure 7a–c shows the dark I–V curves as a function of temperature (20 K to 300 K)
of samples that contain LC-CNTs with a wall thickness of 0.4 nm, 0.7 nm, and 1.1 nm,
respectively. The three samples exhibit the same behavior: as the temperature decrease, the
slope of both sides of the I–V curves decreases, and the region voltage in which the curve
experiences the change in the slope moves to a higher voltage. With the model previously
discussed, we fit the I–V curves over the full range of temperatures. The conductance
σp = 1/Rp and σs = 1/Rs as a function of temperature are plotted in Figure 7d–f for each
sample, and the inserts show the ideality factor and the average barrier voltage φB. These
results are consistent with the hopping conduction of the Equation (2) determined for the
LC-CNTs, in which σp tends to zero and represents the conductance through the nanotubes.

Additionally, the ideality factor increases as the temperature drops since the TE
mechanism tends to vanish. This behavior is reported for Schottky junctions in the case of
tunneling through the contact barrier [57]. Moreover, the rise of φB when increasing the
temperature in Schottky contacts is related to the temperature-activated charge carriers
across the interface. The electrons at low temperatures can surmount the barriers through
tunneling, and when the temperature increases, the carriers gain enough energy to reach
the higher barrier through thermionic emission. Consequently, the obtained φB will raise
with the increase in temperature and bias voltage [58,59]. These results confirm that the
chosen model is satisfactory with the morphology and nature of all samples.

Finally, the existence of Schottky barriers between the LC-CNTs and Si reinforce that
the mechanism of gas sensing in the devices is through the permeability of the analytes
at the heterojunction. This mechanism is explained to the chemisorption of the analytes
on the interface, the layers, or the contact barriers that changes the local density of charge
carriers and induces a relatively large difference in the electrical measurements [60–62].
Even though all samples have the same sensing mechanism, there is an optimal CNT
morphology in such a way that the conductivity is propitious to transport the charge. For
instance, the thinner LC-CNTs have high resistance, and the electrical response cannot
be readout. On the other hand, when the tubes have thicker walls, they present lower
resistance, and the parallel equivalent circuit suppresses the Schottky contact effect.

Although there are devices with higher gas sensitivity than what is presented here, it is
possible to propose the decoration of the internal walls of the LC-CNTs with nanoparticles
to enhance their performance [63]. This opens the possibility to adapt the samples in an
attractive humidity sensor or multimode analyte analyzer by reading out the electronic
response [64]. The highly-order constitution of the nanotubes with perfectly perpendic-
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ular orientation opens the possibility to establish a robust platform to develop on-chip
devices [65].

Figure 7. (a–c) I–V curves measured at 300 K, 250 K, 200 K, 150 K, and 50 K of samples that contain
LC-CNTs with 0.4 nm, 0.7 nm, and 1.1 nm of wall thickness, respectively. (d–f) are the plot of the
conductance σp = 1/Rp and σs = 1/Rs as a function of temperature for each sample, the insert shows
the ideality factor and the average barrier voltage φB as a function of temperature.

4. Conclusions

The fabrication of LC-CNTs arrays with controllable dimensions on Si substrates
was successfully achieved using PAMs as templates. The low crystallinity of CNTs was
established by Raman spectroscopy and HRTEM. This condition was confirmed by the
electrical transport characterization, which shows that the CNTs exhibit a localization of
electronic states which depend on their wall thickness, causing 3D-VRH to be the dominant
electric transport mechanism. As the wall thickness increases, the electronic wave functions
are more delocalized and emerge a metallic transport mechanism parallel to the 3D-VRH.

The arrays containing LC-CNTs with wall thickness in the range of 0.4 to 1.1 nm,
exhibit a strong dependence of their resistance as a function of H2 and C2H2 concentrations
in an Ar atmosphere. The most representative array was the one containing LC-CNTs with
0.7 nm wall thickness, and it exhibits a maximum resistive response of 5% for C2H2 and
1% for H2 analytes at 5% of concentration. This sample shows a fast response in the gas
detection (few seconds) and a short recovery time (few minutes). The origin of this sensing
response is related to the existence of a Schottky junction between LC-CNTs and Si. This
heterojunction seems to be responsible for gases to permeate and disturb the electrical
transport in a specific wall thickness range of LC-CNTs. By engineering the junctions, it is
possible to optimize the gas sensing response of these arrays.
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Abstract: Tin dioxide (SnO2)-based materials, as anode materials for lithium-ion batteries (LIBs),
have been attracting growing research attention due to the high theoretical specific capacity. However,
the complex synthesis process of chemical methods and the pollution of chemical reagents limit its
commercialization. The new material synthesis method is of great significance for expanding the
application of SnO2-based materials. In this study, the SnO2/carbon nanotube nanonests (SnO2/CNT
NNs) composites are synthesized in one step by direct current (DC) arc-discharge plasma; compared
with conventional methods, the plasma synthesis achieves a uniform load of SnO2 nanoparticles on
the surfaces of CNTs while constructing the CNTs conductive network. The SnO2/CNT NNs com-
posites are applied in LIBs, it can be found that the nanonest-like CNT conductive structure provides
adequate room for the volume expansion and also helps to transfer the electrons. Electrochemical
measurements suggests that the SnO2/CNT NNscomposites achieve high capacity, and still have
high electrochemical stability and coulombic efficiency under high current density, which proves the
reliability of the synthesis method. This method is expected to be industrialized and also provides
new ideas for the preparation of other nanocomposites.

Keywords: tin oxide; carbon nanotube; direct current arc-discharge plasma; lithium-ion batteries;
anode materials

1. Introduction

Lithium-ion batteries (LIBs), as the growing popular power sources, have attracted
considerable attention in portable electronic devices and are attractive to power electric ve-
hicles [1–5].Therefore, developing new electrode materials and optimizing the preparation
process are still hot issues in current research. To circumvent the low theoretical capacity
(~372 mAh g−1), low energy and power density of traditional commercial graphite [6] and
meet the demands of better performance (higher power and energy density, super-long
cycle life and more excellent cycle stability) of LIBs, extensive efforts have been devoted
to find new anode materials which have higher theoretical capacity and better cycling
performance [7,8], such as silicon [9], metal oxides [10–12], alloys [13,14], carbon-based
composite materials [15–18], etc.

Among the above alternative anode materials, in the past few years, SnO2-based
materials have attracted growing research attention due to their suitable charge/discharge
voltage range, high theoretical specific capacity (~782 mAh g−1), low toxicity and cost [19],
meanwhile, various structures and preparation processes have been explored to remove
the biggest bottlenecks that great volume change (>200%) upon the large amount of lithium
insertion/extraction into/from SnO2 and prevent the pulverization of SnO2 [20,21]. Studies
have shown that an effective way to adapt to volume changes and maintain the mechanical
integrity of composite electrodes is to uniformly disperse SnO2 nanoparticles in a conduc-
tive matrix (especially carbon materials) [19–21]. Liu et al. [19] synthesized a new type of
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SnO2 nanorod structure grown on graphite by hydrothermal method; the results showed
that the SnO2/graphite composite maintained higher capacity and better cycling stability
than graphite. Wang et al. [20] prepared carbon-coated SnO2/C nanocomposites by a
two-step hydrothermal route, which exhibited a markedly improved cycling performance.
Chen et al. [22] fabricated the SnO2-reduced graphene oxide-carbon nanotube compos-
ites by a facile one-step microwave-assisted method, the electrochemical tests showed
that the SnO2-RGO-CNT composite with 60 wt.% SnO2 maintained a maximum capacity
of 502 mAh g−1 after 50 cycles at 100 mA g−1. Although the above studies have effec-
tively alleviated the volume change upon the large amount of lithium insertion/extraction
into/from SnO2, SnO2-based materials have not achieved sustained development in LIBs,
the complexity of the chemical preparation process and the contamination of chemical
reagents are also important reasons that limit their commercialization besides the discovery
of new high-performance electrode materials. Moreover, society’s initiatives for green and
environmental protection and the urgent desire to accelerate the process of industrialization
have driven the preparation of materials to a green and rapid transition. Therefore, devel-
oping new material synthesis methods is of great significance to expand the application of
SnO2/CNT composites.

In recent years, plasma technology has attracted widespread attention in the prepa-
ration and treatment of nanocomposites due to its simple operation, fast synthesis and
environmental friendliness [23,24]. Various metal oxides including nano-SnO2 have been
successfully prepared by the plasma method [25–27], which greatly avoided these problems
including the complexity of chemical methods and the use of chemical reagents. However,
the compounding process of SnO2 nanoparticles and conductive matrix is often another
process, which poses a higher challenge in the structural design and synthesis process
of SnO2-based composite materials.In previous works, the DC arc-discharge plasma has
shown excellent effects in realizing the dispersion of CNTs [28,29], providing a basis for the
design of CNTs conductive matrix structure, and the CNTs conductive network constructed
by plasma showed excellent conductivity in conductive films in our research [30], it is
bound to promote its application in LIBs. Besides, instantly loading SnO2 nanoparticles
over the surfaces of CNTs followed by the construction of CNTs conductive network
structure can not only buffer the volume expansion of SnO2 nanoparticles and realize the
synergy of two materials, but promote its industrialization due to the simple and green
preparation process.

Herein, the SnO2/CNT nanonests (NNs) composites are first synthesized in one step
by DC arc-discharge plasma, in this process, the dispersion of CNTs and the loading of
SnO2 nanoparticles are realized simultaneously, which overcomes the complex prepara-
tion of traditional chemical methods and the pollution of chemical reagents. Moreover,
the nanonest-like conductive structure provides large space for volume change, and also
enhances electron transfer between the electrode and SnO2 during lithium ions inser-
tion/extraction process. This method is expected to be industrialized and also provides
new ideas for the preparation of other nanocomposites.

2. Materials and Methods

2.1. Synthesis of SnO2/CNTs NNs Composites

The schematic diagram of the synthetic route of SnO2/CNT NNs composites is shown
in Figure 1a. First of all, micron-sized Sn particles (99.999% purity), CNTs (GT-400; length:
3–12 μm, diameter: 20–30 nm; Shandong Dazhan Nano Materials co. ltd.) and deionized
water (H2O) were initially mixed according to a mass ratio of 8:1:5, and stirred through
a glass rod for 30 min until uniform, in this process, additional H2O can be added ap-
propriately to further adjust the viscosity and uniformity of the mixture. Later, with a
metal wolfram rod as anode electrode, the prepared mixtures were squeezed into a dense
cylindrical electrode as cathode and moved onto a conductive substrate made of copper
to keep a certain distance (d) between two electrodes, and d = 2 mm in this experiment.
High-voltage direct current (Vh = 10,000 V) was applied between the two electrodes, and
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the DC arc-discharge plasma was generated while the air was broken down; the mixture as
the cathode will produce strong local dispersion under the action of the DC arc-discharge
plasma. The hot gas steam pushed the dispersed mixtures upward to the collecting sub-
strate, and finally adhered on the collecting substrate through the electrostatic interaction
and significant van der Waals force shown by the nanomaterials [29].

In the micro-composite mechanism of SnO2/CNTs NNs as shown in Figure 1b, under
the DC arc-discharge plasma, the H2O in the mixture was instantly bumping and the vol-
ume expansion force was generated, thereby forming the large pressure gradient between
the agglomerated CNTs, which forced the CNTs to be dispersed. Simultaneously, due to
the low melting point (232 ◦C), the micron-sized Sn particles were vaporizing under the
action of plasma thermal excitation, and forming the Sn steam zone near the dispersed
CNTs. Furthermore, Sn was oxidized to SnO2 thanks to the oxidizing active substance
in the plasma, and uniformly loaded over the surfaces of CNTs, forming the dispersed
SnO2/CNT composites structure. Finally, with the diffusion of SnO2/CNT and collection
on the collecting substrate, secondary agglomeration occurred due to van der Waals force
and static electricity [31], and the SnO2/CNT NNs composites were obtained.

 

 
Figure 1. Schematic diagram of the preparation process of SnO2/CNT NNs composites. (a) macro-
preparation process; (b) micro-composite mechanism.

2.2. Material Characterizations

The morphology was characterized by using a field-emission scanning electron mi-
croscopy (SEM) (Hitachi, Tokyo, Japan, SU8010). A transmission electron microscopy
(TEM) (Hitachi, Tokyo, Japan, H-8100) was adopted to characterize the further detailed
microstructure. Crystallite size determination and phase identification were carried out on
an X-ray Diffractometer (XRD) (Rigaku, Tokyo, Japan, Ultima IV) with Cu/Ka radiation
(k = 1.5406 Å). The Raman spectroscopy (Renishaw, Shanghai, China) with a 532 nm laser
line was applied to characterize the crystallinities of the pristine CNTs and SnO2/CNT
NNs composites obtained by DC arc-discharge plasma. The chemical compositions were
further characterized by adopting an X-ray photoelectron spectroscopy (XPS) analysis
under ultra-high vacuum using a Thermo ESCALAB 250Xi device employing an Al-Ka
(hv = 1253.6 eV) excitation source. Thermogravimetric analysis (TGA) was carried out by
using a thermogravimetric analyzer (Netzsch, Selb, Germany, TG 209 F1) with a heating
rate of 15 ◦C min−1 in air. In addition, The N2 adsorption/desorptiontest was estimated by
using specific surface and pore size analysis instrument (BET, BSD-PS1, Beijing, China).
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2.3. Electrochemical Measurements

For electrochemical measurement, SnO2/CNT NNs, conductive carbon black, and
polyvinylidene fluoride (PVDF), with a weight ratio of 8:1:1, were dissolved in N-methyl
pyrrolidinone (NMP) and mixed together thoroughly to form slurry. Then, the resultant
slurries were coated onto copper foil substrates. Finally, the working electrodes were
dried at 120 ◦C under vacuum for 12 h. Polypropylene film and Li metals were used
as separator and counter anode, respectively, and the 1.15 M LiPF6 electrolyte solution
dissolved in a mixture of ethylene carbonate/diethyl carbonate (1:1, vol.%) was electrolyte.
The electrochemical measurements were tested using a Battery Testing System (Ningbo
baite testing equipment Co., Zhejiang, China). Cyclic voltammetry (CV) curves were
collected on a CHI660D electrochemical workstation at 0.2 mV s−1 within the voltage range
of 0.01–3.00 V and electrochemical impedance spectroscopy (EIS) was performed at 23 ◦C
from 0.01 Hz to 100 KHz with a perturbation amplitude of 5 mV.

3. Results and Discussion

3.1. Microstructure and Morphology of SnO2/CNT NNs Composites

The microstructure and morphology of SnO2/CNT NNs composites are shown in
Figure 2. Figure 2a shows a typical SEM image of the SnO2/CNT NNs composites, it
can be clearly seen that SnO2 nanoparticles are uniformly embedded in dispersed CNTs
conductive network, which is attributed to the vaporization and oxidation process of
metallic Sn and the construction of the dispersed CNTs conductive network under the
action of DC arc-discharge plasma. More clearly, Figure 2b,c depicts the TEM images of
SnO2/CNT NNs composites, in which the SnO2 nanoparticles are densely anchored on the
surfaces of CNTs and the average particle size is approximately 5 nm. The overlapping
CNTs form a dense nanonest-like conductive network structure, which is conducive to the
transmission of electrons, besides, the unique nanonest-like conductive network structure
will provide a large void space and mechanical support to relieve the volume change and
strain caused upon the alloying/dealloying of SnO2, thereby preventing the pulverization
of SnO2 nanoparticles. The HRTEM image in Figure 2d shows lattice fringes with a pitch
of 0.33 nm, which corresponds to the interplanar distance of the (1 1 0) planes in rutile
SnO2 [32], meanwhile, it can be clearly seen that the lattice fringes of CNTs correspond to
the interplanar distance of the (0 0 2) planes.

Figure 2. (a) SEM, (b,c) TEM and (d) HRTEM images of SnO2/CNT NNs composites.

The XRD patterns of bare SnO2 and SnO2/CNT NNs composites are shown in
Figure 3a. The red line shows the main diffraction peaks of SnO2, by comparison with the
standard values (JCPS No. 21-1272), it is confirmed that the principal diffraction peak has
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a good correspondence with the tetragonal rutile phase of SnO2. The black line shows
that the peak positions assigned to SnO2 indexed well with the positions of the bare SnO2.
Besides, the (1 1 0) and (2 1 0) reflection of SnO2 is overlapped by the (0 0 2) and (1 0 0)
reflection of CNTs, respectively.

In order to explore the influence of DC arc-discharge plasma on the structure of CNTs,
the structures of the CNTs were analyzed by Raman spectra, as shown in Figure 3b. The
Raman spectrum of pristine CNTs were composed of two strong peaks at 1335 cm−1 and
1572 cm−1, corresponding to the D and G bands, respectively. The D band constitutes a
disordered induction characteristic, which is derived from the vibration of C atoms with
dangling bonds, while the G band is derived from the tangential shear mode in C atoms,
which corresponds to the tensile mode in the graphite plane [33,34]. The lower intensity
of D/G band intensity ratio (ID/IG) reflects the higher degree of graphitization; the ratio
of the intensities (ID/IG) was 1.06 for the pristine CNTs and 1.32 for the SnO2/CNT NNs,
which suggested that there was a certain degree of damage to the CNTs structure in the
process of preparing SnO2/CNT NNs by the DC arc-discharge plasma, which is consistent
with our previous researches [31]. The defects on the CNTs walls may cause many cavities
and alleyways in the graphite layers, which is beneficial to enhancing the anchoring effect
of SnO2 nanoparticles and CNTs, and also provides more reaction sites for Li+. Besides,
CNTs still have a high degree of graphitization and thus retain high electrical conductivity.

Figure 3. (a) XRD patterns of bare SnO2, SnO2/CNT NNs composites and (b) Raman spectra of
pristine CNTs, SnO2/CNT NNs composites.

The XPS studies were carried out to identify the chemical composition of SnO2/CNT
NNs composites. Figure 4a shows the XPS survey spectra of SnO2/CNT NNs composites, it
can be clearly seen that the SnO2/CNT NNs composites produced peaks corresponding to
O 1s, C 1s, Sn 3d as well as Sn 3p, indicating the presence of Sn in the sample besides CNTs
and SnO2, this is due to the fact that a small amount of Sn was not oxidized during the
preparing process by plasmas. Figure 4b–d illustrate the spectra for C, O and Sn elements,
respectively. The binding energy of 284.8 eV for C 1s mainly corresponds to the carbon
atoms in CNTs (Figure 4b). The peaks in Figure 4c correspond to the O spectrum with
different chemical states. The peak close to 530 eV could be assigned to O in SnO2, while
peak at around 532.3 eV can be assigned to O in H2O or adsorbed oxygen. In Figure 4d, the
Sn 3d spectrum obtained from the SnO2/CNT NNs composites exhibited binding energies
of 495.3 eV for Sn 3d3/2 and 486.9 eV for Sn 3d5/2, which confirmed that the rutile SnO2
nanoparticles were anchored on the surface of CNTs.

229



Nanomaterials 2021, 11, 3138

Figure 4. (a) XPS spectral survey of the SnO2/CNT NNs composites. (b) C 1s, (c) O 1s and (d) Sn 3d
spectrum obtained from the SnO2/CNT NNs composites.

TGA analysis was used to identify the composition and thermal/chemical stability
of the SnO2/CNT NNs composites, average of multiple measurements were adopted to
ensure the accuracy of SnO2 content, meanwhile, considering the refractory impurities
contained in CNTs, the CNTs (without Sn) dispersed by the DC arc-discharge plasma were
used as the benchmark to value the content of SnO2, as shown in Figure 5a. It can be
seen that the residual content of the same sample under different tests is very stable, the
average residual content of SnO2/CNT NNs composites and dispersed CNTs are 47.14%
and 2.60%, respectively, thus the content of SnO2 in the sample can be calculated to be
44.54%. Moreover, the SnO2/CNT NNs composites have higher thermal stability than
dispersed CNTs.

The porous structure of the SnO2/CNT NNs composites was characterized by N2
adsorption/desorption measurement. As shown in Figure 5b, the adsorption isotherm
and pore size distribution analyzed by using the Barrett-Joyner-Halenda (BJH) method.
The BET specific surface area of the SnO2/CNT NNs composites is 181.92 m2 g−1, and the
pore volume is 0.89 mL g−1. The average pore diameter of BJH is 16.76 nm. The abundant
pore structure and large specific surface are conducive to alleviate strain, enhance electron-
electronic contact area and improve the kinetics.
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Figure 5. (a) TGA curve of SnO2/CNT NNs composites in air. flow rate 20 mL min−1, heating
rate 15 ◦C min−1, (b) N2 adsorption/desorption isotherm of the SnO2/CNT NNs composites, inset
shows the porosity distribution by the Barrett-Joyner-Halenda (BJH) method.

3.2. Electrochemical Performance of SnO2/CNT NNs as Anode Materials in LIBs

The electrochemical behavior of SnO2/CNT NNs composites was evaluated by CV
as shown in Figure 6a. The CV curves of SnO2/CNT NNs composites in the first three
cycles represents the reaction process of SnO2 and CNTs during the cycle. In the first cycle,
the strong reduction peak appears at 0.8 V in the first cycle, which can be attributed to the
reduction in SnO2 during the reaction and the formation of a solid electrolyte interphase
(SEI) layer [35], and it also can be found with a lower intensity in the second cycle. The
peak close to 0.01 V may be attributed to the formation of LiC6 induced by Li intercalation
into CNTs, and other reduction peaks (0.01–0.8 V) can be attributed to the formation of
LixSn [36]. In addition, the peaks at 0.2 V and 0.5 V can be ascribed to deintercalation of
LiC6 and the dealloying of LixSn, respectively [35], and there is a weak oxidation peak at
1.23 V, which could be attributed to the partly reversible reaction from Sn to SnO2 [37] and
the unoxidized Sn within the SnO2/CNT NNs composites confirmed by Figure 4.

Figure 6b compares the charge-discharge cycle performance of bare SnO2 and SnO2/
CNT NNs composites, it can be seen that the bare SnO2 particles have an initial discharge
and charge capacity of 1914.3 and 1026.7 mAh g−1, respectively. The initial coulomb
efficiency is only 53 % comparable with that expected for SnO2 anodes, which is mainly
attributed to the formation of Li2O and SEI layer. Although the bare SnO2 exhibits a
high initial discharge capacity, the capacity rapidly declines to below 200 mAh g−1 after
60 cycles, displaying poor cycle stability of bare SnO2. By contrast, the SnO2/CNT NNs
composites shows excellent cycle stability except for the obvious capacity decay in the
initial cycle, achieving a capacity of 472 mAh g−1 after 200 cycles at 100 mA g−1. Besides,
the initial coulomb efficiency of SnO2/CNT NNs composites can reach up to 76 %.

In order to further investigate the rate performances of SnO2/CNT NNs composites,
the cycle rate gradually increasing from 100 mA g−1 to 1000 mA g−1 and then reversing
to 100 mA g−1, was adopted as shown in Figure 6c. It can be seen that the SnO2/CNT
NNs composites exhibit excellent cycling performance even at the high cycling rate of
1000 mA g−1, the reversible discharge capacity is still preserved at 395 mAh g−1 and the
coulombic efficiency is around 98.6 % after 40 cycles at different current densities. Although
the Coulomb efficiency is slightly reduced (96.5%), when reversing the cycling rate from
1000 mA g−1 to 100 mA g−1, the SnO2/CNT NNs composites show strong recovery ability
of capacity. The good rate capability can be associated with the nanonest-like structure, the
overlapping CNTs provide mechanical support to achieve good electrical contact between
the CNTs and SnO2 nanoparticles and can be conducive to the transmission of electrons
due to the high electronic contact area ensured by the large specific surface area.

Figure 6d displays the EIS spectra of the bare SnO2 and SnO2/CNT NNs composites,
both are composed of a semicircle in high frequencies and a diagonal line in low frequencies.
Based on the equivalent circuit, the EIS spectra are fitted as shown in the inset of Figure 6d.
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It can be seen that the fitting curves are well consistent with the EIS of both electrodes,
respectively. In high frequencies, the kinetic resistance of charge transfer at the electrode–
electrolyte interface is represented by Rct, the fitting results show that the Rct of SnO2/CNT
NNs composites is 119.8 Ω, which is lower than the 198.7 Ω of the bare SnO2, indicating
that the introduction of CNTs accelerate electron transport during the electrochemical
reaction and it has a higher charge transfer efficiency. Meanwhile, in low frequencies,
the slope of the line represents the ionic conductivity of materials, the impedance slope
of the SnO2/CNT NNs composites is greater than that of the bare SnO2, indicating that
the SnO2/CNT NNs composite has an excellent Li+ diffusion rate. This can explain why
SnO2/CNT NNs composites have better lithium storage characteristics than the bare SnO2
and exhibit better electrochemical performance.

Figure 6. (a) CV curves of the SnO2/CNT NNs composites at a scanning rate of 0.2 mV s−1,
(b) cycling performance at 0.01−3 V and 100 mA g−1 of the SnO2/CNT NNs composites and rare
SnO2, (c) the rate performance of the SnO2/CNT NNs composites at various current densities, and
(d) EIS spectra of the bare SnO2 and SnO2/CNT NNs composites at 25 °C from 0.1 to 100 kHz.

Figure 7 exhibits the SEM images after 200 cycles of SnO2 and SnO2/CNT NNs
electrode, it can be clearly seen that the surface of SnO2 electrode is rugged and shows
serious volume change. In the contrary, the surface of SnO2/CNT NNs electrode is flat and
smooth, and there is no obvious volume change, which is because the unique nanonest-like
structure provides adequate room for the volume expansion, this is why the SnO2/CNT
NNs electrode shows excellent electrochemical performance.
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Figure 7. SEM after 200 cycles of (a) SnO2 and (b) SnO2/CNT NNs electrode.

Based on the above results and discussion, the advantages of the plasma one-step
synthesis technology and the stable cycle performance of SnO2/CNT NNs composites are
attributed to the following points: (1) plasma one-step synthesis is to achieve a uniform load
of SnO2 nanoparticles while constructing CNTs conductive network, which saves time and
energy; (2) this synthesis does not involve any chemicals and it is more environmentally
friendly compared with conventional methods; (3) the overlapping CNTs form a dense
nanonest-like conductive network structure, which is conducive to the transmission of
electrons and ensures the excellent electron contact between Li+ and SnO2; (4) the defects on
the CNTs walls generated under the action of plasma may create many cavities and channels
in graphite layers, providing more reaction sites for Li+; (5) nanonest-like pore structure
provides adequate room for the volume expansion, allowing stable cycle performance by
preventing SnO2 nanoparticles pulverization.

All in all, these results suggest that the SnO2/CNT NNs composites exhibit high
reversible capacity and stable cycle performance. Additionally, the plasma one-step synergy
concept can effectively achieve a uniform load of SnO2 nanoparticles while constructing
CNTs conductive network, which is possessed of environmentally friendly, time- and
energy-saving advantages. Although SnO2-based materials are no longer new materials
applied in LIBs, experimental results confirm that the DC arc-discharge plasma as a method
has exhibited great potential for the synthesis of nanomaterials.

4. Conclusions

In this paper, we successfully synthesized the SnO2/CNT NNs composites for the first
time via DC arc-discharge plasma; in this process, the construction of CNTs conductive
network and the loading of SnO2 nanoparticles were realized simultaneously, this plasma
one-step synergy concept is possessed of environmentally friendly, time- and energy-saving
advantages compared with chemical synthesis. The SnO2/CNT NNs composites were
applied in LIBs, showing high specific capacity and stable cycle performance. It can achieve
a capacity of 472 mAh g−1 after 200 cycles at 100 mA g−1, which is due to the fact that the
nanonest-like CNT conductive structure provides adequate room for the volume expansion
and also helps to transfer the electrons. These results encourage further research in which
the DC arc-discharge plasma method can be used for synthesizing energy storage materials.
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Abstract: The design of 3D monoliths provides a promising opportunity to scale the unique properties
of singular carbon nanotubes to a macroscopic level. However, the synthesis of carbon nanotube
monoliths is often characterized by complex procedures and additives impairing the later macroscopic
properties. Here, we present a simple and efficient synthesis protocol leading to the formation of
free-standing, stable, and highly conductive 3D carbon nanotube monoliths for later application
in potential-controlled adsorption in aqueous systems. We synthesized monoliths displaying high
tensile strength, excellent conductivity (up to 140 S m−1), and a large specific surface area (up to
177 m2 g−1). The resulting monoliths were studied as novel electrode materials for the reversible
electrosorption of maleic acid. The process principle was investigated using chronoamperometry
and cyclic voltammetry in a two-electrode setup. A stable electrochemical behavior was observed,
and the synthesized monoliths displayed capacitive and faradaic current responses. At moderate
applied overpotentials (± 500 mV vs. open circuit potential), the monolithic electrodes showed a high
loading capacity (~20 μmol g−1) and reversible potential-triggered release of the analyte. Our results
demonstrate that carbon nanotube monoliths can be used as novel electrode material to control the
adsorption of small organic molecules onto charged surfaces.

Keywords: aqueous system; carbon electrodes; electrosorption; maleic acid; setup design; surface
oxidation; ultrasonic technology

1. Introduction

Since the discovery of carbon nanotubes (CNTs) by Ijima [1], research interest in these
seamless cylindrical graphene layers has been increasing steadily. Due to their outstanding
electrical [2], thermal [3], and mechanical properties [4], CNTs are already commercialized
for a variety of applications. For instance, in lithium-ion batteries, small quantities of
CNTs provide increased electrical conductivity and mechanical stability leading towards
an overall enhanced life cycle [5–8]. Nonetheless, CNTs to date are mainly utilized as
additives [5–10]. Thus, focussing the extraordinary properties of individual CNTs into
macroscopic 3D assemblies still presents a bottleneck on the route to further technical
applications [7].

Over the last years, monolith and aerogel synthesis has proven to be a promising
way to tune CNTs into macroscopic functional materials [11–15]. CNT monoliths consist
of a continuous particle network while simultaneously maintaining the morphological
identity of the CNTs [16]. Moreover, these 3D structures are characterized by a large
surface area, hierarchical pores, low density, and many accessible active sites for diverse
applications [16]. A common approach for monolith synthesis involves gel formation and
the subsequent drying out of a particulate suspension of CNTs. Due to the low crosslinking
forces between individual CNTs, the efficient dispersion and induction of gelation play
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critical roles in monolith synthesis. Therefore, components facilitating the gelation process
are often introduced during the synthesis [11–13,15,17–19]. In this context, Kohlmeyer et al.
achieved gel formation by using a polymer-based crosslinker [12]. Similarly, Zhang et al.
embedded multi-walled carbon nanotubes (MWCNTs) into a polymer matrix [18]. The
importance of an initial dispersion of the CNTs has been highlighted by Haghoo et al.,
who used sodium dodecylbenzene sulfonate (SDBS) for the dispersion of CNTs prior to
gelation [15]. However, it has to be considered that these mostly inert additives might alter
and impair the later properties of the monolith, as reported by Bryning et al., who reinforced
the CNT network with polyvinyl alcohol (PVA) during the monolith synthesis [17]. A
first step towards the synthesis of monoliths for technical applications was taken by Shen
et al., who focussed on a more economical synthesis protocol using low-cost MWCNTs [11].
While the use of MWCNTs could reduce material costs, the applied protocols in literature
still require prolonged time for gelation and special drying techniques such as supercritical
fluid drying [11,12,15,17,20]. Thus, the synthesis becomes complex and time-intensive,
further reducing the cost-performance ratio of the resulting monoliths [21]. Addressing this
research gap, we present a simple and efficient method for synthesizing stable and highly
conductive CNT monoliths derived from low-cost bulk MWCNTs. Utilizing ultrasonication
for the dispersion and gelation of the CNT suspension and only low amounts of PVA as a
stabilizing agent, as well as a simple pressing and heat drying approach, the complexity
and time for synthesis can be considerably reduced, enabling a facilitated scale-up and
possible technical application of the resulting monoliths.

Many efforts have been made, exploiting the use of CNT-based monoliths as electrode
material for supercapacitors or as scaffolds for catalysis [14,22–26]. However, a novel
and up-and-coming application alternative presents the targeted electrosorption onto
the monoliths’ chargeable surface. By applying an electrical potential, the interfacial
properties of the monoliths can be tuned in their surface charge and electrical double layer
(EDL) structure [27]. Hereby, the adsorption and desorption of ions and molecules can be
influenced and steered. In this context, several studies have been published on the use of
CNT monoliths for capacitive deionization (CDI) and the removal of inorganic ions from
brackish water [24,28,29]. However, the targeted electrosorption of organic molecules onto
carbon electrodes is still scarcely studied today.

In a simulative approach, Wagner et al. recently investigated the adsorption equilibria
of charged organic molecules at the CNT surface [30]. In view of potential-controlled effects,
the electrosorption of small organic molecules on a particulate CNT electrode has been
investigated for a chromatographic setup by Trunzer et al. [31,32]. In particular the role
of the EDL and the environmental conditions around the solid-liquid interface have been
emphasized as critical factors in the electrosorption mechanisms. However, shortcomings
of the setup were revealed to be the low electrode capacity and its structural changes
throughout the operation time. As a further optimization, the use of a monolithic electrode
can increase the mass to volume ratio of the electrode and consequently the number of
available binding sites, enable a better and more homogenous potential distribution, and
increase the overall structural stability of the electrode.

In the following sections, we characterize: the material properties of untreated and
oxidized MWCNTs for monolith synthesis (Section 3.1); the impact of ultrasonication
onto the dispersion and gelation of the particle network (Section 3.2); and the resulting
monoliths by their macroscopic properties and electrochemically as electrode material
(Section 3.3). Moreover, we provide proof of concept for the potential-controlled adsorption
and desorption of the small organic molecule maleic acid (Section 3.4). We aim to develop
a monolithic electrode for the potential-controlled adsorption of organic molecules as a
step ahead to more sustainable and cost-efficient separation processes in biotechnology.
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2. Materials and Methods

2.1. Materials and Instruments

MWCNTs were purchased from Future Carbon GmbH (CNT-K, Future Carbon GmbH,
Bayreuth, Germany). Prior to monolith synthesis, the particles were washed in 1 M HCl
(VWR Chemicals GmbH, Darmstadt, Germany) overnight at 80 ◦C to reduce the catalytic
residue and other contaminants, as suggested by the manufacturer. Surface oxidation of
the nanotubes (oxCNTs) was realized in 3 M H2SO4 (VWR Chemicals GmbH, Darmstadt,
Germany) and HNO3 (Merck GmbH, Darmstadt, Germany) (ratio 3:1 v/v, 30 min, 80 ◦C)
based on the works of Moraes et al. [33] and Shaffer et al. [34]. After oxidation, the
nanotube slurry was filtered and thoroughly washed with deionized water (DI-water) until
a neutral pH was reached. PVA (89,000–98,000, 99% hydrolyzed, Sigma Aldrich GmbH,
Taufkirchen, Germany) was utilized to reinforce the monoliths’ structure [11,17,35]. SDBS
was purchased from Sigma Aldrich GmbH. Maleic acid (absolute, Ph. Eur., AppliChem
GmbH, Darmstadt, Germany) was used as model adsorbate and electrolyte.

Particle characterization was performed with Fourier-transform infrared spectroscopy
(FTIR, ALPHA II, Bruker Co., Billerica, MA, USA), transmission electron microscopy (TEM,
100-CX, JEOL GmbH, Freising, Germany), and light microscopy (Axio 7 observer, Carl
Zeiss GmbH, Munich, Germany). CNTs were dispersed and gelled using a Branson Digital
Sonifier ultrasonic probe (Wattage 400 W, Branson Ultraschall GmbH, Fürth, Germany).
Wet gels were dried in a drying furnace (Heraeus Oven, Thermo Fisher Scientific GmbH,
Dreieich, Germany) or in a freeze-dryer (Alpha 1-2LDplus, Martin Christ GmbH, Osterode
am Harz, Germany). Monolith characterization was carried out using a Gemini VII surface
analyzer (Micromeritics GmbH, Unterschleißheim, Germany), and a Z2.5 tensile strength
testing machine (ZwickRoell GmbH, Fürstenfeld, Germany). To measure electrical conduc-
tivity, the monoliths were clamped in a 3D printed rig pictured in Figure S1 and contacted
by two-point gold pins. Electrochemical experiments were conducted using a Gamry I
1000 E potentiostat (Gamry Instruments, Warminster, PA, USA). For all electrochemical
experiments, an asymmetrical two-electrode setup was used. Planar monoliths functioned
as working electrodes while a porous steel foam (Alantum Europe GmbH, Munich, Ger-
many) with a pore size of 450 μm was utilized as a counter electrode (see Figure S2). The
electrodes were placed parallel in a self-printed test rig (Filament: ABS, Rudolf Wiegand
und Partner GmbH, Olching, Germany) (see Figure S2). For potential-controlled adsorption
experiments, the amount of adsorbed and desorbed analyte was quantified as triplicates
using an Agilent 1100 series high performance liquid chromatography (HPLC) system
(Agilent Technologies Inc., Santa Clara, CA, USA).

2.2. Particle Preparation and Characterization

For the determination of the point of zero charge (pHpzc), DI-water was adjusted to
pH values from 3 to 10 (pHinitial) using 10 mM HCl and NaOH. Afterward, dried CNT and
oxCNT particles were weighed to concentrations of 0.005 g L−1, 0.010 g L−1, 0.050 g L−1,

and 0.100 g L−1 and added to the liquid media. The suspensions were incubated at
250 rpm and room temperature (RT) for 24 h before measuring the pH again (pHfinal). All
experiments were conducted in triplicates. To study the ultrasonic impact on the gelation
of the CNT network, particle concentrations of 10 g L−1 and 40 g L−1 were ultrasonicated
(20%, 6 min, 10 s on, 15 s off) while cooled in an ice bath.

2.3. Monolith Synthesis

Our synthesis protocol is derived from the work of Shen et al. [11]. However, changes
were made to the existing protocol as we refrained from using SDBS for the dispersion
of the CNTs. Instead, the impact of ultrasonication on the dispersion and gelation of the
CNT network was studied. We simplified the process with a shortened incubation time for
PVA and a subsequent centrifugation step. For the stabilization of the synthesized CNT
monoliths, we developed a simple pressing and heat drying approach. In Figure 1, the
synthesis steps for the preparation of CNT monoliths are illustrated.
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Figure 1. Schematic for the preparation of CNT monoliths.

Wet masses of CNT and oxCNT were dispersed in DI-water. Subsequently, the
dispersion was treated ultrasonically for up to 6 min. Afterward, the particles were
centrifuged and dispersed in an aqueous 1 wt-% PVA solution. After an incubation
time of approx. 5 min and a final centrifugation step, monoliths were formed from the
sediment using self-designed pressing molds (pressing weight: 4 kg) for cylindrical and
planar monoliths (see Figure 2). For the pressing of monoliths, CNT wet mass is evenly
distributed within the pressing mold in a first step. In a second step, the CNT wet mass
is compressed with stamps. After pressing, the wet monoliths were dried in a drying
furnace (72 h, 60 ◦C) or by freeze-drying (−58 ◦C, 0.04 mbar, 48 h). For further monolith
characterization and electrochemical experiments, only heat-dried monoliths were utilized.

 
Figure 2. Molds and stamps for the pressing of cylindrical (a) ø 10 mm and planar monoliths
(b) 50 × 40 × 5 mm.

2.4. Monolith Characterization

The BET surface was determined as triplicates at 77 K under nitrogen atmosphere.
By exposing the monoliths to predefined weight loads, the mechanical stability of the
monoliths was tested. In addition, tensile strength measurements were conducted for
planar monoliths. The conductivity was determined by the two point probe method and
determined in analytical and technical triplicates. For electrochemical characterization,
the potentiostat was operated in surface mode. As electrolyte solution, 6.5 mL of 5 mM
maleic acid adjusted to a pH of 7 was utilized. Chronoamperometric measurements
were conducted for up to 300 s in ±100 mV steps. Cyclic voltammetry was conducted
3 consecutive times at a scan rate of 1 mV s−1. The operation range was set between
−500 mV and +500 mV vs. the open circuit potential (OCP).
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2.5. Potential-Controlled Adsorption

Maleic acid was utilized as a model analyte. For potential-controlled adsorption
experiments, 6.5 mL of 5 mM maleic acid were adjusted to a pH of 7. A potential of +500 mV
vs. OCP was applied during the adsorption phase for 15 min. After the adsorption phase,
test rig and counter electrode were rinsed and cleaned extensively using DI-water so that
only the effect of the working electrode would be observed and no remaining analyte on
the test rig and counter electrode could influence the concentration measurement. DI-water
at an adjusted pH of 7 was filled into the test rig to recover the model analyte. A potential
of −500 mV vs. OCP was applied for 15 min for the desorption phase. Due to its strong UV
absorbance maleic acid can easily be detected spectrophotometrically [31,32,36]. Hence,
adsorbed and desorbed amounts of maleic acid were determined as triplicates by measuring
the concentration in the supernatant through HPLC runs at a wavelength of 258 nm.
Electrosorption experiments were conducted for three subsequent runs with washing steps
for the monolith and test rig after each run to test the stability of the electrodes.

3. Results

3.1. Particle Oxidation and Characterization

Surface oxidation is often utilized to improve the dispersive behavior and hydrophilic-
ity of CNTs [37,38]. The increased presence of oxygen-containing surface moieties thus
leads to enhanced electrostatic repulsion and stabilization of the nanotube dispersion [34].
Intending to synthesize and stabilize monoliths containing minimal quantities of additives,
we compared untreated and oxidized CNT particles as raw material prior to monolith
synthesis. It therefore has to be considered that oxidation can lead to structural damage
and conductivity loss of CNTs [39–41]. Hence, particular focus was given to developing a
mild oxidation protocol (30 min, 3:1 v/v 3M H2SO4 to HNO3, ratio, 80 ◦C). As expected, no
structural damage could be observed through TEM-imaging for our oxidized nanotubes
(see Figure S3). In FTIR measurements, an increase in peak intensity for bands associated
with oxygen-containing surface groups indicates the successful surface oxidation of the
nanotubes (see Figure S4). As a result of functionalization a dominant increase of C-O
stretching vibrations visible at 1118 cm−1 proves the augmented presence of ester, ether and
alcohol groups on the nanotubes surface [42]. Moreover, an increasing peak intensity for
bands associated with C=O stretching can be observed between 1700 cm−1 and 1500 cm−1

and confirms the presence of carboxylic acid and ketone groups [43]. Thus, we observe
functionalization of the nanotubes’ surface even upon mild oxidation conditions similar to
Avilés et al. [37]. Therefore, we expect good electrical properties of the CNTs.

Further, studying the solid-liquid interface is essential to understanding the later
adsorption of charged molecules onto the synthesized monoliths in aqueous systems.
In Figure 3, pH-shift experiments for untreated (green) and oxidized (blue, grey) CNTs
are presented. An increased number of oxidized surface species for oxCNTs could be
proven by determining the point of zero charge (pHpzc). The pHpzc is represented by
an intersection with the bisecting line in Figure 3 (pHinital = pHfinal). For the untreated
nanotubes, a pHpzc of 6.56 was determined. In contrast, a pHpzc between 1.67 and 2.16 was
observed for the oxidized samples, resulting from the deprotonation of surface hydroxyl
groups [44,45]. Thus, the strong influence of the oxidation onto the surface charge and the
nanotubes’ dispersibility is illustrated. For increasing mass concentrations of oxCNTs, an
explicit dependency on the strength of the pH-shift is visible, resulting from the enlarged
number and effect of oxidized surface groups. As also reported by Wagner et al. [30] and
Trunzer et al. [31], our experiments highlight the remarkable influence of the nanotubes
onto aqueous systems due to changes in the EDL.
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Figure 3. pH-shift experiments for untreated (green) and oxidized CNT-K (blue, grey) particles at
differing concentrations. The nanotubes were weighed in as dry mass. Incubation was conducted at
RT for 24 h.

3.2. Monolith Stability Dependence on Ultrasonication and Drying

Upon initial dispersion and gelation, carbon aerogels are traditionally dried by super-
critical fluid drying or freeze-drying in order to remove the liquid phase without disturbing
or collapsing the porous network [46–49]. However, both methods are rather expensive,
time-consuming, and hard to handle. With the goal of a simplified and optimized syn-
thesis protocol, we studied the impact of ultrasonication and subsequent heat drying on
the monoliths’ stability compared to a more traditional dispersant-aided freeze-drying
approach. Hereby, we determined ultrasonic treatment prior to pressing and drying of the
CNT gel as a critical factor to achieve stable and free-standing monoliths.

Through the high energy impact of sonication onto the CNT suspension and the
resulting shear stress, individual agglomerates can be separated, leading to a dispersion
of the particles [50,51]. Interestingly, with increasing sonication time, even swelling of the
CNT network can be observed, as illustrated in Figure 4a,b. Thus, strong water uptake
of the CNT network is indicated, as also discussed by Trunzer et al. [32]. Moreover,
with increasing ultrasonic impact, strong gelation of the CNT-water suspension can be
triggered. After 6 min of ultrasonic treatment, the CNTs form a gel displaying no free
water, as displayed in Figure 4c. However, it has to be considered that similar to harsh
oxidation conditions, the high energy impact during ultrasonication can lead to scission
and structural damage of the CNTs [50,52,53]. Thus, we additionally studied the impact of
sonication-induced shear forces through TEM imaging (see Figure S3), where no significant
structural effect on the CNTs could be found upon a six-minute ultrasonic treatment.

  
(a) (b) 

Figure 4. Cont.
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(c) (d) 

Figure 4. Ultrasonic impact on CNT suspensions: (a) 0.4 g CNTs in 40 mL DI-water, no ultrasonic impact; (b) 0.4 g CNTs
in 40 mL DI-water, ultrasonic impact (20%, 6 min, 10 s on, 15 s off) (c) 0.4 g in 40 mL DI-water after different times of US
(20%, 10 s on, 15 s off): l.t.r.: 0 min (prompt sedimentation), 3 min (more viscous), 6 min (highly viscous, gel-like); (d) 0.4 g
CNTs in 10 mL 10 g L−1 SDBS after different times of US (20%, 10 s on, 15 s off): l.t.r.: 0 min (prompt sedimentation), 3 min
(dispersed system), 6 min (dispersed system).

In contrast to an ultrasonically steered approach, the use of dispersing agents has
already established itself as a first step in the synthesis of CNT monoliths [11,15–17].
However, utilization of dispersants introduces an additional component to the monoliths’
network, further influencing its adsorptive properties, as shown by Li et al. for pristine
CNTs [54]. Introducing nanotube gelation through ultrasound, the addition of surfactants
disturbed the gelation process in our system (see Figure 4d). Here, the utilized dispersant
SDBS strongly accumulated on the surface of the nanotubes during ultrasonication, leading
to sterical separation and inhibition of gel formation (see Figure S3d) [55,56]. Consequently,
we were able to proceed with our synthesis without additional dispersing agents.

Heat drying the sonicated and pressed CNT-gel, we found that the resulting monoliths
remained intact with increasing sonication time even after prolonged water incubation
and shaking of the sample container (see Figure 5a). For instance, upon a heat drying
approach, the synthesized monoliths showed no sign of disintegration in DI-water even
after 6 months of incubation. In contrast, monoliths pressed with no prior sonication
treatment dissolved and broke easily upon contact with water. For heat-dried monoliths,
a considerable shrinking could be observed during drying as water evaporates from the
particle network. Comparison of heat drying to a traditional freeze-drying approach as
described by Bryning et al. [17] showed that the initial size of the wet gel is preserved for
the most part (see Figure 5b). However, the stability of the monoliths decreases to a great
extent as the particle network could not be further stabilized during drying.

  
(a) (b) 

Figure 5. Solubility of cylindrical monoliths in DI-water synthesized with different US duration (A: 0 min, B: 3 min, C: 6 min),
dried at 60 ◦C for 72 h (a) (A1–C1), and freeze-dried for 48 h (b) (A2–C2). Pictures were taken after 1 min of incubation.
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3.3. Monolith Structure and Conductivity

For the further characterization of CNT monoliths, PVA was applied as a structural re-
inforcement as previously described by Bryning et al. [17]. Especially for planar monoliths,
utilized for electrosorption and described in Section 3.4, we found that small concentrations
of PVA further increased the homogeneity and stability. In the following, we characterize
monoliths comprised of untreated and oxidized CNTs to determine their suitability as
electrodes in an electrosorption process.

Our synthesized cylindrical monoliths were free-standing and characterized by a
remarkably high structural stability. For example, three monoliths with a density of
approximately 0.3 g cm−3 supported a counterweight of 3000 g (see Figure S5), which
roughly translates to over 5000 times their weight. Moreover, the tensile strength for planar
monoliths was determined to 4.28 ± 0.71 MPa, further emphasizing the high structural
stability of our CNT monoliths and their suitability as technical electrodes.

The surface area of the untreated nanotubes was determined to 181 ± 2 m2 g−1. In this
context, Trunzer et al. reported a predominance of structurally closed tube ends for the used
CNTs, possibly due to the synthesis process [31,57]. Given that, the oxidation of the CNTs
did not influence the tube structure as a specific surface area (SSA) of 175 ± 2 m2 g−1 was
measured for the oxidized sample (see Figure 6). Remarkably, the SSA could be preserved
during monolith synthesis with untreated and oxidized nanotubes, as the SSA decreased
only by 2%, respectively. This effect can be attributed to our additive-free gelation approach
and the scarce utilization of PVA as a binder. Within the development of our synthesis
protocol, we changed the incubation conditions of the wet gel in 1 wt-% PVA from several
days as described by Bryning et al. [17] to a quick dispersion and centrifugation step with
subsequent discard of the supernatant. Thus, we expect less PVA accumulation on the
surface of the nanotubes, and therefore preservation of the CNTs’ electrical and structural
properties. Indeed, we were able to synthesize CNT monoliths with a reduced SSA loss
compared to similar synthesis approaches [11,24]. For instance, Shen et al. [11] reported an
SSA loss of 26% upon monolith synthesis. Hence, with our synthesis protocol, a vast num-
ber of possible binding sites for the later application as an electrode in an electrosorption
process should be provided, which will be examined and discussed in Section 3.4.

 
(a) (b) 

Figure 6. Specific surface area (a) and electrical conductivity (b) for untreated and oxidized monoliths.

Additionally, we observed the preservation of the CNTs’ exciting properties through
conductivity measurements illustrated in Figure 6b. The electrical conductivity was found
to be strongly dependent on the pretreatment of the nanotubes. For untreated monoliths, a
conductivity of 74 ± 9 S m−1 was measured in a dried state. Utilizing monoliths comprised
of oxidized nanotubes, the conductivity is almost doubled to 141 ± 15 S m−1. This indi-
cates an improved particle network formation during the monolith synthesis of the mildly
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oxidized nanotubes. After incubation in DI-water, both materials experience a considerable
reduction of conductivity. Here, DI-water is stored in the porous structure of the monoliths
and inhibits the current flow. Monoliths made of untreated CNTs display a loss of conduc-
tivity of 51% to 36 ± 9 S m−1, while the oxidized monoliths possess a marginally higher
conductivity of 42 ± 13 S m−1. Nonetheless, a high conductivity can be observed for the
synthesized monoliths, in a dry and wet state, which is essential for the later electrosorption
in aqueous systems. Compared to Shen et al. [11] and Bryning et al. [17], on whom our
synthesis protocol builds, we were able to increase the conductivity of MWCNT monoliths
by at least one order of magnitude. Here, the pressing and subsequent heat drying of the
gelled CNTs might additionally benefit the later conductivity of the resulting monoliths as
the particle network becomes more compressed in the process. Simultaneously, we were
able to reduce the synthesis steps, as well as the needed equipment and time. Thus, the
synthesis and processing costs of the monoliths can be reduced.

3.4. Electrochemical Characterization

Chronoamperometry and cyclic voltammetry (CV) experiments were performed to
investigate the suitability for potential-controlled adsorption as well as the electrochemical
reactions between the monoliths’ surface and the electrolyte environment. Within this
framework, maleic acid as a negatively charged electrolyte and target molecule is frequently
studied for electrosorption onto carbon electrodes [30–32,36,58]. Brammen et al. [36] and
Trunzer et al. [31] already observed reversible maleic acid binding onto a particulate CNT
electrode in aqueous systems, thus ensuring its suitability to study the surface-liquid
interface of our novel monolithic CNT electrodes.

Figure 7a,b show an initial high current due to the electrodes’ double-layer charging.
As the double layer extends, the current profile declines until a nearly constant value is
achieved. The curves do not reach zero. Hence, a remaining faradaic current is observed for
untreated and oxidized monoliths, confirming deviations from an ideal capacitive system.
Consequently, the studied monolithic electrodes display a resistance, which can be related
to the observed faradaic current. This observed equilibrium current is generated by redox
reactions causing constant electron flow on the electrode and is illustrated in Figure 7c.
Hereby, an increased current response for monoliths comprised of oxidized CNTs is visible
compared to untreated CNT monoliths. The higher faradaic current results from redox
reactions between functional groups on the surface of the oxidized nanotubes [59,60]. This
assumption can be further confirmed regarding the measured cyclic voltammograms of
untreated and oxidized CNT monoliths in Figure 8. As the successive scans remain nearly
congruent, no irreversible reactions are expected for the untreated CNTs. Moreover, its
smooth shape approximates a capacitive behavior. Monoliths consisting of oxCNTs, on
the other hand, behave slightly differently. A greater CV area can be observed, indicating
an enlarged capacitance. At around +550 mV, a redox peak is passed through, assigned to
oxidized groups on the monolith’s surface. Moreover, the voltammetry scans for oxCNT
monoliths pictured in Figure 8 behave slightly inconsistent. Thus, further irreversible
reactions on the surface-electrolyte-interface might be displayed. While the increased
current response of oxCNT demonstrates improved electrosorption capability, indicated
irreversible reactions might negatively impact a reversible process. The following section
examines how these interrelationships are manifested in a practical electrosorption process.
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Figure 7. Chronoamperometry experiments for untreated (a) and oxidized (b) CNT-K monoliths. The calculated resulting
mean current after EDL rearrangement for both materials is presented in (c).

Figure 8. Cyclic voltammetry of untreated and oxidized CNT-K monoliths.

3.5. Potential-Controlled Adsorption on CNT-Monoliths

As a proof of concept, we studied the effect of applied potential on a model analyte’s
adsorption and desorption behavior, pictured in Figure 9. In potential step experiments, the
potential-controlled adsorption behavior onto CNT monoliths could be proven. Untreated
CNT monoliths showed initial adsorption of 10.7 ± 4.7 μmol g−1. Upon potential switch, a
released amount of 6.2 ± 0.6 μmol g−1 could be detected, resulting in a release efficiency
of 57%. In the following runs, the amount of adsorbed maleic acid firmly declined for the
untreated monoliths. Changes on the monolith’s surface and strongly bound analyte, not
removed through the washing steps, might impair the repeated use of the electrodes and
can lead to deviations of the measured concentrations. The availability of active binding
sites is thereby drastically reduced. The released amount of analyte slightly increases
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during the subsequent runs. The presence of unremoved analyte from the first run is
thus confirmed.

 
(a) (b) 

Figure 9. Potential-controlled adsorption and release experiments for 5 mM maleic acid at pH 7 onto untreated (a) and
oxidized (b) CNT-K monoliths. A potential of +500 mV for the adsorption and −500 mV for the desorption phase was
applied for all experiments. Potentials were applied for 15 min during adsorption and release phase.

A major increase in adsorption capacity can be observed during all runs for oxidized
monoliths, possibly due to an enlarged number of binding sites and enhanced current
response. However, as the amount of released analyte upon potential inversion is reduced,
another binding mechanism between the electrode’s oxidized surface and the analyte
might be revealed. This heterogeneity is often recognized for carbon nanotubes, as different
sorption mechanisms, such as π-π bonds, hydrophobic interactions and hydrogen bonds,
may act simultaneously [61]. Particularly for monoliths consisting of oxidized CNTs,
electrosorption does not take place exclusively on the surface, aggravating the potential-
dependent release of the analyte.

Conventional electrosorption processes studied for the adsorption of smaller inorganic
ions show similar adsorption capacities compared to our oxidized monoliths [62–64].
However, it has to be considered that the cited studies were conducted in flow-through
setups, thus benefiting from an increased mass transport towards the electrode. In this
context, the tested monoliths display good electrosorption properties even at weak applied
potentials due to their high conductivity and SSA. Nonetheless, further investigation of the
monoliths in a flow-through setup might improve the adsorption and desorption behavior
due to mass transport effects.

4. Conclusions and Outlook

This study presents a simple and cost-efficient synthesis protocol, preserving the
outstanding structural and electrical properties of carbon nanotubes during monolith syn-
thesis and leading to stable and free-standing monoliths. Moreover, our work combines a
broad material characterization of the synthesized monoliths with a subsequent investi-
gation of interfacial effects occurring on the monoliths’ surface, as well as an integrated
electrosorption study. Thus, it paves the way towards a future application of monolithic
CNT electrodes in an electrochemically driven separation process.

For the stability of the synthesized monoliths, we determined the dispersion and
gelation of the particles by ultrasonication during the synthesis process to be a key factor.
Thus, ultrasonic treatment led tow strong gelation as drying in a heating chamber further
stabilized the CNT network. We utilized untreated and mildly oxidized CNTs for monolith
synthesis. Both materials enable the formation of stable monoliths with a comparable
specific surface area. However, by using oxidized CNTs the conductivity of the monoliths
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could be strongly increased, indicating a more homogenous and pronounced particle
network. Upon electrochemical characterization, the presence of capacitive and faradaic
currents could be determined for both materials. However, pronounced faradaic currents
were detected with oxidized monoliths, leading to an overall stronger current response.
The potential-controlled adsorption of maleic acid was investigated as a proof of concept for
an electrosorption process on CNT monoliths. Untreated and oxidized monoliths showed
electrosorption behavior. While the adsorption capacity could be improved through
oxidation, strong heterogeneous interactions still complicate a potential-triggered release
of the model analyte. In this respect, the utilization of electro-active composites might be a
possible way to control the reversible electrosorption onto CNT monoliths. Furthermore,
the interfacial interactions guiding the reversible electrosorption of organic molecules
should be further examined. With the goal of developing a potential-controlled process for
biotechnological separations, we continue working on a preparative setup for the targeted
electrosorption onto CNT monolith electrodes.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/app11209390/s1, Figure S1: Test rig for conductivity measurements on cylindrical monoliths.
Figure S2: Electrode contacting and test rig for potential-controlled adsorption experiments. Figure
S3: Agglomerates of CNTs after oxidative and ultrasonic treatment in DI-Water and SDBS. Figure
S4: FTIR spectra of untreated and oxidized CNT-K particles. Figure S5: Mechanical strength of
cylindrical and planar monoliths.
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Abstract: A comprehensive characterization of various carbon nanotube (CNT) yarns provides
insight for producing high-performance CNT yarns as well as a useful guide to select the proper
yarn for a specific application. Herein we systematically investigate the correlations between the
physical properties of six CNT yarns produced by three spinning methods, and their structures and
the properties of the constituent CNTs. The electrical conductivity increases in all yarns regardless
of the spinning method as the effective length of the constituent CNTs and the density of the yarns
increase. On the other hand, the tensile strength shows a much stronger dependence on the packing
density of the yarns than the CNT effective length, indicating the relative importance of the interfacial
interaction. The contribution of each physical parameter to the yarn properties are quantitatively
analyzed by partial least square regression.

Keywords: carbon nanotubes; yarn; electrical conductivity; tensile strength; nanotube length

1. Introduction

Carbon nanotubes (CNTs) display very high electrical conductivities, thermal conduc-
tivities, as well as mechanical strengths, and sorption abilities [1–5]. Because they also have
lower densities than metals such as copper and steel [6], CNTs have potential as alternating-
current power cables and wires. In fact, their estimated electrical conductivity is as high as
900,000 S/cm, which is much larger than that of copper (600,000 S/cm) [7]. Additionally,
the tensile strength of CNT bundles is ~80 GPa, whereas that of steel is ~1 GPa [2].

To preserve superior properties in macroscopic CNT-based structures, the production
of yarns composed of CNTs offers a potential for high-strength and lightweight materials
that are also thermally and electrically conductive [8–12]. Macroscopic CNT yarns show an
electrical conductivity and tensile strength of 10,900 S/cm and 9.6 GPa, respectively [13–15].
Their values are within a factor of those of aluminum and commercially available carbon
fibers, respectively. CNT yarns exhibit a strength similar to carbon fibers and an electrical
conductivity similar to metal.

Currently, CNT yarns are mainly produced by three methods: dry spinning from multi-
walled CNT (MWCNT) forests, direct spinning from a CVD furnace, and wet-spinning of
CNTs (Scheme 1). Elucidating their structures, properties, and relationships are critical to
realize practical applications of CNT yarns.
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Scheme 1. Schematic representation of spinning methods for CNTs. (a) Dry spinning by draw twist
process from CNT forest, (b) dry spinning from CNT furnace, and (c) wet-spinning.

We previously investigated the electrical and mechanical properties of wet-spun CNT
yarns using far-infrared (FIR) spectroscopy. These properties are related to the effective
CNT length [16–18]. The observed FIR peak can be explained by the one-dimensional
plasmon model. Consequently, the estimated length can be ascribed to that of the clean
and straight CNT portion between defects or kinks (effective CNT length) [19–22]. FIR
spectroscopy is applicable to single-walled CNTs (SWCNTs) and MWCNTs because the
resonant frequency is insensitive to the CNT diameter [19,21]. On the other hand, the
G-band/D-band ratio in the Raman spectrum strongly depends on the CNT diameter and
CNT types.

Here, we systematically investigate the structure of various CNT yarns and the prop-
erties of the constituent CNTs. Our study evaluated yarns fabricated by three different
spinning methods using various CNTs. We observed the yarn structures and cross-sections
by scanning electron microscopy (SEM). We also estimated the average CNT diameters and
wall numbers by transmission electron microscopy (TEM), the CNT alignment by wide
angle X-ray diffraction (WAXD), the G/D ratios and the radial breathing modes by Raman
spectroscopy, and the effective CNT lengths by FIR spectroscopy.

Then we evaluated the electrical conductivities and the tensile strengths of the yarns,
and their correlation with the yarn and CNT properties. The electrical conductivity of
the yarns is significantly correlated with the effective CNT length, yarn density, and CNT
alignment in the yarns. In contrast, the tensile strength depends more on the yarn density
and the CNT alignment. To quantitatively evaluate the contribution of each physical
parameter to the properties of CNT yarn, the measurement data was analyzed using the
partial least square (PLS) regression [23–25].

2. Materials and Methods

The six commercially available CNT yarns were studied here (Scheme 1). Two CNT
yarns by dry spinning from CNT forests were purchased from Hamamatsu Carbonics
Corporation (Shizuoka, Japan) and Taiyo Nippon Sanso Corporation (Tokyo, Japan). The
CNT yarn by direct spinning from a CVD furnace (Miralon CNT yarn) was obtained from
Nanocomp Technologies Inc. (Merrimack, NH, USA). The wet-spinning CNT yarns from
surfactant-assisted aqueous dispersion and strong acid dispersion were purchased from
Meijo Nano Carbon Co., Ltd. (Aichi, Japan) (EC-Y type I and II) and DexMat Inc. (Houston,
TX, USA), respectively.

The morphologies of the CNT yarns were observed by SEM microscopy (Hitachi
SU-8200, Tokyo, Japan). The diameter and wall number of the CNTs were estimated
by TEM microscopy (EM002B, Topcon, Tokyo, Japan), while WAXD (AichiSR, beam line
BL8S3, Aichi, Japan) assessed the CNT alignment in the yarns. The photon energy was
13.48 KeV (λ = 0.092 nm). The sample-to-detector distance was 0.208 m. The WAXD
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spectra were measured using a two-dimensional detector (R-AXIS VII++). The scattering
wave vector q = 4πsinθ/λ, where θ is the scattering angle. The Raman spectra were
measured with inVia (Renishaw, Wotton-under-Edge, England, UK) with an excitation
wavelength of 532 nm. The effective length of each CNT was estimated from its FIR
optical absorption spectrum [20,22]. The FIR measurements were acquired using Vertex 80v
(Bruker Optics, Billerica, MA, USA) and TR-1000 (Otsuka Electronics, Osaka, Japan). The
average structural CNT lengths were estimated from the AFM measurements (Shimadzu
SFT-4500, Kyoto, Japan).

The electrical resistance of the CNT yarn was measured using the four-terminal
method with a probe system (Summit12000, Cascade Microtech, Beaverton, OR, USA) and
a semiconductor device analyzer (B1500A, Keysight, Santa Rosa, CA, USA). Three samples
were measured for each CNT yarn type. The distance between the two terminals of the
differential voltage measurement system was 30 mm. The obtained values were averaged
for, at least, three samples for each CNT yarn.

The breaking strengths of the CNT yarns were measured in tensile tests with a micro
strain tester (MST-I, Shimadzu, Kyoto, Japan). The test pieces and the test conditions
followed the Japanese standard, JIS R 7606, which is a standard protocol for carbon fiber
tensile testing. The gauge length was fixed to 25 mm, and the head speed was fixed to
1 mm/min. Three samples were measured for each CNT yarn type.

Thermogravimetric analysis (TGA) was used to estimate the carbonaceous purity of
the CNT yarns with TGAQ500 (TA instruments, New Castle, DE, USA).

PLS models were constructed from the covariance between the standardized response
variables (electrical conductivity or tensile strength) and the standardized explanatory
variables (physical parameters). Details for select measurement procedures are described
in the Supplementary Materials.

3. Results and Discussion

3.1. Structural Characterizations of Commercially Available CNT Yarns and Their Constituent CNTs

The structural and physical properties of CNT yarn strongly depend on the spinning
method [8–12,26]. Figures 1 and 2 show SEM images of the CNT yarns evaluated in this
study. Hamamatsu and Taiyo Nippon Sanso yarns were made by dry spinning from CNT
forests [27]. Their estimated diameters by laser micrometer are 59 and 31 μm, respectively
(Table 1, see the Supporting Information). This method spins CNTs from a CNT forest by
twisting. The twisted structure is visible from the side views (Figure 1). The roundness of the
cross-sections exceeds those of the other yarns, reflecting the high controllability of the dry
spinning methods (Figure 2a). The network structures in the high-magnification images show
the different diameters of the constituent CNTs (Figure S1 in the Supporting Information).

Figure 1. Side-view SEM images of CNT yarns.
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Nanocomp Miralon yarn is produced by direct spinning from a CVD furnace [28]. It
has a unique structure among the CNT yarns, including conventional direct spun CNT
yarns [29–31]. The low-magnification image shows non-negligible voids in the yarn
(Figure 2a), whereas the CNTs seem well packed and sub micrometer voids rarely ap-
pear in the high-magnification image (Figure 2b). The estimated yarn diameter is 230 μm,
which is the largest among the yarns in this study (Table 1).

Figure 2. Cross-sectional SEM images of CNT yarns. (a) Low-magnification images. (b) High-
magnification images.

Table 1. Physical properties of the CNT yarns in this study.

CNT Yarns
Hamamatsu
Carbonics

Taiyo Nippon
Sanso

Nanocomp
Miralon

Meijo EC-Y
Type I

Meijo EC-Y
Type II

DexMat

Yarn diameter (μm) 59 31 230 90 76 20

Average diameter of CNTs (nm) 45 ± 1 12 ± 0.2 5.3 ± 0.1 1.8 ± 0.05 1.7 ± 0.04 2.2 ± 0.05

Average wall number 50 ± 2 8.5 ± 0.1 1.9 ± 0.03 1.4 ± 0.05 1.4 ± 0.05 1.6 ± 0.05

CNT type MWCNT MWCNT FWCNT SWCNT SWCNT FWCNT

WAXD (002) FWHM (degree) 42.8 23.7 9.4 21.4 38.4 7.7

Herman orientation factor 0.86 0.89 0.94 0.82 0.78 0.94

G/D ratio 2.2 ± 0.03 1.2 ± 0.03 3.3 ± 0.3 50 ± 5 98 ± 9 31 ± 2

CNT effective length (nm) 270 130 470 2300 2300 1800

CNT length by AFM (μm) 11 ± 2 (a) 1.1 ± 0.07 (a) 3.9 ± 0.4 (b) 3.2 ± 0.2 (b) 1.7 ± 0.1 (b) 1.3 ± 0.1 (b)

Yarn Density (mg/cm3) 450 1111 985 353 575 1670

Electrical conductivity (S/cm) 462 588 16,627 1725 3334 70,659

Tensile strength (MPa) 151 716 1193 69 111 1595

(a) Individual MWCNTs; (b) Bundles of SW or FWCNTs.

Meijo CNT yarns are wet-spun in a surfactant-assisted aqueous dispersion [32]. These
yarns have a ribbon shape, and the CNT bundles are sparsely entangled, rather than aligned
(Figure 2). DexMat yarn is produced by wet-spinning CNTs dispersed in a strong acid [10].
DexMat yarn has a rounded cross-section, and CNTs are well packed similar to Nanocomp
Miralon (Figure 2). Despite its high density indicated by the cross-section, the side view
clearly shows a bundled structure (Figure S1). DexMat has thicker bundles but its average
diameter is smaller (20 μm) than those of Meijo yarns (90 μm and 76 μm for type I and
type II, respectively) (Table 1).
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The diameters and the wall numbers of the constituent CNTs were estimated from
TEM observations (Figure 3 and Figure S2, Table 1). The average values of the CNT
diameters are widely distributed from 1.4 to 45 (Figure S2). Based on the observed wall
numbers, Hamamatsu Carbonics and Taiyo Nippon Sanso yarns consist of MWCNTs. The
other yarns, Nanocomp Miralon, Meijo, and DexMat, contain both FW and SWCNTs.

The CNT alignment along the long axis of the yarns was estimated by WAXD. The
WAXD spectra showed a broad peak between q = 11.41 and 25.27 nm−1, which corresponds
to the planes perpendicular to the CNT axis. The CNT alignments were estimated based on
the full width at half maximum (FWHM) of the azimuthal scan of the peaks (Figure 4). The
Hamamatsu and Meijo yarns have Herman orientation factors of 0.78–0.86 (Table 1). On
the other hand, DexMat and Nanocomp yarns display higher alignments (=0.94). Note that
the broad small peak at an azimuth angle = 150–200◦ is X-ray scattering from the Kapton
tape, which is used as a window material for the 2D detector and x-ray guideline.

Figure 3. TEM images of constituent CNTs of each yarn.

257



Nanomaterials 2022, 12, 593

Figure 4. WAXD azimuthal scan of CNT yarns.

3.2. Spectroscopic Characterizations

We performed two spectroscopic characterizations (Figure 5). Resonance Raman
spectroscopy is a powerful tool for evaluating CNT-based materials (Figure 5a). The
integrated G/D intensity ratio of each yarn ranges from 1.2 to 98. Meijo and DexMat
tubes show relatively larger G/D values, whereas the Taiyo Nippon Sanso, Hamamatsu
Carbonics, and Nanocomp Miralon samples show smaller values around two (Table 1).

Another parameter is the effective length (Leff), which is estimated from the optical ab-
sorption of CNTs in the FIR region (Figure 5b) [19–22]. Here, the length estimated based on
a one-dimensional plasmon resonance model [22] corresponds to the length (or the size) in
the high-crystallinity region of the CNT. Therefore, Leff directly correlates with the physical
properties of the CNT films and wet-spun yarns such as electrical conductivity [16,19]. SW
and FWCNTs have a longer Leff, whereas MWCNTs show a shorter Leff (Table 1).

Figure 5. (a) Resonance Raman spectra and (b) far-infrared spectra of the constituent CNTs in yarns.

258



Nanomaterials 2022, 12, 593

3.3. Electrical Conductivity

Figure 6a plots the electrical conductivities of the yarns as functions of Leff of the con-
stituent CNTs. The obtained values are typical for the given spinning method [14,16–18,26,28].
The values range over almost two orders of magnitude. There is no apparent correlation
between electrical conductivity and the effective length. However, dividing the CNT yarns
into two groups by their density (i.e., high and low densities) reveals a positive dependence
on the effective length within the group.

Figure 6. (a) Effective length, (b) density, and (c) Herman orientation factor dependences of the
electrical conductivity of yarns. (d) 2D contour plot of the yarn conductivity.

The density dependence of the electrical conductivity does not show a clear trend
(Figure 6b). Similar to above, classifying the CNT yarns into two groups depending
on the number of walls, (i.e., MWCNTs and FW/SWCNTs) highlights an obvious de-
pendence on the yarn density. Since the wall number of CNTs is usually related to the
crystallinity [21], the effective lengths of FW and SWCNTs are longer than those of MWC-
NTs. Consequently, the electrical conductivity depends on both Leff (crystallinity) and the
yarn density (Figure 6d). If one of these factors is low, the electrical conductivity will be low.
In other words, both the CNT effective length and density must be controlled to improve
the conductivity of CNT yarn.

The Herman orientation factor dependence of the electrical conductivity (Figure 6c)
is similar to the density dependence (Figure 6b). This is reasonable since highly aligned
yarns have larger densities (Figures 1 and 2). Indeed, the calculated correlation coefficient
between the Herman orientation factors and the yarn densities is 0.78.

Since Leff represents the length of the high-crystallinity region of CNTs, CNTs with a
longer Leff should exhibit a higher conductivity because there are fewer CNT junctions per
unit length. On the other hand, a common method to estimate the CNT length is performing
counting experiments with atomic force microscopy (AFM) [19,33,34]. Since the length
estimated by the AFM observation corresponds to the physically and structurally connected
one, we designated it as the ‘structural length’ (Lstr) in this paper. As shown in Figure
S4a in the Supporting Information, Leff and Lstr do not show a clear correlation, which is
consistent with the previous report [19]. Figure S4b shows the electrical conductivity of the
yarns as a function of Lstr estimated from the AFM observations. The electrical conductivity
of Hamamatsu Carbonics yarn is too low for the large Lstr. This means that although
the CNTs are physically connected, defects or kinks on the tube wall cause substantial
electrical resistance.
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3.4. Tensile Strength

Figure 7a,b show the tensile strengths of CNT yarns as functions of Leff and the yarn
density. The obtained tensile strengths are typical values for CNT yarns produced by the
corresponding spinning method [14,16–18,26–28,35,36]. Similar to the conductivity, we
classified the results into two groups by the yarn density. Although high-density yarns
seem to depend on Leff, low-density yarns do not. This means that Leff is a good parameter
for the tensile strength only if the yarn is sufficiently dense.

Compared with the electrical conductivity, the tensile strength shows a stronger
dependence on the yarn density (Figure 7b) and Herman orientation factor (Figure 7c).
Intuitively, CNTs in a dense yarn should have a larger total contact area with neighboring
CNTs than those in a low-density yarn. Until the individual CNTs start to slip relative to
each other, a greater frictional force is applied to the CNT surface. Thus, dense yarn with
a high alignment exhibits a higher tensile strength. Apparently, the increase in friction
between CNTs should be higher for longer CNTs. This situation is consistent for CNT yarns
with a higher density (Figure 7a).

Figure 7. (a) Effective length, (b) density, and (c) Herman orientation factor dependences of the
tensile strength of yarns.
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3.5. PLS Regression Analysis

The contribution of each physical parameter to the electrical conductivity and the
tensile strength was quantitatively analyzed by PLS regression. PLS regression is com-
monplace in statistics or machine learning, especially for spectroscopic data with high
multi-dimensional collinearity [23–25]. PLS regression can efficiently extract information
from data even with the multi-dimensional collinearity of variables. Since the absolute
values of the regression coefficients of standardized variables (|β|) are related to the
weights/importance, they are good indicators for interpreting or refining the variables.
Based on the results (Figure 8), the contributions of the effective length, yarn density, and
degree of orientation are higher than the others for the electrical conductivity. This may
indicate that it is important to form a current path with the shortest distance without
CNT-CNT junctions in CNT yarns.

Figure 8. PLS analysis of the electrical conductivity and tensile strength of CNT yarns.

On the other hand, the tensile strength is less dependent on the effective length and the
G/D ratio, which are parameters of CNT quality. The density and the Herman orientation
factor contribute almost equally. The fracture mechanism of CNT yarn in tension should be
dominated by the withdrawal of CNT. Thus, how close a CNT is to other CNTs is more
important than the strength of an individual CNT.

4. Conclusions

We here conducted comprehensive characterizations of six CNT yarns produced by
the different spinning methods with various CNTs. The structural properties of the yarns
were investigated by SEM, laser microscope and WAXD. The properties of the constitute
CNTs such as diameter, wall number, and effective length were characterized by TEM,
resonance Raman, and FIR spectroscopy. The relationship between the physical properties
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of the yarns and the obtained structural parameters were then examined. The CNT effective
length and the yarn density well characterize the electrical conductivity of all CNT yarns.
On the other hand, the tensile strength of the yarns exhibits much stronger dependence
on the yarn density. The stronger correlation of the tensile strength to the yarn density
indicates the importance of the interfacial interaction with adjacent CNTs (or CNT bundles)
in determining the mechanical properties. PLS analysis can explain the above observations
quantitatively. The present study offers the scientific perspectives on the neat CNT yarns.
One of the important findings is that DexMat yarn is composed of the longest class of
CNTs that we have ever measured [16–20], and the packing density is close to the highest
limit [6]. Therefore, to improve the properties of the CNT neat yarn further, post-treatment
processes such as doping [10] and cross-linking [37] will become crucial. The doping effects
on the electronic structures and the electrical conductivities of DexMat CNT yarn have
been investigated by the present research group, which will appear in near future.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/nano12040593/s1, Figure S1: Side-view SEM images of CNT yarn
at high magnification; Figure S2: (a) TEM images of CNTs used in each yarn. (b) Histograms of CNT
diameter and wall number; Figure S3: (a) AFM images of each CNT. (b) Histograms of CNT length;
Figure S4: (a) Relationship between structural length and effective length. (b) Structural length
dependences of electrical conductivity; Figure S5: (a) Photograph of custom-made fiber diameter
measurement system including high-speed optical micrometer (LS-9006MR series, Keyence).
(b) Schematic illustration of how to measure yarn diameter. (c) Cross-sectional SEM image of
Nanocomp Miralon yarn. (d) Voids extracted from the SEM image by using ImageJ software;
Table S1: Carbonaceous content of CNT yarns estimated by TGA.

Author Contributions: T.W., S.Y. (Satoshi Yamazaki), S.Y. (Satoshi Yamashita), and T.I. performed
the experiments and analyzed the data. S.M. performed PLS analysis. T.O. and T.W. co-wrote the
original manuscript. T.W., S.Y. (Satoshi Yamazaki), S.Y. (Satoshi Yamashita), T.I., S.M., T.M., K.K. and
T.O. discussed the results, commented on the manuscript, and approved its submission. All authors
have read and agreed to the published version of the manuscript.

Funding: This work was supported by a project (JPNP16010) commissioned by the New Energy and
Industrial Technology Development Organization (NEDO).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Li, H.J.; Lu, W.G.; Li, J.J.; Bai, X.D.; Gu, C.Z. Multichannel ballistic transport in multiwall carbon nanotubes. Phys. Rev. Lett.
2005, 95, 080601. [CrossRef] [PubMed]

2. Bai, Y.; Zhang, R.; Ye, X.; Zhu, Z.; Xie, H.; Shen, B.; Cai, D.; Liu, B.; Zhang, C.; Jia, Z.; et al. Carbon nanotube bundles with tensile
strength over 80 GPa. Nat. Nanotechnol. 2018, 13, 589–595. [CrossRef] [PubMed]

3. Cornwell, C.F.; Welch, C.R. Very-high-strength (60-GPa) carbon nanotube fiber design based on molecular dynamics simulations.
J. Chem. Phys. 2011, 134, 204708. [CrossRef] [PubMed]

4. Zhang, L.; Song, X.; Liu, X.; Yang, L.; Pan, F.; Lv, J. Studies on the removal of tetracycline by multi-walled carbon nanotubes. Chem.
Eng. J. 2011, 178, 26–33. [CrossRef]
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Abstract: Carbon nanomaterials have shown great potential in several fields, including biosensing,
bioimaging, drug delivery, energy, catalysis, diagnostics, and nanomedicine. Recently, a new class
of carbon nanomaterials, carbon dots (CDs), have attracted much attention due to their easy and
inexpensive synthesis from a wide range of precursors and fascinating physical, chemical, and
biological properties. In this work we have developed CDs derived from olive solid wastes of two
Mediterranean regions, Puglia (CDs_P) and Calabria (CDs_C) and evaluated them in terms of their
physicochemical properties and antibacterial activity against Staphylococcus aureus (S. aureus) and
Pseudomonas aeruginosa (P. aeruginosa). Results show the nanosystems have a quasi-spherical shape
of 12–18 nm in size for CDs_P and 15–20 nm in size for CDs_C. UV–Vis characterization indicates a
broad absorption band with two main peaks at about 270 nm and 300 nm, respectively, attributed to
the π-π* and n-π* transitions of the CDs, respectively. Both samples show photoluminescence (PL)
spectra excitation-dependent with a maximum at λem = 420 nm (λexc = 300 nm) for CDs_P and a
red-shifted at λem = 445 nm (λexc = 300 nm) for CDs_C. Band gaps values of ≈ 1.48 eV for CDs_P
and ≈ 1.53 eV for CDs_C are in agreement with semiconductor behaviour. ζ potential measures
show very negative values for CDs_C compared to CDs_P (three times higher, −38 mV vs. −18 mV
at pH = 7). The evaluation of the antibacterial properties highlights that both CDs have higher
antibacterial activity towards Gram-positive than to Gram-negative bacteria. In addition, CDs_C
exhibit bactericidal behaviour at concentrations of 360, 240, and 120 μg/mL, while lesser activity was
found for CDs_P (bacterial cell reduction of only 30% at the highest concentration of 360 μg/mL).
This finding was correlated to the higher surface charge of CDs_C compared to CDs_P. Further
investigations are in progress to confirm this hypothesis and to gain insight on the antibacterial
mechanism of both cultivars.
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1. Introduction

Since their serendipitous discovery as byproducts of the arc-discharged synthesis of
single-walled carbon nanotubes [1], carbon dots (CDs) represent an emerging, luminescent,
carbon-based nanomaterial. A simple synthetic procedure, wide precursors, and fasci-
nating physical and chemical properties have successfully stimulated researchers in the
last years. In the spreading field of nanotechnology, CDs have been utilized as promising
tools for many applications [2], such as optical sensors for ions and molecular species [3],
photocatalysis [4], optoelectronics [5], biomaterials [6,7], bio-imaging [8], cancer diagnosis
and therapy [9], drug delivery in tumours [10,11], and so on.

CDs are quasi-spherical, carbonaceous nanoparticles with sizes generally below 10 nm.
They are mainly constituted by a crystalline sp2 core, surrounded by sp3 imperfections
and high oxygen content on their surface [12]. They are chemically stable, low in toxic-
ity, biocompatible, good conductors/semiconductors, and possess bright luminescence,
high photostability, and broadband UV absorption [13]. Their surface is mainly rich with
hydroxyls (–OH) and carboxyl/carboxylates (–COOH/–COO−). The latter contribute
from 5 to 50% (weight) of their oxygen content and impart excellent water colloidal dis-
persibility and subsequent easy functionalization or passivation with a great variety of
chemical species [14]. All these properties can be modulated by synthetic conditions that
produce photophysical behaviour, size, and reactivity. CDs present emission bands that
are shift-dependent from excitation wavelength modulated by precursor change, surface
passivation or heteroatom doping [15]. The reason for this phenomenon is attributed
to both (a) the nanometric size that induces the quantum confinement effect and (b) the
chemical composition referred to different surface functionalization groups and π-domain
extension, inducing many possible states slightly different in energy between the frontier’s
orbitals [16].

The synthetic strategies for CD production could be broadly divided into top-down
and bottom-up approaches. The first uses physical and chemical methods starting from a
wide range of natural or chemical precursors that assemble to produce CDs, such as pyrol-
ysis, hydrothermal treatments, microwave irradiation, and ultrasound. The second uses
physical methods to nano-fragment larger, inorganic carbon precursors (graphene, graphite,
carbon nanotubes) such as laser ablation, arc discharge, and electrochemistry [9,17,18]. Re-
cently great attention has been also paid to new synthetic methods in terms of green
chemistry that address the production of CDs from biomass wastes, cheap or abundant,
heterogeneous and biodegradable materials obtained from the manufacturing processes of
food, forestry, energy, and many other industrial processes [19]. CDs derived from biomass
are greener and, in some cases, better than their chemical counterparts [20] and have
been produced using top-down approaches from a lot of precursors, such as papaya [21],
spent tea [22], watermelon peels [23], peanut shells [24], wool [25], strawberries [26], olive
pits [27], and many others. Further, olive waste management is one of the main ecological
issues in the Mediterranean basin, due to the concentration of more than 98% of global olive
production and a market in huge expansion over the last two decades [28]. Consequently,
their use as precursors for the synthesis of value-added nanomaterials could represent an
eco-friendly, economical, and highly available strategy for several applications.

More specifically to the biomedical field, CDs gained a growing interest due to their
excellent photoluminescence properties, diverse surface functions, good water solubility,
low cytotoxicity, cellular uptake, biocompatibility, microbial adhesion, and theranostic
properties [29,30]. Among these properties, antibacterial activity is one of the most ap-
pealing features in the design of new biomaterials in which nanotechnology is making
fundamental contributions [31–34]. In this context, the specific physicochemical prop-
erties of CDs (e.g., size and surface charge) make them promising tools for addressing
antibacterial processes, such as drug resistance, biofilms, and intracellular active/latent
bacteria [35–39].

In this context, we have developed CDs derived from the olive solid wastes of
two Mediterranean regions, Puglia (CDs_P) and Calabria (CDs_C) and evaluated them in
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terms of their physicochemical properties and antibacterial activity against Staphylococcus
aureus (S. aureus) and Pseudomonas aeruginosa (P. aeruginosa).

2. Materials and Methods

2.1. Carbon Dots Preparation

CDs were prepared from olive solid wastes collected from two regions of Southern
Italy, Puglia (CDs_P) and Calabria (CDs_C), according to the method reported in [40].
Briefly, olive solid wastes were washed several times with boiling water, dried overnight in
an oven, and pyrolyzed in a muffle furnace in the absence of air at 600 ◦C for 1 h. The result-
ing carbon-based material was finely ground in a mortar and suspended in deionized water
(10 mg/mL). The mixture was sonicated in an ultrasonic bath (Bandelin Sonorex RK 100 H,
Bandelin electronic GmbH & Co. KG, Berlin, Deutschland) for 10 min; 1 mL of hydrogen
peroxide (H2O2 sol. 30% (w/w)—Sigma-Aldrich, Milan, Italy) was added, and then it was
refluxed for 90 min under stirring. The reaction mixture was purified by centrifugation
at 8000 rpm for 20 min (Eppendorf Centrifuge 5430, Eppendorf SE, Hamburg, Deutsch-
land), and the supernatant was syringe-filtered (Sartorius Minisart RC 0.2 μm, Sartorius
AG, Göttingen, Deutschland). Lastly, the concentration of CDs’ colloidal dispersion was
estimated by weighing (Sartorius Quintix balance, Sartorius AG, Göttingen, Deutschland)
after evaporation of the solvent under reduced pressure and subsequent drying in the
oven (CDs_P ≈ 0.7 mg/mL; CDs_C ≈ 1.4 mg/mL). The mixture was simply purified by
centrifugation and filtration, obtaining the final CD colloidal dispersion. A production
yield of about 10% was obtained from each olive solid waste cultivar.

2.2. Chemical and Physical Characterization

UV–Vis absorption spectra were recorded with a Jasco V-560 spectrophotometer,
(JASCO Corporation, Tokyo, Japan), steady-state photoluminescence spectra with a Spex
Fluorolog-2 (mod. F-111) spectrofluorometer (Horiba Ltd., Kyoto, Japan) in air-equilibrated
1 cm quartz cells.

The isoelectric points of the CDs’ colloidal dispersions were estimated by ζ (Zeta)
potential pH titration using the dynamic light scattering (DLS) technique with a Malvern
Zetasizer Nano ZS90 instrument (Malvern Panalytical Ltd., Malvern, United Kingdom). pH
was moved to 8, 10, and 2 by adding, respectively, NaOH 0.1 M (sodium hydroxide—Sigma-
Aldrich, Merck KGaA, Darmstadt, Deutschland) and HCl 0.1 M solutions (hydrochloric
acid—Sigma-Aldrich, Milan, Italy). The isoelectric point was found by plotting the pH vs.
Zeta potential and intercepting the pH value when the ζ potential was zero.

X-ray photoelectron spectroscopy (XPS) was performed on carbon dots deposited
on silicon slides using a PHI 5600 multi-technique ESCA-Auger spectrometer (Physical
electronics Inc., Chanhassen, MN, USA) equipped with a monochromatic Al-Kα X-ray
source. The XPS binding energy (BE) scale was calibrated on the C 1s peak of adventitious
carbon at 285.0 eV. Transmission FT–IR measurements on the silicon-deposited carbon
dots were obtained using a JASCO FTIR 4600LE spectrometer (JASCO Corporation, Tokyo,
Japan) in the spectral range of 560–4000 cm−1(resolution 4 cm−1).

Transmission electron microscopy (TEM) analysis was performed using the bright
field in conventional TEM parallel beam mode. An ATEM JEOL JEM 2010 equipped with
a 30 mm2 window energy dispersive X-ray (EDX) spectrometer (JEOL Ltd., Musashino,
Akishima, Tokyo, Japan), was used.

2.3. Bacterial Assays

S. aureus (ATCC 29213) was purchased from American Type Culture Collection (LGC
Promochem, Milan, Italy) and cultured in tryptone soya broth (TSB, Sigma-Aldrich, Milan,
Italy). P. aeruginosa (ATCC 27853) was purchased from American Type Culture Collection
(LGC Promochem, Milan, Italy) and cultured in Luria–Bertani broth (LB, Sigma-Aldrich,
Milan, Italy).
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Antibacterial tests were performed in Mueller–Hinton broth (MHB, Sigma-Aldrich,
Milan, Italy), a culture medium susceptible to antibiotics.

To evaluate the minimal inhibitory concentration (MIC) of both CDs’ colloidal disper-
sions, the microplate inhibition assay was used. Specifically, semi-exponential cultures of
bacterial strains at the final concentration of about 105 bacteria per mL were inoculated in
MHB in the presence of increasing concentrations of CDs (60–360 μg/mL) in 96-well plates
and incubated at 37 ◦C under shaking overnight. After incubation, the concentrations
inhibiting at least 90% and 99.9% of bacteria, MIC90 and MIC99, were determined compared
to the untreated control.

To evaluate the bacterial cell viability, an MTS assay (CellTiter 96® AQueous One
Solution Cell Proliferation Assay, Promega, Milan, Italy) was performed. In more detail,
bacterial cultures in the presence of different concentrations of CDs were grown overnight
at 37 ◦C in 96-well plates. Then, MTS reagent was added to the bacteria culture media,
incubated for 2 h at 37 ◦C in static condition, the plate was shaken briefly, and absorbance
was measured at 490 nm by using a microtiter plate reader (Multiskan GO, Thermo Scien-
tific, Waltham, MA, USA). The reduction of bacterial viability was evaluated in terms of the
percentage of MTS reduction (% MTSred), compared to the untreated control (CTR) using
the following equation:

MTSred(%) =

(
A
B

)
× 100 (1)

where A e B are the OD490 from the MTS-reduced formazan of condition with CDs and
CTR. The samples were analysed in triplicate for each experimental condition.

Figure 1 reports the schematic representation of CD preparation, physico-chemical
characterization, and bacterial testing.

Figure 1. Schematic representation of CD preparation, physico-chemical characterization, and
bacterial testing.

3. Results and Discussion

3.1. Physicochemical Characterization of CDs

The optical properties of both synthesized CDs were characterized by the UV–Vis
absorbance and photoluminescence emission spectra displayed in Figure 2. The absorption
spectrum of CDs_P (Figure 2a) exhibits broadband UV absorption, with a trend compatible
with the light scattering operated by a small nanoparticle’s colloidal dispersion. The UV–Vis
absorbance spectrum of CDs_P shows two detectable peaks as shoulders located around
270 nm and 300 nm, attributed respectively to the π–π* transition of CDs and n–π* tran-
sitions of the functional groups present on CDs [41,42]. These two absorption shoulders
probably suggest the existence of conjugated structures as well as the presence of functional
groups containing oxygen in the CDs [12–14]. Figure 2b shows the PL spectra of CDs_P
with the excitation wavelength in the interval between 300 nm and 450 nm. The emission
maximum is around λem = 420 nm for λexc = 300 nm.
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Figure 2. Optical characterization of CDs: (a) UV–Vis absorption spectrum of CDs_P; (b) Photolu-
minescence spectra of CDs_P; (c) UV–Vis absorption spectrum of CDs_C; (d) Photoluminescence
spectra of CDs_C.

Although the absorption spectrum of CDs_C showed a trend similar to that exhibited
by CDs_P, some differences are present (Figure 2a–c). First, the peaks detected as shoul-
ders are shifted to lower energies, founding them around 280 nm and 320 nm (Figure 2c).
Secondly, although CDs_C show PL, the emission spectra registered in the same excita-
tion wavelength interval (300–450 nm) are red-shifted with respect to CDs_P, as for the
absorption bands [43]. The emission maximum is around λem = 445 nm for λexc = 300 nm
(Figure 2d).

To further evaluate the difference between CDs derived from two different Mediter-
ranean olive solid waste cultivars, we calculated the respective band gaps from UV–Vis
absorption spectra reported in Figure 2a,c, using a Tauc plot [44] with the formula [45]:

(αhν)
1
γ = B

(
hν − Eg

)
(2)

where α is the absorption coefficient (α = 2.303 Acm−1), h is the Plank constant, ν is the
frequency of the incident photon. The γ factor depends on the nature of the electronic
transition, and in our case for permitted transition, it could be 0.5 for the indirect one and 2
for the direct one. B is a constant assumed to be 1, and Eg is the energy band gap. Eg was
calculated using γ = 1

2 for direct electronic transition.
Plots are reported in Figure 3. Band gap values of ≈ 1.48 eV for CDs_P and ≈ 1.53 eV

for CDs_C, respectively, were found. These values are in agreement with semiconductor
behaviour, according to similar values found in [46,47].
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Figure 3. Tauc plots for the optical energy band gap calculation: (a) CDs_P; (b) CDs_C.

Concerning the chemical characterization of CDs_P, both FTIR and XPS analysis were
reported in our previous works [40,48] and showed for FTIR the following peaks: 3424,
3236, 2923/2850, 1656, 1412, 1320, 1116, and 1096 cm−1, attributed to –OH, N–H, C–H,
C=O (carbonyl), COO− (carboxylate), C–OH (hydroxyl), and C–O–C (epoxide) groups,
respectively. XPS analysis showed peaks of C1s at 285 eV for C–C and 289 eV for O=C–O
respectively. Regarding CD_C, FTIR analysis (see Figure S1) reveals the presence of –OH,
C=O (carbonyl), COO− (carboxylate), C–OH (hydroxyl), and C–O–C (epoxide) groups,
while the XPS spectrum (see Figure S2) exhibits the same C1s peaks of CDs_P at a 285 eV
for C–C and 289 eV for O=C–O, respectively. The similarity of surface groups for both
cultivars also account for similar band gap values (see above).

Figure 4 reports the plot of ζ potential values as a function of pH for both CDs_P and
CDs_C. It can be noticed that both cultivars show negative surface charges, but CDs_P
exhibits higher values of ζ potential with respect to CDs_P. According to that, the values of
the isoelectric point (pH value at 0 charge) correspond to pH ≈ 3 for CDs_P and pH ≈ 2.4
for CDs_C. More interesting, in the physiological conditions (pH ≈ 7), CDs_C feature a
charge (ζ potential) about three times more negative than CDs_P (−32 mV vs. −11 mV).
This certainly can be a notable point for the antibacterial activity of the nanomaterials
(vide infra).

Figure 4. Graphical representation of ζ potential as a function of pH titration: (a) CDs_P; (b) CDs_C.

Morphological characteristics were also investigated by transmission electron mi-
croscopy (TEM). Figure 5 reports TEM images of the two different cultivars. CDs_P
displays dispersed quasi-spherical nanoparticles with particle size ranging between 12–18
nm, while CDs_C exhibits similar characteristics, with a mean size of 15–20 nm.
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Figure 5. Representative transmission electron microscopy (TEM) images of: (a) CDs_P; (b) CDs_C.

3.2. Antibacterial properties of Carbon Dots

The bactericidal activity of both CD dispersions was evaluated against both S. aureus
(Gram-positive) and P. aeruginosa (Gram-negative), two of the most common pathogens
involved in a wide range of infections. First, values of MIC for both CD types were
determined by microplate inhibition assay up to the maximum concentration of 360 μg/mL.
In Table 1 are reported the MIC90 and MIC99 values [μg/mL] for both CDs.

Table 1. MIC values [μg/mL] of S. aureus strains in Mueller–Hinton broth (MH).

Bacterial strain CDs MIC90 MIC99

S. aureus
CDs_P - -
CDs_C 120 μg/mL 360 μg/mL

P. aeruginosa CDs_P - -
CDs_C - -

Dash (-) = no antibacterial activity up to the concentration of 360 μg/mL.

Our results showed that CDs_C exhibit an S. aureus viability reduction of about
99.9% (MIC99) at 360 μg/mL and 90% bacterial inhibition (MIC90) at about 120 μg/mL,
while no bacterial inhibition was observed against P. aeruginosa. On the contrary, no
bacterial inhibition was observed for CDs_P at all using concentrations (ranging from 60 to
360 μg/mL) against either bacterial strain.

To further evaluate the antibacterial properties of both CD types, we also performed
an MTS cell viability assay (Figures 6 and 7).

MTS data showed that CDs_C dispersion reduces almost completely S. aureus viability
at the higher concentrations (360, 240, and 120 μg/mL), while at the lowest concentration
(60 μg/mL), it is reduced by about 50% compared to the control (untreated). On the
contrary, MTS data of CDs_P indicated a bacterial cell reduction of only 30% at the highest
concentration (360 μg/mL), showing very poor antibacterial activity. In more details, the
bacterial viability of CDs_C was found of 47.5 ± 2.37% at 60 μg/mL, 4.75 ± 0.24% at
120 μg/mL, 0.47 ± 0.005% at 240 μg/mL, and 0.05 ± 0.0005% at 360 μg/mL; for CDs_P, it
was 94.9 ± 4.74% at 60 μg/mL, 92.6 ± 4.63% at 120 μg/mL, 85.7 ± 4.28% at 240 μg/mL,
and 68.4 ± 3.42% at 360 μg/mL. These data were in agreement with MIC results.

On the other hand, MTS data obtained against P. aeruginosa showed that only CDs_C
at the higher concentration (360 μg/mL) exhibited a bacterial reduction of about 20%. In
more detail, the bacterial viability of CDs_C was found to be 98.4 ± 1.17% at 60 μg/mL,
95.75 ± 1.49% at 120 μg/mL, 93.43 ± 1.12% at 240 μg/mL, and 83.81 ± 3.5% at 360 μg/mL.

In addition to the above considerations, we also observed a different level of antibac-
terial activity between CDs_P and CDs_C, more evident in S. aureus than in P. aeruginosa
probably due to the different cell wall compositions. Several action mechanisms have
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been suggested to explain the antibacterial activity of CDs closely related to their physico-
chemical properties, including their dimensionalities, lateral size, shape, number of layers,
surface charges, the presence and nature of surface functional groups, and doping [35–38].

 

Figure 6. MTS assay of CDs_C and CDs_P against S. aureus strain. Data are presented as the
mean ± SD from three independent experiments.

 
Figure 7. MTS assay of CDs_C and CDs_P against Pseudomonas aeruginosa strain. Data are presented
as the mean ± SD from three independent experiments.

A hypothesis to explain the dissimilar antibacterial behaviour of the two CD types
could be the charge distribution and functional groups of the CDs. Recently, some studies
suggested that factors due to particle size and surface functionalization and charges can
affect antibacterial effects [35,49]. With specific focus on surface charge, Bing et al. studied
the antibacterial capability of CDs with three different surface charges (uncharged, posi-
tive, and negative) finding only positive- (spermine derived positive CDs, SC-dots) and
negative-charged CDs (candle-soot derived negative CDs, CC-dots) exhibited signs of cell
death on E. coli (Gram negative), such as DNA fragmentation, extracellular exposure of
phosphatidylserine, condensation of the chromosome, and loss of structural integrity, but
the same effects did not occur with uncharged glucose carbon dots (GC-dots). Based on
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these considerations, our results could be compared with negatively charged candle-soot
C-dots (CC-dots). Although similar results were obtained against P. aeruginosa, we found
that S. aureus viability was almost totally and slightly reduced when treated with CDs_C
and CDs_P, respectively. Since our systems, CDs_C and CDs_P, exhibit similar sizes of
nanoparticles, and no surface functionalization was carried out, neither factor is relevant to
the findings, indicating that CDs_C show higher antibacterial activity compared with to
CDs_P. These results suggest, rather, different antibacterial mechanisms for the two culti-
vars, probably attributable to the different surface charges and ζ potential. Although both
CDs from the two cultivars exhibited negative surface charges, CDs_C have much more
of a negative charge than do CDs_P (about −38 mV for CDs_C and −18 mV for CDs_P
at pH = 7). Actually, during the bacterial growth, the medium pH decreased over time
(0–8 h), reaching more acidic values (from 7.2 to about 5.5) (See Figure S3). By considering
this aspect, we can observe that the surface charge of both cultivars reaches about −32 mV
(CDs_C) and −11 mV (CDs_P), respectively, at pH = 5.5, highlighting that CDs_C feature a
negative surface charge 3 times higher than that of CDs_P. This is probably the reason for
the increased antibacterial activity of CDs_C in contrast with CDs_P. Further studies are in
progress to validate our hypothesis and gain insights on the active antibacterial mechanism.

4. Conclusions

In this paper, we report on the development of CDs derived from olive solid wastes of
two Mediterranean regions, Puglia (CDs_P) and Calabria (CDs_C) and their evaluation
in terms of their physicochemical properties and antibacterial activity against S. aureus.
The UV–Vis characterization shows a typical broad absorption band with two main peaks
at about 270 nm and 300 nm, attributed to the π–π* and n—π* transitions of CDs, respec-
tively. The PL spectra are excitation-dependent, and CDs_P shows emission maximum
at λem = 420 nm (λexc = 300 nm), while CDs_C has an emission maximum red-shifted at
λem = 445 nm (λexc = 300 nm). Band gaps values of ≈ 1.48 eV for CDs_P and ≈ 1.53 eV for
CDs_C, respectively, were found, in agreement with semi-conductor behaviour. ζ potential
values are negative for both cultivars. However, CDs_C feature a more negative charge,
in fact three times more negative than that of CDs_P (−38 mV vs. −18 mV at pH = 7).
The TEM morphological inspection shows quasi-spherical nanoparticles 12–18 nm in size
for CDs_P and 15–20 nm in size for CDs_C. The evaluation of antibacterial properties
highlights that both CDs have higher antibacterial activity towards Gram-positive bacteria
than to Gram-negative bacteria. In addition, the evaluation of the antibacterial properties
towards S. aureus of both CD types highlights that CDs_C exhibit antibacterial properties at
concentrations of 360, 240, and 120 μg/mL, while CDs_P shows a bacterial cell reduction of
30% at the highest concentration of 360 μg/mL. This finding was correlated to the highest
surface charge of CDs_C compared to CDs_P, which is still very negative during bacterial
growth, reaching an acidic pH of 5.5. Further investigations are in progress to confirm this
hypothesis and gain insights on the antibacterial mechanism of both cultivars.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/nano12050885/s1, Figure S1. FTIR Spectra CDs_C; Figure S2.
XPS Spectra CDs_C; Figure S3. pH changes during S. aureus bacterial growth (OD540) (0–8hrs).
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Abstract: In the past few decades, nanostructured carbons (NCs) have been investigated for their
interesting properties, which are attractive for a wide range of applications in electronic devices,
energy systems, sensors, and support materials. One approach to improving the properties of
NCs is to dope them with various heteroatoms. This work describes the synthesis and study of
sulfur-added carbon nanohorns (S-CNH). Synthesis of S-CNH was carried out by modified chemical
vapor deposition (m-CVD) using toluene and thiophene as carbon and sulfur sources, respectively.
Some parameters such as the temperature of synthesis and carrier gas flow rates were modified
to determine their effect on the properties of S-CNH. High-resolution scanning and transmission
electron microscopy analysis showed the presence of hollow horn-type carbon nanostructures with
lengths between 1 to 3 μm and, diameters that are in the range of 50 to 200 nm. Two types of
carbon layers were observed, with rough outer layers and smooth inner layers. The surface textural
properties are attributed to the defects induced by the sulfur intercalated into the lattice or bonded
with the carbon. The XRD patterns and X-ray microanalysis studies show that iron serves as the seed
for carbon nanohorn growth and iron sulfide is formed during synthesis.

Keywords: carbon nanohorns; sulfurated nanostructures; iron sulfide nanoparticles; chemical
vapor deposition

1. Introduction

Nanostructured carbon (NC) materials have the potential to be used in many fields due
to their unique and tunable properties. Synthesis methods and applications of some NCs
such as carbon nanotubes, fullerenes, and recently graphene have been widely reported.
However, horn-type carbon nanomaterials are less studied and therefore less reported.
Initially, carbon nanohorns (CNH) were observed as aggregates of other NCs, and in
1999, Iijima et al. reported their synthesis [1]. CNHs differ from other carbon allotropes
by their cone-shaped tips and sp2-hybridized carbon structure [2]. In this regard, the
single-walled carbon nanohorn (SWCNH) with dahlia-like shape is one of the most studied
of this family [3]. SWCNHs are considered to be a promising material in fields such as
nanomedicine [4], energy [5], absorbents, and catalysis [6]. However, the development
and study of CNHs has been slow, mainly due to spherical agglomerates which form
during their synthesis process, hindering their functionalization and use of their entire
surface [7]. Notwithstanding the foregoing, the production of CNHs can be cheap and easily
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scalable, and sometimes a metal precursor is not required [8]. Some companies have CNH
production facilities, such as the NEC Corporation using laser ablation [9], Carbonium SRL
using Joule heating method [10], and EEnano Tech Ltd. using arc discharge method [11].

The most outstanding properties of pristine CNHs over other carbon allotropes are
their unique geometry, their ability to be produced at room temperature, high thermal and
chemical stability, high porosity, and roughness, which makes them more reactive than
nanostructures such as carbon nanotubes [12–15]. On the other hand, theoretical studies
show that the electrostatic dipole moment increases with the number of carbon atoms in
the conical tip, which also improves the reactivity of these nanostructures [16].

On the other hand, it is well known that NCs doped with heteroatoms (e.g., S, N,
B, and P) enhance their properties [17]. In particular, the doped carbons have proven to
be versatile functional materials with a wide range of potential applications, including
heterogeneous catalysts for oxygen reduction reactions (ORR) [18–20], anodes for Li-ion
batteries [21–23], cathodes for lithium-oxygen batteries [24], supercapacitors [25], adsor-
bents for hydrogen storage and CO2 capture [26], adsorption of heavy metals and toxic
gases [27], and desulfurization of diesel and crude oil [28] among others.

However, the synthesis of heteroatom-doped CNHs has not been explored despite the
potential they could have in multiple applications. For example, sulfur-doped CNHs have
shown to be a promising bifunctional catalyst for water splitting [29], while N-O-doped
CNHs have high stability and good production rates for the electrosynthesis of hydrogen
peroxide [30,31]. Furthermore, it has been reported that S-doped CNH and N-doped
CNH have reliable performance with regard to oxygen evolution and reduction reactions,
respectively [32,33]. In addition, N-doped SWCNH is a low-cost and high-performance
electrode material for Lithium-sulfur battery applications [34].

Thus, the synthesis of heteroatom-doped CNHs by easy and scalable methods is
attractive. This work presents the synthesis of novel sulfur-added multiwalled carbon
nanohorns (S-CNH) by a modified one-step chemical vapor deposition method, evaluating
the effect of the gas flow rate and the synthesis temperature on the physicochemical
properties of the S-CNH.

2. Materials and Methods

Synthesis of the sulfur-added carbon nanohorns (S-CNH) was conducted by a Mod-
ified Chemical Vapor Deposition method (m-CVD) in a tubular furnace. A Vycor® tube
(96% silica glass, Corning, Corning, NY, USA) was used as a substrate for deposition of
the S-CNH. A precursor solution of toluene (99.8% Sigma-Aldrich, St. Louis, MO, USA)
and thiophene (99% Alfa Aesar, Haverhill, MA, USA) (4:1 %vol.) served as the carbon
and sulfur source, respectively. Ferrocene (98% Sigma-Aldrich, St. Louis, MO, USA) was
added as an organometallic precursor (19 g/L) that acts as a source of Fe nanoparticles on
which the CNH grows. The precursor solution was preheated until vaporization before
its introduction into the furnace. The furnace temperature was 800 and 900 ◦C, while
the carrier gas (argon) flow rate was 0.5 and 1 L/min. After the precursor solution was
completely vaporized (50 mL), the tube was kept under an inert atmosphere until it cooled
to room temperature.

After the synthesis, the samples were treated to remove residual iron and amorphous
carbon using a reflux system with concentrated nitric acid for 12 h; the S-CNH-acid solu-
tion was continuously stirred. Following this procedure, the S-CNHs were recovered by
filtration and washed with distilled water to remove all residual acid. Finally, the samples
were dried overnight at 80 ◦C. The samples were labeled by the following code: SCNA8,
SCNA9, SCNB8, and SCNB9, where A is carrier gas flow of 1.0 L/min, and B is carrier
gas flow of 0.5 L/min; 8 and 9 correspond to the synthesis temperature of 800 ◦C and
900 ◦C, respectively.

The structural properties were analyzed by X-ray diffraction (XRD) and Raman spec-
troscopy. XRD analysis was performed with a Bruker diffractometer, model D8 Advance
using Bragg–Brentano scan mode, LIXEYE detector, a step size of 0.01◦, and step time of
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5 s in a 2θ range from 10 to 85◦. Raman analysis was performed using a Micro Raman
Horiba spectrometer, Labram model, with a He-Ne laser (632.8 nm). The morphology
and nanostructure of the samples were characterized by transmission electron microscopy
(TEM) with a JEOL JEM 2200FS + CS at an accelerating voltage (E0) of 200 kV. A HI-
TACHI SU-8230 (Hitachi, Tokyo, Japan) was used for scanning electron microscopy (SEM)
equipped with a FlatQuad 5060F silicon drift detector (SDD) as an X-ray energy dispersive
spectroscopy (EDS) detector from Bruker Nano (Billerica, MA, USA) with 1.2 steradians
of solid angle, making it possible to achieve high X-ray count rates even at low primary
energy. A TESCAN model VEGA3 SBU EasyProbe (Brno, The Czech Republic) with a
Bruker EDS detector (Billerica, MA, USA) was used at 20 kV to determine the bulk chemical
composition of the S-CNHs.

3. Results and Discussion

Figure 1 compares the XRD patterns of the synthesized S-CNH samples. In all samples,
the diffraction patterns showed evidence of graphitic structure (002) at 2θ = 26.3◦ with an
interplanar distance d = 0.338 nm [35–37]. Also, the peaks corresponding to Fe3C were
identified with planes (121), (002), (201), (211), (102), (112), (131), (221), (122), and (230).
All samples showed a high-intensity peak at 2θ = 44.7◦ and a second characteristic peak at
2θ = 65.05◦ (marked by X), which corresponds to metallic Fe that remained encapsulated in
the core of the carbon nanostructures due to their growth mechanisms [38]. Finally, samples
SCNA9 and SCNB9 display peaks for FeS at 2θ = 29.9◦, 33.7◦, 43.1◦, 53.1◦, corresponding to
the crystalline planes (110), (112), (114), and (300), respectively. The presence of FeS in these
samples is attributed to the high temperature (900 ◦C), which favors its formation [39].

Figure 1. X-ray diffraction patterns of S added carbon nanohorns (S-CNHs).

The elemental composition obtained by EDS of bulk nanohorn samples shows that
sulfur content was around 0.3 wt% in SCNA8 and SCNB8, and close to 1.0 wt% for SCNA9
and SCNB9 (Table S1 in the Supplementary Materials). An increase of the sulfur con-
tent is observed as the temperature of synthesis increased which is in agreement with
the XRD results due to the FeS formation. The four samples presented the same mor-
phology as revealed from a high-resolution field emission scanning electron microscope
(FE-SEM) analysis. Examples of this morphology are given in Figure 2 (more HRSEM
representative images of each sample are shown in the Supplementary Materials). By
using a landing voltage as low as EL = E0 − Edecc = 2.0 − 1.5 = 0.5 kV (where EL is
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the landing voltage and Edecc is the deceleration voltage) and the high-resolution sec-
ondary electron (SE) signal collected by in-lens detectors, the surface morphology of the
S-CNH was revealed. From Figure 2a,b, the horn-like structures are observed (also see
Figures S1e, S2e, S3c and S4f in the Supplementary Materials). The structures have a length
in the range of 1 to 3 μm and diameters in the range of from 50 to 200 nm. Along with
the structures, the diameter decreases, hence showing the formation of a horn-like nanos-
tructure. Micrographs obtained at low voltages revealed the surface textural properties
of the carbon structures which present two types of layers. The outer layer exhibits a
rough surface, indicating the possible presence of defects probably due to the interca-
lation of the sulfur atoms into the graphite lattice. On the other hand, the inside layer
presents a smooth surface, a well-known characteristic of carbon nanotubes. Figure 2c is
an enlarged view of the interface between the inner layer and the outer layer. In addition,
Figures S1a–d, S3a–c and S4e in the Supplementary Materials show the two contrasting
layers. It can be noticed that round particles of nanometer-scale (<5 nm) are unevenly
dispersed at the nanohorn (Figures S1d and S3b in the Supplementary Materials) as well as
at the outer layer surface (Figures S1b, S2f, S3d and S4d in the Supplementary Materials).
The large scale or bulk structural patterns of the carbon nanohorn after the mechanical
removal from the Vycor tube are homogenous as is observed in Figure 2a and the low
magnification SEM images of the Supplementary Materials (Figures S2a,b, S3a and S4a,b).

 

Figure 2. High resolution scanning electron microscopy micrographs of the SCNA9 (a), SCNA8
(b–d) samples. Using in-lens secondary electron detector with EL = E0 − Edecc = 2.0 − 1.5 = 0.5 kV
(a–c) and dark-field transmitted electron detector (STEM-DF) at E0 = 30 kV (d).

Hollow tubular structures were observed from the dark-field scanning transmission
electron microscopy (STEM-DF) obtained with E0 = 30 kV (Figure 2d, Figures S1f and S3f
in the Supplementary Materials). Rod-shaped metallic nanoparticles with high atomic
number contrast were also observed inside the tubular structure in Figure 2d which might
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be iron-based seeds from the growth process. The nanoparticles observed in Figure 2c
were also noticed in the STEM-DF micrograph (Figure 2d) with the same size but their
distribution looked more uniform in the outer layer.

An X-ray map acquired with an annular SDD detector is presented in Figure 3. It
was obtained in STEM-DF mode with E0 = 20 kV on an area with both hollow and filled
nanohorns. As expected, the rod-like particles inside the tubular structure were composed
of a high atomic number material. From the Fe, C, and S maps, it can be deduced that these
structures are either Fe3C or FeS which is in agreement with the XRD results. Sulfur can
also be observed in the carbon area. This was confirmed by generating the net intensities
Fe/S ratio maps (Figure 4), from the data used in Figure 3 in addition to that from the
SCNA9 sample (Figure S5 in the ESM shows the complete X-ray map for this sample). This
demonstrated that the metal particles contained inside the nanohorns were a mixture of
iron carbide and iron sulfide for all samples. The samples SCNA8 and SCNB8 presented,
however, a smaller amount of iron sulfide compared to iron as deduced from Figure 1. In
addition, the small nanoparticles observed in Figure 2d were also observed in the outer
layer of the nanohorn analyzed in Figure 4 (bottom) and were identified as a mixture of Fe
and S, possibly FeS. Note that, as a result of the thick Mylar window protecting the SDD
crystal from beam damage due to the backscattered electrons (BSE), the carbon signal is
increased when the BSE signal increases, typically when the Fe and S signals are strong.
The carbon map may thus not be fully representative of the real carbon signal.

 

Figure 3. Elemental X-ray map of SCNA8 sample in STEM mode at E0 = 20 kV.
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Figure 4. STEM-DF images (left side) and net intensities Fe/S ratio maps (right side) of the SCNA8
(top) and SCNA9 (bottom) samples at E0 = 20 kV.

Transmission electron microscopy images of SCNA8, SCNA8, SCNB8, and SCNB9
are shown in Figure 5. The microscopy images (Figure 5a,c,e,g) clearly show the presence
of long tubular carbon nanostructures with diameters between 50 and 200 nm. It can be
noted that, along with the structures the diameters tending to decrease, forming horn-type
shapes, this behavior was observed for all the experimental conditions.

In addition, layers formed on the S-CNH external walls (ordered and amorphous) are
also noticed. This behavior could be attributed to the insertion of sulfur in the structure.
In the images obtained at higher magnification (Figure 5b,d,f,h), the atomic layers (lattice
fringes) are evident. The lattice distances were measured in different areas of the samples.
However, it was not possible to identify any clear tendency; the ordered layers (close to the
core of the S-CNH), as well as the disordered layers (on top of the ordered ones), showed a
mixture of lattice distances mostly of two groups, 0.355 ± 0.001 nm, and 0.296 ± 0.002 nm.
Different authors have reported that the interplanar distance for graphite is in the range
of 0.335 nm to 0.340 nm [40,41]. According to the XRD analysis, the first group of lattice
distances is associated with modified graphite planes, possibly due to the incorporation
of S. While the second group is attributed to the formation of an iron sulfide phase [42],
which is in agreement with the FeS nanoparticles observed by microscopy.
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Figure 5. TEM images of SCNA8 (a,b), SCNA9 (c,d), SCNB8 (e,f), and SCNB9 (g,h).

The Raman spectra presented in Figure 6, show intensities that are associated with
the D band (1300 cm−1) and G band (1600 cm−1). The width of the bands, present in all
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samples, is significantly greater than the width that is found in polycrystalline graphite [43].
Hence, the increment in the width of the peak can be attributed to the curvature of the
multilayers. Moreover, the 2D band is extremely weak; a low intensity of this band was
observed in MWCNT [44]. The D band is indicative of defects in the carbon layers and the
intensity ratio (ID/IG) between the D and G bands provides information about the number
of defects. The calculated ratio ID/IG is 1.37 >1.16 >1.15 >1.05 for samples SCNB8, SCNA9,
SCNA8, and SCNB9, respectively. A large number of defects in all of the samples may be
due to the presence of sulfur in the carbon atomic lattice; also, the sulfur incorporation in
the carbon network leads to a structural modification that can induce an additional band
near the G band. However, there may be a slight influence of the synthesis temperature
and flow rate of carrier gas on the graphitization degree. Lower synthesis temperature and
low gas flow rate promote the formation of lattice defects. Finally, the Raman spectra show
a group of very intense bands between 100 and 200 cm−1, they are mainly attributed to
the radial breathing mode (RBM) associated with the inner tube’s small diameter when
a suitable resonance condition is established [45]. Hence, the Raman results obtained in
this band range could be attributed to the narrower part of the horns where there are a few
carbon layers and small diameters, observed in the HRTEM images.

Figure 6. Raman spectra of sulfur-added carbon nanostructures synthesized at different temperatures
and carrier gas flow rates.

4. Conclusions

In summary, multiwalled carbon nanohorns with sulfur were synthesized by a single-
step reaction using a modified CVD technique. The hollow carbon nanostructures have
diameters that tend to decrease (in the range from 50 to 200 nm), causing horn-type shapes.
During synthesis, sulfur is intercalated into the carbon lattice. Also, the S reacts with Fe
forming iron sulfide nanoparticles that serve as seeds for the carbon nanostructures’ growth.
High-resolution microscopy analyses show that FeS nanoparticles are detached and inter-
calated in the carbon lattices. The inner layers of the carbon are very well-ordered graphite
layers; however, the outer layers of nanohorn surfaces have defects due to the influence of
sulfur. The physical and chemical properties of this novel material are expected to be at-
tractive for biological applications, drug carriers, adsorbents, catalysis, sensors, and energy
application in electrochemical devices such as fuel cells, supercapacitors, and batteries.
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Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/ma15103412/s1, Figure S1: High resolution scanning electron
microscopy micrographs of the SCNA8 sample using the upper (secondary electrons, a, c, and e)
and top (energy-filtered backscattered electrons, b and d) in-lens detectors at E0 = 0.5 kV (a–d)
and E0 = 0.2 kV (e), and a dark-field transmitted electron detector (STEM-DF) at E0 = 30 kV (f);
Figure S2: High-resolution scanning electron microscopy micrographs of the SCNB8 sample using
the upper (secondary electrons, a, c, and e) and top (energy-filtered backscattered electrons, b, d,
and f) in-lens detectors at E0 = 0.5 kV; Figure S3: High-resolution scanning electron microscopy
micrographs of the SCNA9 sample using the upper (secondary electrons, a, c, and e) and top
(energy-filtered backscattered electrons, b, and d) in-lens detectors at E0 = 0.5 kV, and a dark-field
transmitted electron detector (STEM-DF) at E0 = 30 kV (f); Figure S4: High-resolution scanning
electron microscopy micrographs of the SCNB9 sample using the upper (secondary electrons, a, c,
e, and f) and top (energy-filtered backscattered electrons, b and d) in-lens detectors at E0 = 0.5 kV.;
Figure S5: Elemental X-Ray map of SCNA9 sample in STEM mode at E0 = 20 kV; Table S1: Elemental
Analysis (EDS) from the Bulk of the Carbon Nanohorn.
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Abstract: Colloidal silica can quickly seep through sand and then form silica gels to cement sand
particles. To improve the strength of sand seeped by colloidal silica, carbon nanotubes were dispersed
in the colloidal silica to form carbon-nanotube-reinforced sand-gel composites. Then triaxial tests
were performed to explore how carbon nanotube content affects shear strength. The test results
showed that: (1) with the increase of colloidal silica concentration, the shear strength significantly
increased with the same carbon nanotube content (especially the low concentration of 10 wt. %
colloidal silica, which showed almost no reinforcing effect with carbon nanotubes) while 40 wt. %
colloidal silica plus 0.01 wt. % carbon nanotube caused the maximum increase of shear strength by up
to 93.65%; (2) there was a concentration threshold of colloidal silica, above which the shear strength
first increased to the peak value and then decreased with increasing carbon nanotube content (and
we also established a formula to predict such phenomenon); and (3) SEM images showed that carbon
nanotubes were connected as several ropes in the micro-cracks of the silica gel, resulting in greater
macroscopic shear strength. Our new method of mixing carbon nanotubes and colloidal silica to seep
through sand can contribute to sandy ground improvement.

Keywords: colloidal-silica-stabilized sand; deviatoric stress at failure; carbon-nanotube-reinforced;
triaxial test; shear strength prediction

1. Introduction

A fast and non-toxic way to stabilize loose sand is the seepage of colloidal silica
through sand. The colloidal silica has a low viscosity, which allows its rapid seepage
through sand [1,2]. In an alkaline environment, the silica nano-particles in the colloidal
silica are stably suspended against gelation due to the repulsive force between the particles.
When the pH of colloidal silica is changed from an alkaline to an acid, the repulsive force
between the particles decreases, and the silica nano-particles agglomerate to form silica
gels which can cement sand particles [3]. Additionally, by adjusting the pH of the colloidal
silica, the colloidal silica can maintain its fluidity for a certain period and then become a
solid gel [4]. The above characteristics make colloidal silica ideal for stabilizing loose sand
by rapid seepage.

Currently, for the effect of adding carbon nanotubes on the sand seeped by colloidal
silica, no references are available. For sand seeped by colloidal silica, the existing literature
has not provided answers the following two questions: (1) as the carbon nanotube content
increases, what are the trends of shear strength at a certain concentration of colloidal silica;
and (2) what is the optimal ratio of carbon nanotube to colloidal silica resulting in the
maximum shear strength? We describe current knowledge related to our research from
three aspects. The first aspect focused on the sand stabilized by colloid silica, especially the
seepage and mechanical characteristics of colloidal-silica-stabilized sand. For instance, Gal-
lagherand Lin [1] studied colloidal silica’s ability to transport through sand in an adequate
concentration; Fujita and Kobayashi [3] focused on the fundamental transport behaviors of
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silica particles influenced by pH conditions; Agapoulaki and Papadimitriou [5] studied
travel distance and the effect of temperature on viscosity-versus-time curves; Saiers et al. [6]
performed tests on transport through heterogeneous porous media; Hamderi and Gal-
lagher [7] studied the simulation of optimum coverage; Hamderi et al. [8] studied the
numerical model for simulating colloidal silica transport through sand columns; Hamderi
and Gallagher [9] studied the effect of injection rate on the degree of grout penetration;
Gallagher et al. [2] used field tests under explosion to study liquefaction mitigation of
colloidal-silica-stabilized sand; Gallagher et al. [4] used centrifuge tests to study colloidal-
silica-stabilized sand against liquefaction; Pamuk et al. [10] performed centrifuge tests
on colloidal-silica-stabilized site; Conlee et al. [11] performed centrifuge modeling for
liquefaction mitigation; Conlee [12] performed centrifuge model tests and full-scale field
tests on colloidal-silica-stabilized soil; Kodaka et al. [13] modeled strength and cyclic
deformation characteristics of colloidal-silica-stabilized sand; Antonio-Izarraras et al. [14]
and Díaz-Rodríguez et al. [14] used shear tests to investigate the cyclic strength of sand
stabilized with colloidal silica; Kakavand and Dabiri [15] and Wong et al. [16] performed
shear tests on sandy soil improved by colloidal silica; Gallagher et al. [17] used triaxial
tests to investigate the influence of colloidal silica on cyclic undrained behavior of sand;
Mollamahmutoglu and Yilmaz [18] used triaxial tests to studypre- and post-cyclic strength
of colloidal-silica-stabilized sand; Persoff et al. [19] investigated the influence of dilution
and contaminants on the strength of colloidal-silica-stabilized sand; Pavlopoulou et al. [20]
used monotonic and cyclic loading tests to compare the differences between colloidal-
silica-stabilized sand and untreated sand in the stress-strain relationships and cumulative
strain curves; Triantafyllos et al. [21] used triaxial compression tests to find important
changes in the colloidal-silica-stabilized-sand’s mechanical behavior such as increase in
stress ratio and relocation of sand’s critical state line in the e-p’ plane; Krishnan et al. [22]
obtained the gel time by adding salt and varying pHs and used direct shear tests and
triaxial tests to analyze the mechanical enhancement of colloidal-silica-stabilized sand;
Vranna et al. [23] used undrained monotonic and cyclic triaxial tests to obtain monotonic
and cyclic strength of colloidal-silica-stabilized sand; and Ghadr et al. [24] used undrained
triaxial tests to determine the shear strength and the critical-state-line changes of colloidal-
silica-stabilized sand. However, the above researchers did not extended their research to
the application of carbon nanotubes in colloidal-silica-stabilized sand, so this literature
cannot answer how carbon nanotubes affect the strength of colloidal-silica-stabilized sand.
The second aspect of the state of the art related to our research is the silica gel containing
carbon nanotubes. Gavalas et al. [25] described a class of composite materials designed
by combining multiwall carbon nanotubes and silica gel. However, this gel has not been
used to stabilize sand. The third aspect of the state of the art related to our research is the
application of carbon nanotubes in the Portland cement matrix. In previous literatures,
carbon nanotubes have been dispersed in Portland cement and used to bridge micro-cracks
in the matrix. For instance, Wang et al. [26] studied the durability of cement doped with
carbon nanotubes; Liu et al. [27] studied the shrinkage and crack resistance of carbon-
nanotube-reinforced cement; Cwirzen et al. [28] investigated the mechanical properties
of cement reinforced by surface-decorated carbon nanotubes; Li et al. [29] studied the
pressure-sensitive properties and microstructures of carbon-nanotube-reinforced cement;
Nochaiya and Chaipanich [30] investigated the effect of carbon nanotubes on the porosity
and microstructure of cement; Rana and Fangueiro [31] review the dispersion and mechani-
cal properties of carbon-nanotube-reinforced cement; and Li et al. [32] studied the coupling
effect of nano-silica sol-gel and carbon nanotubes on the cement based materials. However,
the previous literature mixed carbon-nanotube-dispersed Portland cement and sand by
stirring, and such cement is not suitable to seep through sand due to its high viscosity. So,
the main difference from these previous literatures is that we transport carbon nanotubes to
the pores between sand particles by seepage instead of stirring. In conclusion, the research
gap between the previous literature and our work is that no references elaborated the influ-
ence of carbon nanotube on the strength of sand seeped by colloidal silica, since previous
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studies did not extend the application of carbon nanotubes to the colloidal-silica-stabilized
sand. Besides, the case of carbon-nanotube-dispersed Portland cement cannot be a direct
reference in our case, since the mixing method of Portland cement and sand was stirring,
and not the seepage as in our case.

The contribution of this paper is that, for sand seeped by colloidal silica, we obtained
laws concerning how carbon nanotube content affects the strength of colloidal-silica-
stabilized sand. That is, we obtained the trends of strength with increasing carbon nanotube
content at different concentrations of colloidal silica. We also obtained the optimal ratio of
carbon nanotube to colloidal silica resulting in the maximum shear strength. Additionally,
we established a formula to predict strength varying with carbon nanotube content at
40 wt. % colloidal silica. The motivation of this paper is that, based on the images of the
scanning electron microscope (SEM), there are a large number of micro-cracks in the silica
gel which bonds sand particles. These micro-cracks reduce the strength of the gel-sand
composite. So, we attempted to add carbon nanotubes to colloidal silica in the hope that
carbon nanotubes in the micro cracks could result in the improvement of the macro shear
strength of the gel-sand composite. The reason for doing this research is that the effects of
carbon nanotube content on the shear strength can be clarified through tests. In addition,
what this article would add to the current available literature are the laws of how carbon
nanotube content affects colloidal-silica-stabilized sand, as well as the prediction formula
at high concentration of colloidal silica (thisis the first time that the characteristics of the
trends of shear strength with increasing carbon nanotubes are clarified). So, this paper is
suitable for the application in the field of ground improvement by using colloidal silica,
since we present the optimal ratio of colloidal silica to carbon nanotubes resulting in the
maximum shear strength as well as a prediction formula for the effect of carbon nanotubes
on the strength of colloidal-silica-stabilized sand.

In this paper, based on the triaxial tests, we first explore the influence of carbon
nanotube content on the shear strength of sand seeped with different concentration levels
of colloidal silica; second, we introduce physically meaningful variables to propose a
formula for predicting the maximum shear strength; finally, based on the SEM photos,
from the micro scale perspective, we explore the morphology of carbon nanotubes in the
micro-cracks of silica gel, which results in greater macro shear strength compared to sand
stabilized without carbon nanotubes.

2. Experimental Details

Gallagher et al. [2] described various factors influencing the gel time of colloidal silica
such as concentration, nano-silica particle size, ionic strength and pH. Gel time decreases
with increasing concentration, increasing the size of the nano-silica particle, and increasing
ionic strength, and gel time reaches its minimum when pH ranges from 5 to 7. In our tests,
we adjusted the pH value to control the gel time, since the particle size was not changed
and we did not add salt to control ionic strength. For the four concentrations of colloidal
silica used in our tests, when the pH is adjusted to 5~6, colloidal silica forms solids and
cement sand particles within one day. So, we adjusted the pH value to 5~6 before using
colloidal silica to seep through sand specimens. After the sand specimens were seeped by
colloidal silica, the sand specimens were cured for three days to ensure that the specimens
were stabilized. Then we performed triaxial tests on these specimens.

2.1. Experimental Materials

The sand used was Pingtan standard sand from Fujian, China. Index properties of the
sand, including relative density, are listed in Table 1.

The multi-walled carbon nanotubes (MWCNTs), produced by Suzhou Hengqiu
Graphene Technology Co., Ltd., (Suzhou, China) were used as reinforcing fibers. The
physical and structural properties of MWCNTs are listed in Table 2. The MWCNTs have
inner diameters of 3–5 nm, outer diameters of 8–15 num, and lengths of 3–12 ìm. The
specific surface area is >230 m2/g according to the manufacturer.
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Table 1. Properties of sand sample.

Specific
Gravity, Gs

Max. Dry
Density
(kg/m3)

Min. Dry
Density
(kg/m3)

Relative
Density

Coefficient of
Uniformity, Cu

Coefficient of
Curvature, Cc

2.65 1750 1510 0.43 4 0.51

Table 2. Properties of multi-walled carbon nanotubes.

Inner Diameters
(nm)

Outer Diameter
(nm)

Length
(μm)

Specific Surface
Area (m2/g)

Density (g/cm3)

3–5 8–15 3–12 >230 2.1

The colloidal silica used was provided by Qingdao Maike Silica Gel Dessicant Co.,
Ltd., and four concentrations of 10, 20, 30, and 40% by weight were used. The physical
properties of the colloidal silica are shown in Table 3. The silicanano-particles, which are
suspended under an alkaline environment, have diameters in the range of 10 to 20 nm.

Table 3. Physical properties of the colloidal silica.

SiO2 (%) pH
Density
(g/cm3)

Viscosity
(Pa·s)

Average Particle
Size (nm)

10% 8.5~9.5 1.08~1.10 3.0 × 10−3 10~20
20% 8.5~10.0 1.12~1.14 5.0 × 10−3 10~20
30% 8.5~10.0 1.19~1.21 7.0 × 10−3 10~20
40% 9.0 1.28~1.3 25.0 × 10−3 10~20

2.2. Specimen Preparation and Testing Apparatus

For the method of specimen preparation, we used the carbon-nanotube-dispersed
colloidal-silica to seep through and then stabilize the sand. The key point, which was to
disperse carbon nanotubes in colloidal-silica, was fulfilled within two dispersion steps:
first, we put carbon nanotubes in the container filled with colloidal-silica, and then used
a rotating bar to mechanically stir the colloidal-silica and carbon nanotubes. Secondly,
ultrasonic vibration conducted across the container and make carbon nanotubes more
uniformly dispersed in colloidal-silica. The duration time of each of the above dispersion
step was calibrated by trial. We used the above two steps to make sure that carbon
nanotubes were well dispersed, which was why we used the above two steps to disperse
carbon nanotubes.

For the method of testing shear strength, since triaxial testing apparatuses can maintain
a user-defined stress in the horizontal direction and apply load in the vertical direction, we
utilized triaxial apparatuses to obtain the shear strength with different horizontal stresses.

The sand specimens were treated using the following steps. First, the pH of colloidal
silica was adjusted to 5.0–5.5 by adding acetic acid, then the colloidal silica was magnetically
stirred with carbon nanotubes for 30 min (see Figure 1a). Secondly, carbon nanotubes were
further dispersed by ultrasonic dispersion for 60–120min (see Figure 1b). Finally, by a
peristaltic pump, carbon-nanotube-dispersed colloidal-silica was slowly injected into the
sand from the bottom of a cylindrical mold (see Figure 1c). The stabilized specimens are
shown in Figure 2. The reason for moisture proof membranes is to prevent the moisture in
the specimen from evaporating. Although it is not necessary to immerse the specimen in
water, we still ensure that the specimen is in a wet state and moisture will not leak from the
membrane joints, so we still placed the specimen wrapped with the membrane in water.
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(a) (b) (c) 

Figure 1. Specimen preparation: (a) Magnetically stirred mixture of carbon nanotubes and col-
loidal silica, (b) ultrasonic dispersion of carbonnanotubes in colloidalsilica, (c) thecarbon-nanotube-
dispersed colloidal-silica seeped through sand.

 

Figure 2. Stabilized specimens.

AGDS advanced triaxial system (see Figure 3) was used to carry out undrained triaxial
compression tests on specimens. The diameter and height of the test specimen are 38 mm
and 76 mm, respectively.

 

Figure 3. Specimen for triaxial compression test.
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2.3. Experimental Plan

The experimental plan, as summarized in Table 4, is mainly aimedat investigating the
effect of the content of carbon nanotube on the strength of the stabilized specimens. Sands
were seeped and stabilizedby the mixture of colloidal silica and carbon nanotubes. The
concentrations of colloidal silica are 10, 20, 30 and 40 wt. %, respectively. The contents of
carbon nanotubes are 0, 0.01, 0.02, 0.03, 0.04 and 0.05% by weight of colloidal silica, respec-
tively. The initial mean effective stresses in undrained triaxial tests for these specimens
were 50, 80 and 110 kPa, respectively. During each triaxial test, the confining pressure
(horizontal stress) is set equal to the initial mean effective stress. The molds containing the
stabilized specimens were wrapped in moisture proof membranes and immersed in water
to cure for three days before testing. Thus, there are a total of 72 specimens tested.

Table 4. Experimental plan.

Colloidal Silica
Concentration (wt. %)

Carbon Nanotube
Content (wt. %)

Initial Mean Effective
Stress (kPa)

Curing Period
(Days)

10, 20, 30 and 40 0, 0.01, 0.02, 0.03, 0.04
and 0.05 50, 80, and 110 3

3. Testing Results and Analysis

Figure 4 shows the failure modes of the specimens after the triaxial tests. The speci-
mens in Figure 4a–c were reinforced with 10, 20 and 30 wt. % colloidal silica respectively,
while the sample in Figure 4d was reinforced with 40 wt. % colloidal silica mixed with
0.02% carbon nanotubes. It can be seen from Figure 4a–c that as the concentration of
colloidal silica increases, the slip surface becomes more obvious. In Figure 4d, the stabilized
specimen with carbon nanotubes shows the most obvious slip surface.

(a) (b) (c) (d)

Figure 4. Failure modes of specimens after triaxial tests, and (a) 10 wt. % colloidal silica, (b) 20 wt. %
colloidal silica, (c) 30 wt. % colloidal silica, and (d) 40 wt. % colloidal silica +0.02 wt. % carbon nanotubes.

3.1. Effect of Carbon Nanotubes on the Shear Strength

Since we use deviatoric stress at failure as shear strength, Figure 5a–c show the curves
of shear strength versus carbon nanotube content under different initial mean effective
stresses of 50, 80 and 110 kPa. The corresponding data are shown in Table 5. As shown
in Figure 5, when the concentration of colloidal silica is 10 wt. %, carbon nanotubes have
no reinforcement effect on the specimens. For 20 wt. % colloidal silica, carbon nanotubes
cause a slight increase in the deviatoric stress at failure, which is less than the increase in
30 wt. % colloidal silica. In the case of 40 wt. % colloidal silica, 0.01–0.02 wt. % carbon
nanotubes cause the greatest reinforcement effect on the specimens (i.e., under the initial
mean effective stresses of 50, 80 and 110 kPa, the deviatoric stresses at failure increase
by 83.6, 93.7 and 78.2%, respectively). For 0.01 wt. % carbon nanotubes dispersed in
10, 20, 30 and 40 wt. % colloidal silica, according to Table 5 or Figure 5, the shear strength
increased by up to 9.93, 13.1, 21.37 and 93.65%, respectively. That is, as the concentration of
colloidal silica increases from 10 to 40 wt. %, after adding 0.01 wt. % carbon nanotubes,
and the maximum percentage of shear strength increment increases from 9.93 to 93.65%.

294



Materials 2021, 14, 6119

Therefore, the reinforcement effect of carbon nanotubes increases with increasing colloidal
silica concentration. Additionally, for 40% colloidal silica, based on different horizontal
stress levels, there are optimal contents of carbon nanotubes between 0.01–0.02 wt. % which
lead to the peak shear strengths.

(a) 

(b) 

(c) 

Figure 5. Deviatoric stress at failure vs. carbon nanotube content, and (a) initial mean effective
stress= 50 kPa, (b) initial mean effective stress = 80 kPa, and (c) initial mean effective stress = 110 kPa.

Since the above-mentioned optimal carbon nanotube contents only appear in 40 wt. %
colloidal silica, and does not appear in 10, 20 and 30 wt. % colloidal silica, we can conclude
that there is a threshold for the concentration of colloidal silica, above which there exists the
phenomenon of the optimal carbon nanotube content leading to the peak of shear strength.
Obviously, 40 wt. % is above this threshold of colloidal silica concentration.
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Table 5. Deviatoric stress at failure.

Colloidal
Silica

Concentration

Curing
Period
(Days)

Initial Mean
Effective

Stress (kPa)

Deviatoric Stress at Failure (kPa)

Carbon
Nanotube

0 wt. %

Carbon
Nanotube
0.01 wt. %

Carbon
Nanotube
0.02 wt. %

Carbon
Nanotube
0.03 wt. %

Carbon
Nanotube
0.04 wt. %

Carbon
Nanotube
0.05 wt. %

10 wt. % 3 50 282 310 305 292 302 262
10 wt. % 3 80 360 385 368 355 340 358
10 wt. % 3 110 452 461 454 425 440 434
20 wt. % 3 50 374 423 408 472 417 448
20 wt. % 3 80 497 492 523 555 510 535
20 wt. % 3 110 535 601 591 630 630 670
30 wt. % 3 50 524 636 650 656 620 660
30 wt. % 3 80 660 725 800 716 780 803
30 wt. % 3 110 752 860 905 840 870 902
40 wt. % 3 50 572 900 1050 935 830 890
40 wt. % 3 80 661 1280 1200 1070 1030 960
40 wt. % 3 110 842 1500 1382 1150 1190 1050

Previous literature has shown that, for Portland-cement-based matrix, with the in-
crease of carbon nanotube content there are three possible trends in the compressive
strength: (1) the compressive strength remains unchanged or even decreases [33,34]; (2) the
compressive strength increases [35–42]; or (3) the compressive strength increases first and
then decreases [43–45]. Our study shows similar trends in carbon-nanotube-reinforced
sand-gel composites, and such trends depend on the concentrations of colloidal silica, as
shown in Figure 5: (1) at 10 wt. % colloidal silica concentration, the shear strength even
decreases with increasing carbon nanotube content; (2) when the colloidal silica concen-
tration is 20 wt. % or 30 wt. %, the increase of carbon nanotube content causes the shear
strength to increase; and (3) at 40 wt. % colloidal silica concentration, with the increase of
carbon nanotube content, the shear strength first increases and then decreases (i.e., for a
given horizontal stress, there is an optimal carbon nanotube content that leads to the peak
shear strength during vertical compression).

Figure 6 shows the curves of the internal friction angle versus carbon nanotube content,
and the corresponding data are shown in Table 6. Figure 7 shows the curves of cohesion
versus carbon nanotube content, and the corresponding data are shown in Table 7. If the
data point of 0.05% carbon nanotubes in 40 wt. % colloidal silica is not considered, then it
can be concluded that as the carbon nanotube content increases, the internal friction angle
first decreases and then increases, which reaches its minimum at 0.03% carbon nanotube
content (see Figure 6). On the contrary, at 0.03% carbon nanotube content, cohesion reaches
its maximum (see Figure 7). That is, as the content of carbon nanotubes increases, and the
internal friction angle and cohesion have opposite development trends.

In the next section, for the case where there is an optimal carbon nanotube content in
40 wt. % colloidal silica, a formula reflecting the peak of shear strengthwith the optimal
carbon nanotube content is established.

3.2. Shear Strength Model Reflecting Optimal Carbon Nanotube Content
3.2.1. Model Establishment

Here we present a formula for the effect of the optimal content of carbon nanotubes on
the strength of sands stabilized with the mixture of colloidal silica and carbon nanotubes.
Since the optimal carbon nanotube content which leads tothe peak shear strength is only
observed in the case of 40 wt. % colloidal silica, while this effect of the optimal carbon
nanotube content is not observed at lower colloidal silica concentrations (see Figure 5), we
establish the formula only for sands stabilized by colloidal silica at the concentration of
40 wt. %.
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Figure 6. Friction angle vs. carbon nanotube content.

Table 6. Internal friction angle.

Colloidal
Silica

Concentration

Curing
Period
(Days)

Internal Friction Angle (Degrees)

Carbon
Nanotube

0 wt. %

Carbon
Nanotube
0.01 wt. %

Carbon
Nanotube
0.02 wt. %

Carbon
Nanotube
0.03 wt. %

Carbon
Nanotube
0.04 wt. %

Carbon
Nanotube
0.05 wt. %

10 wt. % 3 35.9 33.9 33.7 31.8 32.9 36.1
20 wt. % 3 35.8 36.8 37.4 34.8 39.8 40.6
30 wt. % 3 41.1 40.8 43 37.7 42.8 42.1
40 wt. % 3 44.3 56.7 47.3 40.2 48.6 34.9

Figure 7. Cohesion vs. carbon nanotube content.

Table 7. Cohesion.

Colloidal
Silica

Concentration

Curing
Period
(Days)

Cohesion (kPa)

Carbon
Nanotube

0 wt. %

Carbon
Nanotube
0.01 wt. %

Carbon
Nanotube
0.02 wt. %

Carbon
Nanotube
0.03 wt. %

Carbon
Nanotube
0.04 wt. %

Carbon
Nanotube
0.05 wt. %

10 wt. % 3 35.1 49.1 47.1 50.1 46.2 30.8
20 wt. % 3 62.2 66.4 64.3 88.9 54.8 57.9
30 wt. % 3 77.1 100.5 96.3 119.4 91.2 103
40 wt. % 3 67.9 61.4 149.9 176.8 101 196.3

Suppose that the shear strength of cemented sand is composed of two parts, the basic
part is caused by the combination of colloidal silica and sand particles, and the remaining
part is caused by carbon nanotubes.

q f = q f /CS + q f /CNTs (1)
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where q f is the deviatoric stress at failure of cemented sand, q f /CS is the part caused by the
combination of colloidal silica and sand, and q f /CNTs is the part caused by carbon nanotubes.

Next, we give the expressions of q f /CS and q f /CNTs.
First, we express q f /CS as a function of friction angle and colloidal silica concentration,

which is inspired by the expression of cemented sand [46].

q f /CS =
2 sin ϕ

1 − sin ϕ
p′ initial + k1CCS (2)

where ϕ is the internal frictional angle of sands treated with 40 wt. % colloidal silica plus
0% carbon nanotubes, p′ inital is the initial mean effective stress, k1 is the parameter relating
the colloidal silica concentration to the deviatoric stress at failure, and CCS is the colloidal
silica concentration.

Then we provide a function of q f /CNTs to express the effect of carbon nanotubes on the
shear strength by introducing two key parameters. The first key parameter is the optimal
carbon nanotube content, which is denoted as Co

CNTs since, as shown in Figure 5, for a
given initial mean effective stress, there is an optimal carbon nanotube content to maximize
the shear strength (deviatoric stress at failure)at 40 wt. % colloidal silica concentration.
The second key parameter is the increment of deviatoric stress at failure with the optimal
carbon nanotube content, which is denoted by qΔ and expressed as follows

qΔ = qCCNTs=Co
CNTs

− qCCNTs=0% (3)

q f /CNTs =
2qΔ · Co

CNTs · CCNTs

(CCNTs)
2 +

(
Co

CNTs
)2 (4)

where qCCNTs=Co
CNTs

is the deviatoric stress at failure with the optimal carbon nanotube
content, while qCCNTs=0% is the deviatoric stress at failure without carbon nanotubes. By
introducing the above two key parameters, q f /CNTs, which reflects the effect of carbon
nanotubes on the shear strength, is expressed as follows

This is the first time that Equation (4) is designed in order to fulfill the requirement of
describing the phenomenon that the shear strength first increases and then decreased with
increasing carbon nanotube content in out tests.

Here is how we arrived at the idea to present Equation (4). As shown in Figure 8,
with the increase of carbon nanotube content, the shear strength increases first and then
decreases according to the test data. Therefore, in order to show the above characteristics,
when we tried to express q f /CNTs (part of shear strength caused by carbon nanotubes) as a
function of CCNTs (carbon nanotube content), we found that the reciprocal of hyperbolic
function can describe the characteristics of the peak shear strength. So we designed
Equation (4) as the form of the reciprocal of hyperbolic function. Then Equation (4) can
simultaneously describe the optimal carbon nanotube content and its corresponding peak
shear strength.

3.2.2. Determination of Parameters

ϕ is the internal frictional angle of sand treated with 40 wt. % colloidal silica plus
0% carbon nanotubes, and the value of ϕ can be obtained from the triaxial compression tests.

In order to obtain the value of k1, Equation (2) is rewritten as Equation (5) to calculate
k1. The variables on the right side of Equation (5) are all obtained from tests on specimens
stabilized only with colloidal silica. Utilizing Equation (5), k1 is obtained as the average
value of tests with different initial mean effective stresses.

k1 =
1

CCS

(
q f /CS − 2 sin ϕ

1 − sin ϕ
p′ initial

)
(5)
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Figure 8. Schematic view of defining two key parameters in q f /CNTs (Equation (4)).

Co
CNTs is the optimal carbon nanotube content when the deviatoric stress at failure

reaches its maximum value. As shown in Figure 5, in the case of 40 wt. % colloidal silica,
for the initial mean effective stresses of 50, 80 and 110 kPa, the deviatoric stresses at failure
reaches their maximum values at the carbon nanotube contents of 0.02, 0.01 and 0.01 wt. %,
respectively. We use Equation (6) to obtain Co

CNTs in the prediction.

Co
CNTs =

m1

(p′0)
m3

+ m2 (6)

where m1, m2, and m3 are parameters. By curve fitting as shown in Figure 9, m1, m2 and
m3 are determined as 1.95 × 1011, 9.99 × 10−5 and 9, respectively.

qΔ is the increment of deviatoric stress at failure with the optimal carbon nanotube
content. In specimens stabilized with 40 wt. % colloidal silica, for the same initial mean
effective stress, substituting the values of qCCNTs=Co

CNTs
and qCCNTs=0% from Figure 5 into

Equation (3) yields the value of qΔ. There are three values of qΔ for the three different initial
mean effective stresses p′ initial . We express qΔ as a polynomial function of p′ initial , as shown
in Equation (7), and Figure 10 shows that this polynomial form fits the test data well.

qΔ = a × (
p′ initial

)2
+ b × p′ initial + c (7)

where a, b, and c are parameters. By curve fitting, a, b, and c are determined as −0.057,
12.07, and 16.77, respectively.

Parameters used for the prediction of variation of shear strength with the content of
carbon nanotubes are listed in Table 8.

3.2.3. Prediction of Shear Strength

The prediction of variations of deviatoric stresses at failure with the content of carbon
nanotubes is in good agreement with the tests, as shown in Figure 11, reflecting the main
characteristic of the effect of carbon nanotube content on the shear strength: there exists
an optimal carbon nanotube content which leads to the peak shear strength. That is, by
introducing two physically meaningful parameters (namely the optimal carbon nanotube
content and the increment of deviatoric stress at failure with the optimal carbon nanotube
content), our model depicts the phenomenon well: for the concentration of 40% colloidal
silica, as the carbon nanotube content increases, the shear strength first increases and
then decreases.
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Figure 9. Optimal carbon nanotube content vs. initial mean effective stress.

, p'
initial

Figure 10. Increment of shear strength with the optimal carbon nanotube content vs. initial mean
effective stress.

Table 8. Parameters for predicting the shear strength.

Internal Friction
Angle,

ϕ (Degrees)
k1 (kPa)

Optimal Carbon Nanotube Content, Co
CNTs

(wt. %)
Increment of Deviatoric

Stress at Failure, qΔ (kPa)

m1 m2 m3 a b c

44.3 802.8 1.95 × 1011 9.99 × 10−5 9 −0.057 12.07 16.77
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q f
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CNTs  

Figure 11. Effects of carbon nanotube content on the shear strength (sands seeped with 40 wt. %
colloidal silica).

4. Microscale Analysis

Figure 12a,b shows the scanning electron microscope images of the stabilized sand
with and without carbon nanotubes. Obviously, there are cracks in the silica gel around the
sand particles. However, the cracks in the specimen stabilized by the mixture of colloidal
silica and carbon nanotubes are not obviously less than that in the specimen without carbon
nanotubes, which cannot definitely indicate that the addition of carbon nanotubes resulted
in fewer cracks in the silica gel. Due to the uneven height caused by sand particles, it is
difficult to directly focus on the cracks after continuing to zoom in and take pictures. So, it
is difficult to observe the carbon nanotubes in the cracks at this time.

As a comparison, silica gel was formed by 40% colloidal silica without carbon nan-
otubes, whose cracks are shown in Figure 13. In order to further observe the carbon
nanotubes in the silica gel cracks, silica gel was formed by dispersing 0.02% carbon nan-
otubes into 40% silica colloidal without sand, whose cracks are shown in Figure 14.

The phenomenon that carbon nanotubes act as bridges across cracks and inhibit crack-
ing can be seen in Portland-cement-based matrix [29,31]. Similarly, Figure 14 shows that in
the gel matrix, the carbon nanotubes are entangled into ropestobridge the crack. From the
perspective of the micro-scale, the addition of carbon nanotubes results in ropes entangled
by carbon nanotubes in the micro-cracks, and the corresponding macro phenomenon is
that shear strength increases with the addition of carbon nanotubes.
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(a) (b) 

Figure 12. SEM photographs (100× enlargement) of stabilized sand with and without carbon nanotubes: (a) sand stabilized
by 40 wt. % colloidal silica and (b) sand stabilized by 40 wt. % colloidal silica + 0.02% carbon nanotubes.

   
(a) (b) (c) 

Figure 13. Cracks in silica gel (formed by 40 wt. % colloidal silica): (a) 500× enlargement, (b) 1000× enlargement, and
(c) 2000× enlargement.

   
(a) (b) (c) 

Figure 14. Cracks in silica gel (formed by 40 wt. % colloidal silica + 0.02% carbon nanotubes): (a) 500× enlargement,
(b) 1000× enlargement, and (c) 2000× enlargement.

5. Conclusions

The study of sands seeped and stabilized with the mixture of colloidal silica and
carbon nanotubes has allowed the authors to establish the following conclusions:

1. The degree of reinforcement of carbon nanotubes depends on the concentration of
colloidal silica; when the same content of carbon nanotubes is added, shear strength
increases with increasing concentration of colloidal silica. The low concentration
(10 wt. %) of colloidal silica especially shows almost no reinforcement effect after
adding carbon nanotubes.However, when the concentration of colloidal silica is in-
creased to 40 wt. %, the shear strength, which can be represented by the deviator stress
at failure, can be increased by up to 93.65% after adding 0.01 wt. % carbon nanotubes.

2. There is an optimal carbon nanotube contentleading to the peak shear strength, which
only occurs when the colloidal silica concentration is 40 wt. %. That is, there is a
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concentration threshold of colloidal silica, above which the shear strength increases
first and then decreases with increasing content of carbon nanotubes.

3. A formula is established to predict the peak effect of shear strength wellin 40 wt. %
colloidal silica by introducing two physically meaningful parameters, which are the
optimal carbon nanotube content and the increment of deviatoric stress at failure with
the optimal carbon nanotube content.

4. SEM photos show that ropes formed by entangled carbon nanotubes result in enhanc-
ing macro strength.

5. The present work is helpful to the design and engineering application of sandy ground
stabilization. That is, for the project to improve the strength of the sandy ground,
based on the stress level, we present the optimal combination of 40 wt. % colloidal
silica and 0.01–0.02 wt. % carbon nanotubes. Besides, the formula of shear strength
that varies with carbon nanotube content can be applied to site reinforcement design.

In this paper, there are at least two limitations to the trends of the effects of carbon
nanotube content on colloidal-silica-stabilized sand: (1) the carbon nanotubes used here
are multi-walled carbon nanotubes, while we do not know how single-walled carbon nan-
otubes would affect the shear strength of colloidal-silica-stabilized sand; and (2) here we
only use magnetically stirring and ultrasonic vibration to achieve the dispersion of carbon
nanotubes in colloidal silica. However, different dispersion methods, such as treating
carbon nanotubes with acid or using non-covalent surface modification for carbon nan-
otube surfaces [41], may lead to different trends of shear strength varying with increasing
carbon nanotubes.

The guiding research question is how carbon nanotubes affect the shear strength of
colloidal-silica-stabilized sand. For this research question, we performed triaxial tests on
these carbon-nanotube-reinforced sand-gel composites and obtained the shear strength
varying with different concentrations of colloidal silica combined with different carbon
nanotube contents. In addition, the optimal ratio of colloidal silica to carbon nanotubes
was obtained and a corresponding prediction formula was presented.

For future research, we can try single-walled carbon nanotubes and different methods
of dispersing carbon nanotubes in the colloidal silica to obtain how dispersion methods
affect the trends of the shear strength of the carbon-nanotube-reinforced colloidal-silica-
stabilized sand.
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Abstract: In this work, multi-scale cementitious composites containing short carbon fibers (CFs) and
carbon nanofibers (CNFs)/multi-walled carbon nanotubes (MWCNTs) were studied for their tensile
stress sensing properties. CF-based composites were prepared by mixing 0.25, 0.5 and 0.75 wt.% CFs
(of cement) with water using magnetic stirring and Pluronic F-127 surfactant and adding the mixture
to the cement paste. In multi-scale composites, CNFs/MWCNTs (0.1 and 0.15 wt.% of cement) were
dispersed in water using Pluronic F-127 and ultrasonication and CFs were then added before mixing
with the cement paste. All composites showed a reversible change in the electrical resistivity with
tensile loading; the electrical resistivity increased and decreased with the increase and decrease
in the tensile load/stress, respectively. Although CF-based composites showed the highest stress
sensitivity among all specimens at 0.25% CF content, the fractional change in resistivity (FCR) did
not show a linear correlation with the tensile load/stress. On the contrary, multi-scale composites
containing CNFs (0.15% CNFs with 0.75% CFs) and MWCNTs (0.1% MWCNTs with 0.5% CFs)
showed good stress sensitivity, along with a linear correlation between FCR and tensile load/stress.
Stress sensitivities of 6.36 and 11.82%/MPa were obtained for the best CNF and MWCNT-based
multi-scale composite sensors, respectively.

Keywords: multi-scale composites; carbon fibers; cement; carbon nanotubes; stress sensing

1. Introduction

Cementitious composites are extensively used in civil infrastructures and are suscepti-
ble to deterioration of their properties over time. Therefore, health monitoring of cement-
based buildings and infrastructures at periodic intervals is an important requirement to
ensure the safety of the occupants, as well as to extend the lifespan of the infrastructures.
The monitoring of real-time conditions and performance of structures, which is known
as structural health monitoring (SHM), is performed mainly in the critical zones of the
structures using various sensors [1,2]. The collected data are used to evaluate the health
conditions of structures in order to take timely maintenance actions. SHM is frequently
performed using various sensors such as optical fiber sensors, electrical resistance strain
gauges, piezoelectric (PZT) ceramics, etc., each one of which has their own limitations [1,2]
and, consequently, a great deal of research is currently underway to find an affordable,
reliable and easy-to-use technique for SHM of civil infrastructures.

From past few years, investigations on the piezoresistive cementitious composites (i.e.,
composites which show change in their electrical resistivity with mechanical stress/strain)
for SHM applications have accelerated considerably [1–3]. Piezoresistive cementitious
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sensors have better compatibility with civil structures and are durable [1–3]. These sensors
were initially developed using short carbon fibers (SCFs) [4,5]. However, researchers are
currently utilizing various electrically conductive nanofillers to introduce piezoresistivity
into cementitious composites [6–8]. Nanomaterials are preferred over carbon fibers (CFs),
as they are required at much lower concentrations and provide a positive influence on other
properties of cementitious composites (e.g., mechanical properties, microstructure, thermal
properties, etc.) due to their high surface area and aspect (i.e., length/diameter) ratio [9–11].
Extensive studies have been carried out to date on developing piezoresistive cementitious
composites using different nanomaterials such as multi-wall carbon nanotubes (MWCNTs),
graphene, nano graphite platelets, spiky spherical nickel powders containing nano tip,
carbon nano fibers (CNF), nano carbon black (NCB), etc. [6,12,13].

Formation of a percolating electrical network is required to achieve piezoresistive
properties in cementitious composites. Percolation threshold is defined as the critical con-
centration of conductive fillers to enable non-conductive cementitious matrices to show
conductivity [7]. The percolation threshold of CFs (5 mm long and 10 μm diameter) within a
cementitious matrix was found to be between 0.5 (~0.3 wt.%) and 1 vol.% (~0.58 wt.%) [4,5].
The percolation threshold of MWCNT in cementitious composites was also found in the
similar range (between 0.3 and 0.6 wt.% of cement) [14]. However, according to Yoo
et al., the optimum concentration of MCNTs to introduce piezoresistivity into cementitious
matrices was found to be 1 wt.% (with respect to cement) [7,8]. For graphene-based ce-
mentitious composites, the percolation threshold was found to be between 1 and 5 wt.%
of graphene and the resulting composites showed good piezoresistive properties [12].
However, MWCNTs were considered as superior and more effective nanofillers for the fab-
rication of piezoresistive cementitious composites when compared to graphite nanofibers
and graphene when used in similar concentrations [8]. More recently, the use of hybrid
conductive fillers, i.e., the combination of two different fillers proved more effective in
achieving superior conductivity and sensing properties in cementitious materials (these
composites are known as multi-scale composites, as they are developed using hybrid rein-
forcements with micro- and nano-scale diameters [9]). For example, the use of CFs (15 mm
in length and 5–7 μm in diameter) in combination with MWCNTs improved the stability
of electrical resistivity of cementitious composites [14]. Reliable sensing of compressive
loads and strains of cementitious composites was also achieved with hybrid conductive
fillers composed of CFs and MWCNTs [15]. Cementitious composites containing these
hybrid fillers demonstrated superior repeatability of sensing results when compared to
CF-based cementitious composites [14]. Zhang et al. recently reported that a hybrid filler
system containing CNT/NCB (40:60) showed a percolation threshold of 0.39 to 1.49 vol.%
(of mortar) and the resulting cementitious composites demonstrated a stable and sensitive
piezoresistive property [16]. The observed percolation threshold and piezoresistivity of
CNTs (and other nanomaterials), CFs and hybrid fillers in cementitious composites were
different in different studies and this was attributed to the use of different types of nanoma-
terials and CFs (possessing different diameters and aspect ratios), their dispersion states,
as well as different cement/water ratios and compositions used for the development of
cementitious composites. Besides piezoresistivity, the hybrid filles were also found to be
effective in improving the physical and mechanical properties of cementitious composites.
For example, the use of 0.25 wt.% SCFs (of cement) with 0.75 wt.% of MWCNTs (of cement)
improved the flexural strength by ~243%, flexural modulus by 200% and toughness by
672% of plain cement-based composites [17]. Also, cementitious composites with 2.25 wt.%
SCF and 0.5 wt.% MWCNTs improved the tensile strength of plain cement composites by
~53%, tensile modulus by 60% and failure strain by 44% [18].

Due to the growing interest and prospect of piezoresistive cementitious composites
in the civil engineering sector, a cost-effective and an easy fabrication method to develop
these composites is highly desirable. Although cementitious composites containing hybrid
fillers showed superior results, only a few studies have been carried out to date. Also, to
the best of the authors’ knowledge, the existing studies investigated the sensing properties
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of hybrid cementitious composites under compression loading and no study has been
conducted to date under tensile loading mode. The present study, therefore, investigated
and compared the piezoresistive properties of CF-reinforced, CF-MWCNT and CF-CNF
hybrid filler-reinforced cementitious composites under tensile loading. CNFs and MWCNTs
were selected as the conductive filles for developing these hybrid cementitious composites
due to their high electrical conductivity (possessing electrical resistivity as low as 1 × 10−4

and 2 × 10−3 − 1 × 10−4 Ωcm, respectively), relatively low cost when compared to other
conductive nanomaterials such as single-walled CNTs, graphene, etc., high aspect ratio
(250–2000 and 100–10,000, respectively), as well as their high mechanical properties (tensile
strength of 2.92 and 10–60 GPa, respectively and tensile modulus of 240 and 1000 GPa,
respectively] [19]. The comparison of the piezoresistive behavior of CF-MWCNT and
CF-CNF hybrid filler-reinforced cementitious composites has also not been addressed in
the existing literature. Moreover, a non-ionic surfactant, Pluronic F-127, was used for the
first time to ensure proper dispersion of the fillers in the developed sensing cementitious
composites. The piezoresistive properties of the composites were studied under cyclic
tensile loading at different loading conditions. The fractional change in resistivity (FCR),
its correlation with the applied load and stress sensitivity were determined and discussed
in detail.

2. Materials and Methods

2.1. Raw Materials

Cementitious composite specimens were fabricated using the Portland cement CEM I
42.5 R (purchased by Lisbon, Secil, Portugal). The properties of this cement are summarized
in Table 1. Short CFs (Tenax®, diameter: 7.0 μm, Length: 5 mm) were supplied by Teijin
Carbon Europe GmbH (Wuppertal, Germany) and MWCNTs and CNFs were supplied by
Nanostructured & Amorphous Materials, Inc. (Houston, TX, USA). Their physical and
mechanical properties are summarized in Table 2. CNFs had an electrical conductivity
of more than 100 S/cm. CNFs may contain significant amount of amorphous carbon, as
well as residual catalysts and other inorganic impurities such as Fe, Co, S, etc. and a
trace amount of Mg, Cl, Ca, Cr, etc. [20] and these residual catalyst particles and other
impurities can significantly influence the electrical conductivity of CNFs. Pluronic F-127
(the chemical structure is provided in Figure 1a), a non-ionic surfactant, was used to
disperse MWCNTs/CNFs and CFs in water and was purchased from Sigma Aldrich (Algés,
Portugal). A defoamer, tri-butyl phosphate (the chemical structure is provided in Figure 1b),
was supplied by Acros Organics (Thermo Fischer Scientific, Porto Salvo, Portugal).

Table 1. Composition and properties of cement used in the present study.

Composition
95–100% Clinker + 0–5% Minor

Additional Components

Ordinary Portland Cement
(CEM I 42.5 R) 1

Loss on ignition ≤5%
Insoluble residue ≤5%

Sulphur trioxide (SO3) ≤4.0%
Chloride (Cl−) ≤0.1%

Initial setting time ≥60 min
Soundness ≤10 mm

2 days compressive strength ≥20.0 MPa
28 days compressive strength ≥42.5 MPa ≤ 62.5 MPa

1 Source:www.secil.pt, accessed on 12 January 2013, Lisbon, Portugal
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Table 2. Properties of carbon fibers, CNFs, MWCNTs, Pluronic F-127 and defoamer.

Materials Physical and Mechanical Properties

Tenax-e HTA40
E13 6k 400 tex

Tensile
Strength (MPa)

Tensile
Modulus (GPa)

Elongation at
Break (%)

Filament
Diameter(μm) Density(g/cm3)

4100 240 1.7 7 1.77

Physical Properties

Diameter (nm)
Length (μm) Surface Area

(m2/g) Purity (%)
Inside Outside

MWCNT 1 2–5 <8 10–30 350–420 >95%

CNF 200–600 nm 5–50 μm >18 >70 wt.%,
Ash: <5 wt.%

Pluronic F-127 Non-ionic surfactant, molecular weight: 12,500 g/mol, CMC: 950–1000 ppm
1 Source: Nanostructured & Amorphous Materials, Inc., Katy, TX, USA.

Figure 1. Chemical structure of (a) Pluronic F-127 and (b) Tri butyl Phosphate.

2.2. Characterization of Morphology of Carbon Nanofibers and Nanotubes

Scanning Electron Microscopy (FEG-SEM, NOVA 200 Nano SEM, FEI, Hillsboro,
Oregon, USA) at an acceleration voltage of 10 kV was used to study the morphology of
MWCNTs and CNFs. To avoid the charging of samples during SEM, they were coated with
a 30 nm film of Au-Pd in a high-resolution sputter coater (208HR Cressington, Watford, UK).

2.3. Preparation of Aqueous Suspensions of Carbon Fibers, Carbon Nanofibers and Nanotubes

The schematic diagram, showing the preparation of various aqueous suspensions,
is shown in Figure 2. The aqueous suspensions of CF, using 5 wt.% of Pluronic F-127
(on the weight of water), were prepared by first mixing Pluronic F-127 in water with
the help of magnetic stirring for 10 min. CFs were then added in the surfactant solution
and mixed with the help of magnetic stirring for another 10 min. In case of aqueous
suspensions containing CFs, along with MWCNTs or CNFs, MWCNT or CNF powder was
first added to the surfactant solution and then magnetic stirring was carried out for 10 min
to ensure that there were no big lumps of MWCNTs/CNFs in the aqueous suspensions.
The MWCNT/CNF surfactant suspensions were then kept in a bath ultrasonicator (Sonica
Ultrasonicator 3200 S3, Milan, Italy) operated at 40 kHz frequency and 180 W power for
1 h. After removing the MWCNT/CNF suspensions from the ultrasonicator, CFs were
added and mixed using magnetic stirring for 10 min. The defoamer (in the weight ratio of
1:0.5 with respect to Pluronic F-127) was then added to the suspensions, which were used
later for the fabrication of cementitious composites. For the characterization of CNT/CNF
dispersion in aqueous suspensions, the defoamer and CFs were not added to avoid film
formation by the defoamer and agglomeration caused by CFs during the characterization
of aqueous suspensions. Figure 2 shows the magnetic stirring and ultrasonication processes
of aqueous suspensions and Figure 3c shows a suspension containing MWCNTs and CFs.
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Figure 2. Schematic diagram showing the preparation of aqueous suspensions for fabrication of
cementitious composites.

Figure 3. Preparation of aqueous suspensions: (a) magnetic stirring, (b) ultrasonication and (c) the
aqueous suspension containing CFs and MWCNTs.

2.4. Characterization of Aqueous Suspensions

Optical microscopy (Olympus BH2 Microscope, Hamburg, Germany) was used to
identify the CNT/CNF agglomerates in the aqueous suspensions. This characterization
was performed to also study the homogeneity of the prepared suspensions. To carry out the
optical microscopic analysis, a drop of MWCNT/CNFs (without CF) suspension was placed
on a glass slide and covered with a cover slip. The images were captured in 5 different
places of the drop. The analysis was repeated for 3 times and the images were captured in
two different magnifications to clearly understand the quality of the prepared suspensions.

2.5. Preparation of Cementitious Composites

Cementitious composites were fabricated using aqueous suspensions of CF or CF with
MWCNTs/CNFs (315 mL) and cement (900 g) following EN 196-1:2006 standard. A set
of unreinforced samples, i.e., plain mortars, were also prepared using water (315 mL) to
compare with the reinforced cementitious composites. The weighed amount of cement
was mixed with the aqueous suspensions using a Hobart mixer; the mixer was set for
1.5 min at a slow speed (140 ± 5 rpm) and then 1.5 min at a high speed (285 ± 10 rpm).
The mixtures were then poured into the molds (three samples were prepared for each
mixture). The specimens were prepared in a dog-bone shaped mold (having a cross section
of 30 mm × 20 mm, the distance between the inner grid for voltage measurement was
70 mm and the outer grid for passing current was 80 mm), as shown in Figure 4, in order
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to perform the piezoresistive measurement. The grids were made of copper foils having
30 mm × 15 mm dimension.

Figure 4. (a) Dimension of the dog bone samples. (b) Samples used for piezoresistive characterization.

The molds were placed on a jolting machine for 30 s to remove the entrapped air. The
molded samples were then covered by cellophane and placed in a chamber with a moist
atmosphere for 24 h. The samples were demolded after 24 h and kept submerged in water
for 28 days at 25 ◦C. The samples were taken out 4 h before the test, wiped with a cotton
cloth and kept at the room temperature prior to the piezoresistive characterization. The
compositions of different samples prepared are listed in Table 3.

Table 3. Composition of different samples prepared for piezoresistive characterization (each sample
contains 900 g of cement).

Samples CF (wt.% of Cement)
CNF (wt.% of

Cement)
MWCNT (wt.% of

Cement)

Plain Mortar 0 0 0

0.25 CF 0.25 0 0

0.5% CF 0.50 0 0

0.75% CF 0.75 0 0

0.25% CF 0.1% CNF 0.25 0.10 0

0.5% CF 0.1% CNF 0.50 0.10 0

0.75% CF 0.1% CNF 0.75 0.10 0

0.25% CF 0.15% CNF 0.25 0.15 0

0.5% CF 0.15% CNF 0.50 0.15 0

0.75% CF0.15% CNF 0.75 0.15 0

0.25% CF 0.1% CNT 0.25 0 0.10

0.5% CF 0.1% CNT 0.50 0 0.10

0.75% CF 0.1% CNT 0.75 0 0.10

0.25% CF 0.15% CNT 0.25 0 0.15

0.5% CF 0.15% CNT 0.50 0 0.15

0.75% CF 0.15% CNT 0.75 0 0.15

2.6. Characterization of Piezoresistive Properties

The test setups for the characterization of the electrical resistance and stress sensing
properties of cementitious composites are shown in Figure 5. Stress sensing properties were
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characterized by measuring the electrical resistivity of samples using a digital multimeter
(Agilent 34460a, Santa Clara, CA, USA) in the elastic regime of tensile loading with three
different loading rates: 20, 30 and 40 N.s−1. For each loading rate, the load was increased
from 0 N up to 10 s and then decreased to 0 N at the same unloading rate. 5 cycles of
loading and unloading (20 s per cycle) were studied at each loading rate to verify the
repeatable performance of the developed cementitious composites. The DC electrical
resistance was measured simultaneously during the mechanical testing using a four-probe
method. Fractional change in the resistivity (FCR) and stress sensitivity of the composites
in each cycle were calculated using the following equations:

FCR =
f inal resistivity (ρ)− initial resistivity (ρ0)

initial resistivity(ρ0)
(1)

Stress Sensitivity =
100 x FCR

Applied tensile stress
(2)

Figure 5. Measurement of (a) electrical resistance and (b,c) piezoresistive property of cementitious
composites (d) piezoresistive property of cementitious composites in tensile mode.

2.7. Microstructural Characterization of Developed Cementitious Composites

The fractured surfaces of developed specimens were analyzed by using SEM (FEG-
SEM, NOVA 200 Nano SEM, FEI) using the secondary electron mode and an acceleration
voltage of 10 kV after coating with a thin film (30 nm) of Au-Pd in a high-resolution sputter
coater (208HR Cressington, Watford, UK).

3. Results

3.1. Morphology of Carbon Fibers, Nanofibers and Nanotubes

The image of short CFs is shown in Figure 6a. The SEM micrographs of CNF and
MWCNTs are shown in Figure 6b,c, respectively. Significant entanglements or agglom-
eration can be observed in the case of CNFs. However, MWCNTs showed the highest
degree of agglomeration and clustering in the powder, as can be seen from Figure 6c.
Transmission electron microscope (TEM) images of MWCNT aqueous suspensions also
showed clustering and entanglements of nanotubes, as shown in Figure 6d. Therefore, to
break these MWCNT/CNF agglomerates and disperse them homogeneously within the
cementitious matrix, a combination of magnetic stirring (10 min) and ultrasonication (1 h)
was used.

313



Nanomaterials 2022, 12, 74

Figure 6. Reinforcement of cementitious composites: (a) short CFs, (b) SEM micrograph of CNFs and
(c) SEM micrograph MWCNTs and (d) TEM image of MWCNTs, taken from manufacturer website.

3.2. Aqueous Suspensions of MWCNT and CNT

The optical micrographs of aqueous suspensions of MWCNT and CNF are shown in
Figure 7. It is clear from Figure 7a that MWCNTs could be homogeneously dispersed in
water using a Pluronic F-127-assisted ultrasonication process. MWCNTs were dispersed
without any noticeable agglomeration. Homogeneous dispersion of CNTs and CNFs is
prerequisite for developing high performance cementitious composites [9] and the use of
Pluronic F-127 was proven to be effective in achieving homogenous CNT dispersion in
previous studies also [10,11]. It can also be clearly observed from Figure 7c that dispersed
MWCNTs formed electrically conductive pathways within the aqueous medium. The
aqueous suspension of CNF also showed homogeneous dispersion free from noticeable
CNF agglomerates. To the best of authors’ knowledge, Pluronic F-127 has been utilized to
disperse CNFs for the first time in the present study and a homogeneous dispersion was
obtained due to the steric stabilization induced by Pluronic F-127 molecules, as previously
reported for CNTs [10,11]. However, in this case, a few CNFs were seen to form bundles
with each other and formed a greater number of noticeable electrically conductive pathways
when compared to MWCNTs within the aqueous medium, as can be seen from Figure 7d.
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Figure 7. Optical Micrographs of the aqueous suspensions of (a) 0.2% MWCNT% with 5 wt.%
Pluronic F-127, (b) 0.2% CNF with 5 wt.% Pluronic F-127, (c,d) are the high contrast micrographs of
(a,b), respectively, showing the conductive networks formed by CNFs and MWCNTs.

3.3. Electrical Resistance of Cementitious Composites

The electrical resistivity of mortar containing only CF and mortar containing CF and
different concentrations of CNF and MWCNT is presented in Figure 8. It can be noticed
that mortars containing 0.25 wt.% CF had an electrical resistivity of 3.7 Ω.m. The electrical
resistivity decreased with the increase in the CF wt.% and the sample containing 0.75 wt.%
CF showed an electrical resistivity of 0.6 Ω.m. The electrical resistivity obtained in this case
was lower when compared to previously reported mortar samples containing CF, carbon
black and other nanomaterials [21–24].

Figure 8. Influence of CF, CNF and MWCNT on the electrical resistance of cementitious composites.
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The use of Pluronic F-127 in the present study was believed to improve the dispersion
of CFs within the mortar paste, leading to the reduced clustering of CFs and resulting in a
lower porosity of the reinforced cementitious composites. This significantly improved the
electrical conductivity of cementitious composites. It is clear from Figure 8 that the addition
of MWCNT and CNF significantly reduced the electrical resistivity of CF-reinforced cemen-
titious composites. This was attributed to the fact that the highly conducting MWCNTs
and CNFs can bridge the conducting paths formed by CFs and, hence, improved the con-
ductivity of composites [15]. It can also be observed that composites with CNFs at 1.5 wt.%
showed a lower resistivity when compared to composites prepared with MWCNTs. This
could be due to the better formation of conductive paths with CNFs due to their larger
dimensions, as also observed in Figure 7d. Composites with MWCNTs, on the other hand,
showed a higher resistivity at the higher concentration, i.e., 1.5 wt.%, probably due to
formation of CNT agglomerates, which resulted in the increased porosity and higher resis-
tivity of composites. This observation agrees with the previous studies on CNT-reinforced
cementitious composites [25].

3.4. Response of Cementitious Composites to Cyclic Tensile Loading
3.4.1. Effect of Cyclic Tensile Loading on Electrical Resistivity

The electrical response of CF-reinforced cementitious composites containing 0.25, 0.5
and 0.75 wt.% CF to cyclic tensile loading is shown in Figure 9. These responses were
achieved at five loading-unloading cycles at three different loading rates: 20, 30 and 40 N/s.
Each loading and unloading cycle took 10 s and therefore, the loading cycles reached 200,
300 and 400 N, respectively, for these three loading rates and came back to 0 N after each
unloading cycle. It can be clearly noticed that the electrical resistivity showed a reversible
change with the tensile loading, i.e., the electrical resistivity increased with the increase in
loading and decreased when the loading decreased in the unloading cycles. The increase in
electrical resistivity of short CF-reinforced cementitious composites with increased tensile
loading has been previously reported [4,5]. The extension of composites due to tensile
loading caused a reduction in the electrical contact points between short CFs, leading
to a reduction in the conductive pathways and an increase in the electrical resistivity of
composites [4,5]. The change in resistivity in all three studied load levels (i.e., 200, 300 and
400 N) was reversible, indicating that these load levels were within the elastic regime of the
composites and did not introduce a permanent damage within the composite structure.

Composites containing different CF contents showed a similar behavior, except a
flattening of electrical resistivity at the maximum load was noticed for the composites
containing 0.25 wt.% CF (Figure 9a1–a3). This delayed electrical response from the compos-
ites in the region when the loading cycle reversed was probably attributed to a relatively
lesser number of electrical contacts between CFs in the case of 0.25 wt.% CF. The electrical
response of hybrid cementitious composites containing CF and different concentrations
of CNF and MWCNT are shown in Figures 10–13. It can be noticed that these composites
also showed similar trends of changing their electrical resistivity with tensile loading, i.e.,
the electrical resistivity increased and decreased reversibly with the increase and decrease
in the tensile loading, respectively. However, the extent of electrical resistivity change
in different cycles was dependent on the loading rates/maximum load as well as on the
composition of the composites.
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Figure 9. Change of electrical resistance with cyclic tensile load of CF reinforced cementitious compos-
ites at different peak loads containing 0.25% CF (a1–a3), 0.50% CF (b1–b3) and 0.75% CF (c1–c3).

Figure 10. Change of electrical resistance with cyclic tensile load of 0.1% CNF-reinforced cementitious
composites at different peak loads containing 0.25% CF (a1–a3), 0.50% CF (b1–b3) and 0.75% CF (c1–c3).
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Figure 11. Change of electrical resistance with cyclic tensile load of 0.15% CNF-reinforced cementi-
tious composites at different peak loads containing 0.25% CF (a1–a3), 0.50% CF (b1–b3) and 0.75%
CF (c1–c3).

Figure 12. Change of electrical resistance with cyclic tensile load of 0.1% MWCNT-reinforced cemen-
titious composites at different peak loads containing 0.25% CF (a1–a3), 0.50%SCF (b1–b3) and 0.75%
SCF (c1–c3).
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Figure 13. Change of electrical resistance with cyclic tensile load of 0.15% MWCNT-reinforced
cementitious composites at different peak loads containing 0.25% CF (a1–a3), 0.50%SCF (b1–b3) and
0.75% SCF (c1–c3).

3.4.2. Fractional Change in Electrical Resistivity and Stress Sensitivity

The average FCR values of five loading cycles for different composites and at different
loading conditions are listed in Tables 4 and 5. It is clear from Table 4 that the average FCR
values of CF-reinforced cementitious composites were dependent on the loading rate (and
maximum load) and on the amount of CF in these composites.

Table 4. Fractional resistance change of composites containing CF.

Samples Loading Rate (N.s−1), Max Load (N) FCR

Mortar with 0.25% CF

20, 200 0.177

30, 300 0.165

40, 400 0.148

Mortar with 0.5% CF

20, 200 0.042

30, 300 0.082

40, 400 0.231

Mortar with 0.75% CF

20, 200 0.074

30, 300 0.045

40, 400 0.097
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Table 5. Fractional resistance change of composites containing CF along with CNF/MWCNT.

Samples Loading Rate (N.s−1), Max. Load (N)
FCR

CNF MWCNT

Mortar + 0.25% CF +
0.1% CNF/MWCNT

20, 200 N 0.003 0.030

30, 300 N 0.004 0.029

40, 400 N 0.017 0.029

Mortar+ 0.25% CF +
0.15% CNF/MWCNT

20, 200 N 0.004 0.015

30, 300 N 0.009 0.033

40, 400 N 0.015 0.011

Mortar + 0.5% CF +
0.1% CNF/MWCNT

20, 200 N 0.010 0.039

30, 300 N 0.008 0.038

40, 400 N 0.008 0.028

Mortar + 0.5% CF +
0.15% CNF/MWCNT

20, 200 N 0.005 0.003

30, 300 N 0.010 0.003

40, 400 N 0.017 0.002

Mortar + 0.75%CF +
0.1% CNF/MWCNT

20, 200 N 0.013 0.008

30, 300 N 0.010 0.007

40, 400 N 0.008 0.006

Mortar + 0.75%CF +
0.15% CNF/MWCNT

20, 200 N 0.021 0.002

30, 300 N 0.028 0.002

40, 400 N 0.037 0.005

The influence of the loading rate and maximum load on FCR, however, did not
show any clear trend. Previous studies on hybrid nano-carbon containing piezoresistivity
cementitious composites showed a decrease in FCR with the increasing rate of compressing
loading [13]. This was attributed to the reduced compressive strains with the increasing
loading rates, resulting in the reduced resistivity change in each cycle. However, the effect
of loading rates on the resistivity change of short CF-based cement composites has not
been reported to date. In the present study, both the loading rate and maximum load were
changed simultaneously, and this made it difficult to understand their individual effects.
An increase in FCR with the increase in the maximum tensile strain per cycle in the elastic
regime was previously observed in short CF-based piezoresistive composites [4,5]. In the
present case, the increase in loading rates (from 20 to 40 N/s) could decrease the tensile
strain of composites, as observed previously in cement-based composites [26]. However,
the increase in the maximum load (from 200 to 400 N) could also increase the tensile strain at
the same time and, therefore, no clear trend was observed due to these two opposing effects.
Further studies by changing the loading rates while maintaining the same maximum load
could help to properly understand this phenomenon.

It can also be observed from Table 4 that the FCR values were higher in the case of
composites containing 0.25% CFs when compared to composites with 0.5 and 0.75% CFs.
CFs formed an electrical percolation network at 0.25% as evidenced by the low resistivity
values (see Figure 8). Similar resistivity values were reported previously for CF-based
and other cementitious composites above the percolation threshold of the conductive
fillers [21–24]. Therefore, the composites containing 0.25% CFs provided high values of
FCR. Previously reported CF-based composites also showed similar FCR values under
tensile loading [4,5]. The decrease in FCR at higher CF contents could be attributed to
the fact the higher amount of CFs resulted in more touching of CFs and a high number
of conductive pathways. This resulted in lower change in the conducting network under
tensile deformation and consequently, a lower change in the electrical resistance. This
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phenomenon was previously observed in the case of CF-reinforced piezoresistive polymeric
composites [27,28].

It is clear from Table 5 that the cementitious composites with hybrid fillers, i.e., CFs
along with CNFs/CNTs showed lower FCR values when compared to only CF-based
composites. The reason for this is the same as discussed above for 0.5 and 0.75% CF-based
cementitious composites. The presence of CNF and MWCNTs significantly increased the
number of conductive pathways and more touching between the conductive fillers, making
the conductive network more stable and less sensitive to the mechanical deformations.
Figure 14 explains this phenomenon schematically. It can be observed that when the CF
content is low (Figure 14a), the conductive network becomes extended under tensile de-
formation, increasing the distance between CFs (indicated by dotted circles) and leading
to a significant increase in the electrical resistivity. However, at higher CF contents, e.g.,
0.75% (Figure 14b), due to higher number of electrical contacts the extension of the con-
ductive network does not significantly change the electrical contact points and, therefore,
the change in electrical resistivity is limited. Similarly, the presence of MWCNTs/CNFs in
the case of 0.25% CF (Figure 14c) can maintain the electrical contacts between CFs when
the conductive network extends under tensile deformation (as can be seen in the dotted
circles in Figure 14c). Therefore, the presence of MWCNTs/CNFs results in a significantly
lower change in the electrical resistivity under tensile loading. Observations made by Kim
et al. support this hypothesis as it was noticed that the hybrid fillers composed of CFs and
CNTs made the electrically resistivity less sensitive to the change in water to cement ratio,
temperature and evaporation of electrolytic pore solution, due to the extended conductive
pathways [14]. However, the authors did not evaluate the effect of hybrid fillers on the
piezoresistive properties of the composites.

Figure 14. Change in the electorally conductive network under tensile deformation of (a) 0.25% CF,
(b) 0.75% CF and (c) 0.25% CF with CNFs/MWCNTs.

FCR values of cementitious composites containing different concentrations of hybrid
fillers are compared in Table 5. It can be noticed that the hybrid composites showed different
FCR values depending on the CF, CNF and MWCNT concentrations, as well as the loading
conditions, i.e., the rate and maximum load. Similar to CF-based composites, the influence
of loading conditions on FCR values did not show any clear trend. The FCR values have
been further converted into stress sensitivity according to Equation (2) and are presented
in Figure 15. Stress sensitivity is a better parameter to compare the load/stress sensing
behavior of cementitious composites containing different concentrations of conductive
fillers. It can be observed that the CF-based composites showed a considerably higher
stress sensitivity when compared to the hybrid composites due to the higher FCR values of
the former, as explained earlier.
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Figure 15. Stress sensitivity of various cement based sensors.

In the cases of hybrid composites with 0.25 and 0.5% CF, the use of MWCNTs led to
superior stress sensitivity when compared to CNFs. On the contrary, the stress sensitivity
was higher with CNFs when compared to MWCNTs when a higher amount of CF, i.e.,
0.75 wt.% CF was used in the composites. The superior sensitivity of MWCNT-based
composites at lower CF contents could be attributed to the superior ability of MWCNTs
to form a piezoresistive network due to their higher electrical conductivity and smaller
dimensions. At higher CF contents, a saturation in the electrically conducting pathways
resulted in a lower sensitivity of these composites. Also, the stress sensitivity was superior
with 0.1% MWCNTs when compared to 0.15% and this could be due to the increased
agglomeration of MWCNTs at 0.15% when dispersed using the same process. On the
contrary, composites with 0.15% CNF showed superior stress sensitivity when compared
to those with 0.1% CNF. This could be attributed to the fact that CNFs could be more
homogeneously dispersed at higher concentrations when compared to MWCNTs using the
same dispersion process, due to their lower surface area and agglomeration tendency [29].

The highest stress sensitivities achieved with hybrid composites containing 0.15%
CNFs and 0.1% CNTs were 6.36 and 11.82%/MPa at 0.75 and 0.5% CF contents, respec-
tively. The observed stress sensitivity values were much higher when compared to those
previously reported for hybrid nano-carbon-reinforced cementitious composites under
compression loading [13].

3.5. FCR-Load Correlations of Developed Sensing Composites

The relationships between FCR and load for cementitious composites containing
different CF contents at different loading conditions are shown in Figure 16. It can be
observed that the change in FCR with the tensile load was dependent on the loading
conditions. From the values of linear regression coefficients (R2), it can be commented that
the cementitious composites containing only CFs did not show a good linear correlation
between FCR and load (and stress, as stress is proportional to the applied load), making
the calibration of these sensors difficult and leading to measurements with high error
values. The large scatter of the FCR values indicates an uneven and random change in
the electrical resistivity of the samples in different loading and unloading cycles. In CF-
based cementitious composites, the loading and unloading cycles caused random and large
changes in the electrical contact points between the CFs (schematically shown in Figure 14),
making electrical resistivity change and FCR not linearly dependent on the applied load or
stress. Further, presence of CF clusters could also lead to unpredictable and random change
in the electrical network and, consequently, in the electrical resistivity of the composites. As
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a result, the scatter in the FCR data was high. As a reliable and accurate measurement with
a low scattering of FCR values is required for practical applications, these CF-based sensors
are not, therefore, suitable for sensing of tensile stresses in civil engineering structures. A
high scatter of FCR values in the case of CF-based cementitious composites was previously
observed in the case of compressive loading [15].

Figure 16. FCR-load correlation of cementitious composites containing different carbon fiber contents:
(a) 0.25 wt.%, (b) 0.5 wt.% and (c) 0.75 wt.%.

The correlation between FCR and tensile load for CNF-based hybrid cementitious
composites are shown in Figure 17. It can be observed that hybrid composites containing
CNFs presented superior linear correlation between FCR and tensile load (and therefore,
with tensile stress) and a lower scatter in FCR values when compared to the composites
containing only CFs. It can also be noticed that among different samples, the sample
containing 0.15% CNF with 0.75% CFs showed a good linear correlation with a low scatter
of data. This composite also presented the best stress sensitivity (6.36%/MPa) and therefore,
can be considered as the optimized sample for developing CNF-based hybrid stress sensors
for construction applications.

Figure 18 shows the FCR-load correlation for hybrid cementitious composites contain-
ing MWCNTs. It is clear that the correlation was much better with a lower scatter of data for
these composites when compared to only CF-based and CNF-based hybrid cementitious
composites. It can also be observed that the composites with 0.1% MWCNT and 0.5% CF
showed a good linear correlation along with high stress sensitivity (11.82%/MPa), as ob-
served in Figure 15 and therefore, these composites can be considered as the best CNT-based
hybrid cementitious sensors for the sensing of stresses in civil engineering structures.
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Figure 17. FCR-load correlation of CNF-based hybrid cementitious composites:
(a) 0.25% CF + 0.1% CNF, (b) 0.25% CF + 0.15% CNF, (c) 0.5% CF + 0.1% CNF, (d) 0.5% CF + 0.15% CNF,
(e) 0.75% CF + 0.1% CNF and (f) 0.75% CF + 0.15% CNF.

As discussed earlier, the presence of CNFs and MWCNTs in CF-based cementitious
composites increased the conductive pathways preventing random and abrupt changes
in the electrical network under tensile loading. Therefore, a more stable, accurate and
reliable piezoresistive behavior was obtained in the presence of MWCNTs/CNFs. The
results were superior with MWCNTs at low concentrations when compared to CNFs, due
to the higher electrical conductivity of MWCNTs and owing to their superior ability to
form percolating and piezoresistive electrical networks when dispersed homogeneously,
due to their smaller dimensions. It can be noticed in Figures 17 and 18 that the slopes of
the FCR-load curves changed with the loading rates, indicating that the stress sensitivity
was dependent on the loading rates. As discussed in Section 3.4.2, the loading rate could
influence the tensile strain of the developed cementitious composites and this, in turn,
influenced the change in the electrical resistivity. A higher loading rate was expected to
reduce the tensile strain, thereby reducing the change in the electrical resistivity and stress
sensitivity of the composites. However, in the present study, the applied load was also
changed along with the loading rates, and this resulted in an opposite effect on stress
sensitivity, i.e., an increase in the load could increase the tensile strain and increase the
stress sensitivity. Due to this reason, the effect of the loading rate on the stress sensitivity
of the developed composites was not very clear in the present study and needs to be
further investigated.
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Figure 18. FCR-load correlation of MWCNT-based hybrid cementitious composites:
(a) 0.25% CF + 0.1% MWCNT, (b) 0.25% CF + 0.15% MWCNT, (c) 0.5% CF + 0.1% MWCNT,
(d) 0.5% CF + 0.15% MWCNT, (e) 0.75% CF + 0.1% MWCNT and (f) 0.75% CF + 0.15% MWCNT.

3.6. Microstructure of Developed Cementitious Composites

The fracture surfaces of broken samples in tensile tests (up to failure) were studied
using SEM and are shown in Figure 19. It can be clearly observed from Figure 19a,b that
CFs (indicated by arrows) were uniformly dispersed within cementitious composites. This
confirmed that the used dispersion process using magnetic stirring along with Pluronic
F-127 surfactant was able to ensure the homogeneous dispersion of CFs. CNFs and MWC-
NTs can also be observed in the fracture surface of hybrid composites, as can be seen in
Figure 19c–f. It is interesting to note from Figure 19d–f that both CNFs and MWCNTs
formed electrical connections between CFs and cement hydration products and helped
to form the percolating and piezoresistive networks, as discussed earlier. The SEM mi-
crographs of fracture surfaces support the mechanism of piezoresistivity, as illustrated in
Figure 14.
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Figure 19. Fracture surface of a plain mortar (a,b), cementitious composite with CNFs (c,d) and a
cementitious composite with MWCNTs (e,f) at different magnifications.

4. Conclusions

In this research, multi-scale cementitious composites were developed using CFs along
with CNFs or MWCNTs and their stress-sensing behavior was characterized and compared
with CF-based cementitious composites. The following conclusions can be made from the
present study:

(1) The electrical resistivity of CF-based composites decreased with the increase in CF
content from 0.25 to 0.75%. The incorporation of CNF and MWCNT (0.1 and 0.15% of
cement weight) in CF-based composites led to a significant decrease in the electrical
resistivity of cementitious composites.

(2) CF-based cementitious composites showed a reversible increase in electrical resistivity
with the cyclic tensile load. The highest value of FCR was achieved at the lower CF
content, i.e., 0.25% and an increase in the CF content resulted in a decrease in FCR
due to the saturation in the electrical contact points reducing the stress sensitivity of
the composites.

(3) Multi-scale cementitious composites also showed a reversible increase in the electrical
resistivity with tensile loads. Overall, the multi-scale composites showed a lower FCR
when compared to CF-based composites, due to an increase in the electrically con-
ducting pathways. MWCNTs and CNFs formed connections between well-dispersed
CFs and cement hydration products, forming a well-connected percolation network.
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(4) Although CF-based composites presented good stress sensitivity, the FCR-load cor-
relation was not good and a high scatter in FCR values was noticed. This makes
the CF-based cement sensors not suitable for accurately measuring tensile stresses
in practical applications. On the contrary, the multi-scale composite sensors showed
a good linear correlation between FCR and tensile loads with a low scatter of data.
Superior results were obtained in the case of MWCNT-based multi-scale composites
when compared to the CNF-based composites. The best CNF- and MWCNT-based
sensors provided stress sensitivity of 6.36 and 11.82%/MPa, respectively.
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Abstract: For more than 50% of multiparous cows, it is difficult to adapt to the sudden increase in cal-
cium demand for milk production, which is highly likely to cause hypocalcemia. An electrochemical
biosensor is a portable and efficient method to sense Ca2+ concentrations, but biomaterial is easily
affected by the pH of the analyte solution. Here, an electrochemical biosensor was fabricated using
a glassy carbon electrode (GCE) and single-walled carbon nanotube (SWNT), which amplified the
impedance signal by changing the structure and length of the DNAzyme. Aiming at the interference
of the pH, the electrochemical biosensor (GCE/SWNT/DNAzyme) was coupled with a pH meter to
form an electrochemical device. It was used to collect data at different Ca2+ concentrations and pH
values, and then was processed using different mathematical models, of which GPR showed higher
detecting accuracy. After optimizing the detecting parameters, the electrochemical device could
determine the Ca2+ concentration ranging from 5 μM to 25 mM, with a detection limit of 4.2 μM at
pH values ranging from 4.0 to 7.5. Finally, the electrochemical device was used to determine the Ca2+

concentrations in different blood and milk samples, which can overcome the influence of the pH.

Keywords: electrochemical sensor; single-walled carbon nanotube; DNAzyme; dairy cow; hypocal-
cemia

1. Introduction

Calcium is an essential macronutrient in living organisms that plays an irreplaceable
role in physiological and biochemical functions [1,2]. Calcium ions (Ca2+) can maintain
the biological potential on both sides of the cell membrane and normal nerve conduction
function [3,4]. For dairy cows, a tremendous amount of calcium is required every day
for daily milk production. To maintain the balance of calcium in the blood, dairy cows
must be supplemented with a certain amount of calcium from food or absorb it from the
intestines and the kidneys [5]. Inappropriate Ca concentrations affect the function and
motility of the rumen, abomasum, intestines, and uterus, with severe consequences on
energy metabolism [6]. At the onset of lactation, more than 50% of multiparous cows
have difficulty adapting to the sudden increase in calcium demand by the mammary
gland for milk production [7,8], which might cause subclinical hypocalcemia without any
symptoms [9].

In general, the blood calcium concentration of healthy dairy cows is 2.1 ~ 2.5 mM,
of which the ionic calcium occupies about 50%. When the blood Ca2+ is in the range of
0.7 ~ 1.05 mM, it is called subclinical hypocalcemia. If the blood Ca2+ concentration of
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dairy cows is lower than 0.7 mM without the supplement, it is called clinical hypocalcemia,
which can result in reduced feed intake, poor rumen and intestine motility, an increased
risk of a displaced abomasum, reduced milk yield, an increased susceptibility to infectious
diseases, and an increased risk of early lactation removal from the herd [10,11]. The loss of
a single cow can reach thousands of dollars, mainly in feeding and milk production. Thus,
it is of great importance to detect the blood Ca2+ content to evaluate hypocalcemia.

Currently, there is no commercial device for Ca2+ detection with a low cost, portability,
and high precision, and is easy to use. If a veterinarian wants to know the Ca2+ level of a
dairy cow, he has to send the samples to a professional analysis organization, which is time-
consuming, high-cost, and not real-time. It is difficult to meet the requirements of low-cost
and fast detection. According to the preliminary research, the Ca2+ content accounts for
about half of the blood Ca in dairy cow [12]. The electrochemical biosensor [13] has gained
the most attention in the analysis field, because its outstanding advantages include a rapid
and effective response, being simple to use, low cost, and miniaturization [14], which can
measure the blood Ca2+ with simple treatment.

A DNAzyme is a DNA molecule with catalytic activity [15], mainly consisting of two
parts: an enzyme strand composed of one catalytic core and two arms, and a substrate
strand with a single RNA linkage (rA). When the target substance binds to the enzyme,
the substrate strand can be cleaved at the rA site [16]. In the past two decades, many
DNAzymes have been developed that show excellent selectivity and sensitivity to the
metal ions, such as Na+ [17], K+ [18], Ag+ [19], Hg2+ [20], Mg2+ [21], Cu2+ [22], Pb2+ [23],
and Cr3+ [24]. Owing to their excellent stability, cost-effectiveness, high catalytic efficiency,
and programmability [25], many DNAzyme-based biosensors have been explored for metal
ion determination [26,27]. Zhou [28] previously studied a DNAzyme named EtNa that
can be cleaved by Na+ and Ca2+. To improve the specificity, they further optimized the
structure of EtNa to produce EtNa-C5T, which exhibited higher activity and better Ca2+

selectivity than the original EtNa. Considering the metal concentration difference (500-fold),
the cleavage rate of EtNa was 11,200-fold higher with Ca2+ than with Na+, whereas that of
EtNa-C5T was 257,000-fold higher with Ca2+ than with Na+ [29]. However, the cleavage
efficiency of EtNa-C5T was easily affected by the pH that showed a positive correlation.
For real samples, the pH values are different, which might affect the detecting accuracy of
electrochemical biosensors.

In this work, an electrochemical biosensor was fabricated using a glassy carbon
electrode, single-walled carbon nanotubes, and EtNa-C5T, but the electrochemical response
was weak. To improve the sensitivity and amplify the impedance signal, the structure
and length of EtNa-C5T were designed and optimized. In addition, the electrochemical
biosensor was combined with a pH meter to form an electrochemical device, and the
data at various pH values were used to build a mathematical model. The proposed
method can simplify the pH adjustment during sample pretreatment and measure Ca2+

concentrations accurately.

2. Materials and Methods

2.1. Materials and Reagents

Single-walled carbon nanotubes were purchased from Jiangsu Xianfeng Nanomaterial
Technology Co., Ltd. (Nanjing, China). Tween 20 (98%), 3-Aminopropyltriethoxysilane
(APTES, 99%), and ethanolamine (EA, 99%) were provided by Thermo Fisher Technology
Co., Ltd. (Beijing, China). NaNO3, KNO3, Mg(NO3)2, Ca(NO3)2, Cu(NO3)2, Fe(NO3)2,
Zn(NO3)2, Fe(NO3)3, and Sn(NO3)2 were purchased from Sigma Aldrich Company (Beijing,
China). N, N-Dimethylformamide (DMF), and ethanol were bought from Macklin Inc.
(Shanghai, China). N-Hydroxysuccinimide 1-pyrene butyric acid (PBASE) was obtained
from Invitrogen Company (Tianjing, China). Ethanol, hydrochloric acid (HCl), and acetic
acid (CH3COOH) were obtained from Beijing Chemical Industry Co., Ltd. (Beijing, China).
Tris(hydroxymethyl)aminomethane (Tris) was purchased from Titan Scientific Co., Ltd.
(Shanghai, China). The standard stock solution of Ca2+ was offered by the China National
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Research Center for Reference Materials (Beijing, China) and diluted to different Ca2+

concentrations. All of the chemicals and reagents in this study were of analytical grade,
which were used without further purification. Ultrapure water was produced by a Millipore
Milli-Q system (18.2 MΩ cm−3). Both Tris-HCl buffer and potassium acetate were chosen as
the buffer solution. A dry powder of oligonucleotides was synthesized by Sangon Biotech
Co., Ltd. (Shanghai, China), which was dispersed in sterilized ultrapure water to 50 nM.
The oligonucleotide sequences are listed in Table 1.

Table 1. Sequences of the modified DNA.

DNA Name Sequences and Modifications (Starting from 5 Terminal ′)

Ca_sub

NO-substrate NH2-(CH26)GCGGTAGAAGGATATCACTGAGCACTG

NS-substrate NH2-(C6)GCGGTAGAAGG/rA/TATCACTGAGCACTG

DS-substrate NH2-(C6)GCGGTAGAAGG/rA/TATCACTGAGCACTGGG/rA/TAAGCGG
TAGAACTCACAATGTATAATGCGCGCATTATACATTGTGAGT

CAZyme

EtNa-C5T CAGTGCTCAGTGATTGTTGGAATGGCTCATGCCACACTCTTTTCTACCGC

sEtNa-C5T TCTACCGCTTATCCCAGTGCTCAGTGATTGTTGGAATGGCTC
ATGCCACACTCTTTTCTACCGC

dEtNa-C5T TCTACCGCTTTGTTGGAATGGCTCATGCCACACTCTTCAGTGCT
CAGTGATTGTTGGAATGGCTCATGCCACACTCTTTTCTACCGC

2.2. Apparatus and Measurements

A field emission scanning electron microscope (FE-SEM SU8040) was used to obtain
SEM images at an accelerating voltage of 10 kV. The UV-visible absorption spectra of GCEs
modified with different materials were recorded using a Beckman Kurt DU800 UV-visible
spectrophotometer (Kraemer Boulevard Brea, CA, USA) at wavelengths ranging from
200 nm to 800 nm. Raman spectra were measured through Renishaw inVia with an imaging
microscope (532 nm diode and Ar ion lasers). A portable pH meter (Testo 206PH) was
bought from Testo AG (Beijing, China). The electrochemical measurements included cyclic
voltammetry (CV) and electrochemical impedance spectroscopy (EIS), which were per-
formed using an electrochemical cell on a CHI 760E electrochemical workstation (Shanghai
Chenhua Instrument, Shanghai, China). A three-electrode system consisted of a modi-
fied glassy carbon electrode (GCE/SWNT/DNAzyme, Φ = 3 mm), a platinum wire, and
Ag/AgCl (saturated with KCl), which served as the working electrode, counter electrode,
and reference electrode, respectively. The CV measurement was swept from −0.2 V to
+0.6 V with a scan rate of 50 mV s−1, and the frequency range of electrochemical impedance
spectroscopy (EIS) ranged from 105 to 0.1 Hz with the potential of 0.20 V (versus Ag/AgCl)
and the amplitude of 5 mV, which were carried out in a mixture solution of 5.0 mM of
[Fe(CN)6]3−/4− and 0.1 M KCl. A centrifugal machine (SN-LSC-40) was purchased from
Shanghai Shangyi Instrument Equipment Co., Ltd. (Shanghai, China).

2.3. Fabrication of the Biosensor

Single-walled carbon nanotubes (SWNTs) were carboxylated according to the follow-
ing protocol. Briefly, the SWNTs were refluxed with a mixed solution of concentrated
HNO3 and H2SO4 (v/v = 1:3) for 6 h. After that, the SWNTs were rinsed with enough
Milli-Q purified water to reach a neutral pH. The treated SWNTs were placed in a vacuum
oven and heated at 80 ◦C for 60 min. The SWNTs (1 mg) were dissolved in 2 mL of DMF to
form a homogeneous solution.

Figure 1 illustrates the modification process as follows. First, a bare GCE was sequen-
tially polished using 0.3 μm and 0.05 μm of Al2O3 powder, and then sonicated in DI water
several times. After that, the cleaned GCE was immersed in 5% APTES in ethanol for
30 min, and then washed with sufficient ultrapure water. The GCE surface was covered
with a 3 μL SWNTs solution, annealed in air at 60 ◦C for 30 min, and then rinsed to remove
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residual SWNTs. After that, the GCE/SWNT was immersed in 6 mM of PBASE in dimethyl-
formamide for 60 min under a normal temperature. In a high-humidity environment, the
PBASE-modified GCE/SWNT was covered with a 5 μL Ca substrate solution overnight
at 4 ◦C to immobilize the Ca substrate on the SWNT surface through the amide bonds
between the amine at the 5′ end and the ester groups of PBASE. The modified electrode
was immersed in 0.1 mM of EA and 0.1% Tween 20 to block the excess ester groups on the
PBASE and SWNT surfaces. Finally, the Ca substrate on the SWNT surface was hybridized
with CAZyme to form a GCE/SWNT/DNAzyme.

Figure 1. GCE functionalized with APTES, SWNT, Pbase, Ca_sub, EA, Tween20, and Cazyme.

2.4. Electrochemical Measurements

To determine the Ca2+ concentration, the Rct value of the electrochemical biosensor
must be calculated before and after measuring the real sample. The biosensor was covered
with the real sample for 9 min, and then rinsed with sufficient water to remove the residue.
After that, the biosensor was immersed in 5 mM [Fe(CN)6]4−/3− and 0.1 M KCl, and EIS
was performed. The pH of the serum or milk samples was directly measured using a
Testo 206PH.

The relative resistance was calculated using the following equation:

Relative resistance =
Rct0 − Rct

Rct0
× 100% (1)

where Rct0 is the initial resistance value, and Rct is the resistance after exposure to the
real sample.

2.5. Sensing of Real Samples

Blood and milk samples were collected from dairy cows at the China–Israel demon-
stration dairy farm located in southeastern Beijing. The blood samples were collected from
the vein of the cow’s tail using a centrifugal tube with heparin lithium, and the supernatant
was obtained after centrifugation. The supernatant of centrifugation was directly used for
Ca2+ detection. In addition, the milk samples were collected through milking equipment
and treated with HNO3. Briefly, 15 g of a milk sample was evaporated to dryness by using
an electric furnace, and then ashed in a muffle furnace at 550 ◦C for 5 h. After that, the
sample was mixed with 5 mL of HCl (20%). The treated solution was placed into a 50 mL
volumetric flask, and the volume was fixed with Tris-HCl buffer.
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3. Results

3.1. Choice of Materials

EtNa-C5T (CAZyme) as a molecular recognition probe specifically hybridizes the com-
plementary substrate (Ca_sub) to form the DNAzyme. After exposure to Ca2+, CAZyme
can bind to Ca2+, and then cleave the complementary substrate (Ca_sub) at the rA site.
Due to the poor conductivity of the DNAzyme, the structure change affects the impedance
response of GCE/SWNTs, which can be used for Ca2+ detection with high selectivity. In
addition, the cleavage efficiency of CAZyme is easily affected by the pH that shows a
positive correlation. Therefore, a GCE/SWNTs/DNAzyme combined with a pH meter can
detect Ca2+ concentration at variable pH environments.

3.2. Characterization

Morphological analysis was performed by field emission scanning electron microscopy.
The GCE/SWNT before and after being functionalized with a DNAzyme is shown in
Figure S1. A dense network structure was evenly distributed on the GCE surface in
Figure S1A, which indicated that SWNTs were immobilized on the GCE surface. Compared
to Figure S1B, there was no obvious change, indicating that it is difficult to distinguish
DNAzyme modification with SEM.

The blank quartz was selected to replace the GCE because of its excellent light trans-
mittance. Figure 2A shows the UV-visible absorption spectrum of the blank quartz function-
alized with SWNTs, PBASE, and DNAzymes in the range from 190 nm to 800 nm. To reduce
the interference, the absorption spectrum of blank quartz was chosen as the background,
since the curve was almost a straight line. For the GCE/SWNT, a strong absorption peak
was located at 280 nm, which was ascribed to SWNTs. When PBASE was modified on the
GCE/SWNT, there were three absorption peaks located at 240 nm, 275 nm, and 335 nm that
illustrated that PBASE had attached on the SWNT surface through CC interaction between
the carbon atom of the pyrene ring and the carbon atom of SWNTs. After the DNAzyme
was further functionalized on the GCE/SWNT/PBASE, there were two weak absorption
peaks observed on the spectrum, contributing that the absorption peak of the DNAzyme
and GCE/SWNT/PBASE was superimposed because of the UV-visible absorption peak
of the DNAzyme at 260 nm. As shown in Figure 2B, Raman spectroscopy was used to
investigate the change of different GCE-modified materials using 532 nm laser excitation
from 100 to 3500 cm−1. For a bare GCE, three weak peaks were found at 1350, 1595, and
2687 cm−1. After the GCE was treated with SWNTs, then RBM, D, G, and 2D peaks were
located at 180, 1350, 1595, and 2675 cm−1, which was consistent with the characteristic
peaks of SWNT [30]. While the GCE/SWNT was treated with PBASE and a DNAzyme, the
ratios of D to G markedly decreased, and G peak of the GCE/SWNT/DNAzyme shifted in
the negative direction, indicating that PBASE and the DNAzyme were immobilized on the
SWNT surface [31].

3.3. CV and EIS Characterization

Electrochemical impedance spectroscopy (EIS) was employed as a highly sensitive
technique to monitor the interfacial properties of each modified step, which can char-
acterize the fabrication and assembly process of a biosensor. Each modification of the
GCE/SWNT/DNAzyme was monitored by EIS analysis in 5 mM [Fe(CN)6]4−/3− and
0.1 M KCl at ambient temperature. Figure S2 shows the Randle equivalent circuit over
a range of frequencies from 100 kHz to 1 Hz, including charge transfer resistance (Rct),
the capacitance (Cdl), electrolyte resistance (Rs), and the Warburg element (Zw). In the
Nyquist plot, the Rct directly controls the transfer kinetics of the redox-probe electron at the
electrode surface, corresponding to the diameter of the semicircle. As shown in Figure 3,
there was a small semicircle in the impedance spectra on the bare GCE, where the Rct
was about 574 Ω. While SWNT was deposited on the GCE surface, the semicircle almost
decreased into a linear plot in the impedance spectra, and the Rct was zero, ascribing to
the deposition that SWNT possesses excellent electrical conductivity. After PBASE was
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assembled on the surface of the GCE/SWNT, there was still no obvious semicircle, but
the slope of the linear plot in the impedance spectra greatly decreased. The semicircle
reappeared when Ca_sub was functionalized on the SWNT surface through a peptide bond,
where the Rct reached 437 Ω. The main reason is the accumulation of negatively charged
probe Ca_sub that introduces much stronger steric hindrance and electrostatic repulsion to
the diffusion process of redox probe [Fe(CN)6]3−/4− toward the electrode surface. When
the specific sites of PBASE were blocked through EA, the semicircle diameter increased to
504 Ω. The semicircle rose again to where the Rct was 856 Ω when Tween20 was attached to
the naked SWNT surface. Finally, when CAZyme was incubated on the modified electrode
from the hybridization of DNAzyme, a significantly increased semicircle could be observed,
where the Rct was about 1843 Ω.

−

Figure 2. (A) UV-visible spectrum of blank quartz modified with SWNT, PBASE, and DNAzyme;
(B) Raman spectrum of GCE modified with SWNT, PBASE, and DNAzyme.
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Figure 3. Electrochemical impedance spectra of GCE modified successively with SWNTs,
PBASE, Ca_sub, EA, Tween 20, and CAZyme obtained at frequencies ranging from 1 to 105 Hz
(potential = 0.2 V) in 5 mmol/L [Fe(CN)6]3−/4− and 0.1 mol/L KCl.

Figure 4 shows the cyclic voltammograms of the GCE functionalized successively with
SWNTs, PBASE, Ca_sub, EA, Tween 20, and CAZyme in a mixed solution of 5 mmol/L
[Fe(CN)6]3−/4− and 0.1 mol/L KCl. All the CV curves exhibited a pair of well-defined
redox peaks, but differences in the peak currents and the peak-to-peak separation were
observed. After the SWNTs were immobilized on the GCE surface, the peak current
increased significantly to 73 μA. After incubation with PBASE, the peak current decreased
to 57 μA. When the negatively charged Ca_sub was assembled on the SWNT surface, the
peak current was continuously reduced. After the EA and non-electroactive Tween 20
were employed to block the non-specific sites of PBASE and the bare SWNT, the peak
current and peak-to-peak separation did not vary significantly. Finally, the electrode was
incubated in 50 mM to form the DNAzyme, and the peak current decreased obviously.
These results were consistent with the EIS results. Thus, we could preliminarily conclude
that the proposed biosensor based on a DNA hydrogel was successfully prepared.

3.4. Optimization

To improve the sensitivity and amplify the impedance signal, several detection param-
eters of the GCE/SWNT/DNAzyme were optimized at different Ca2+ concentrations.

The incubation time can significantly affect the sensitivity of the biosensor. Figure 5
shows that the relative resistances changed with the incubation time when the GCE/SWNT/
DNAzyme was immersed in different Ca2+ concentrations. It was clear that the relative
resistance increased as the incubation time ranged from 1 to 13 min, which was attributed
to the continuous cleavage of the DNAzyme by Ca2+. However, the growth rate of the
relative resistance greatly decreased when the incubation time exceeded 7 min, especially
in 10 mM of Ca2+. This result was mainly due to the limited DNAzyme on the GCE surface.
To balance the sensitivity and detection time, 7 min was selected as the incubation time for
further measurements.
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Figure 4. Cyclic voltammograms of the GCE before and after modification with SWNTs, PBASE,
Ca_sub, EA, Tween 20, and CAZyme obtained in 5.0 mmol/L [Fe(CN)6]3−/4− and 0.1 mol/L KCl
solutions at a scan rate of 50 mV/s.

Figure 5. Relative resistance of the GCE/SWNT/DNAzyme after incubation in different Ca2+

concentrations for different times.

The relative resistance of the GCE/SWNT/DNAzyme was strongly affected by the
pH of the electrolytic solution. Figure 6 shows the results for the GCE/SWNT/DNAzyme
incubated in different Ca2+ concentrations at various pHs. The relative resistance increased
gradually as the pH ranged from 4.0 to 7.0. One reason for this result was that the cleavage
efficiency of the DNAzyme increased with the pH. In addition, hydrogen ions were ab-
sorbed on the surface of the GCE/SWNT/DNAzyme, affecting the conductivity. Therefore,
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it was necessary to develop a method for detecting the Ca2+ concentration at different pHs
to improve practicality.

Figure 6. Relative resistance of the GCE/SWNT/DNAzyme after incubation in different Ca2+

concentrations at various pH values.

The structure and length of the DNAzyme are important factors influencing the
sensitivity of the GCE/SWNT/DNAzyme. As shown in Figure 7, four different DNAzymes
were designed for functionalizing the GCE/SWNT, and the functionalized GCE/SWNTs
were used to detect different Ca2+ concentrations in an electrolytic solution at pH 7.5. For the
DNAzyme without rA, the relative resistance was almost zero, indicating that Ca_sub was
not cleaved by the Ca/CAZyme. The relative resistances of the GCE/SWNT/DNAzyme
were approximately 3.5 and 9.32 at Ca2+ concentrations of 1 mM and 10 mM, respectively.
When the length of the DNAzyme was designed to be longer, the relative resistances
reached 18 and 30 at Ca2+ concentrations of 1 mM and 10 mM, respectively, due to the poor
conductivity of the DNA molecule. To improve the sensitivity, the two enzymes were used
for the DNAzyme, and the detection response increased. Thus, the DNAzyme with two
enzymes was selected as the biomaterial for this work.

3.5. Selectivity

Anti-interference is an important performance factor for electrochemical biosensors.
Many metal ions, such as Na+, K+, Mg2+, Zn2+, Cu2+, Fe2+, Fe3+,, and Cr3+, are present in
the dairy cows’ blood and milk samples in Table S1, which might interfere with the relative
resistance of a GCE/SWNT/DNAzyme. Different GCE/SWNT/DNAzymes were applied
to measure 10 mM of other metal ions in an electrolytic solution at pH 7.5, and the detection
results are shown in Figure 8. The relative resistance of the GCE/SWNT/DNAzymes was
approximately 48 for 10 mM Ca2+. In comparison, the relative resistances for Na+ and Mg2+

were much higher than those for the rest of the metal ions. The four metal ion solutions
had slightly higher relative resistances than the blank buffer solution, indicating that most
metal ions did not interfere with the GCE/SWNT/DNAzymes.
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Figure 7. Relative resistances of GCE/SWNT/DNAzymes after incubation in different Ca2+ concen-
trations at various pH values.

Figure 8. Relative resistances of the GCE/SWNT/DNAzymes before and after incubation in 10 mM
solutions of different metal ions including, Na+, K+, Mg2+, Zn2+, Cu2+, Fe2+, Fe3+,, and Cr3+.

3.6. Ca2+ Sensing

The linear relationship between the Ca2+ concentration and relative resistance was
determined in the presence of a 10 mM Tris-HCl buffer solution via electrochemical
impedance spectroscopy.

The GCE/SWNT/DNAzyme measured different Ca2+ concentrations ranging from
0 μM to 25 mM under the optimized parameters, as shown in Figure 9A, which reveals
that the semicircle diameter decreased with increasing Ca2+ concentrations. The calculated
relative resistances are listed in Figure 9B. When the Ca2+ concentration was less than
500 μM, the relative resistance increased gradually, indicating that the cleavage efficiency
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of the DNAzyme was slow at low Ca2+ concentrations. The relative resistance exhibited
a linear relationship with the logarithm of the Ca2+ concentration in the range of 5 μM to
500 μM. The linear equation was Relative resistance = 1.8898 + 6.4947 log10

[
Ca2+

]
(μM)

with a linear regression coefficient of 0.991, and the detection limit was calculated to be
4.2 μM (S/N = 3). At higher Ca2+ concentrations, the relative resistance increased rapidly
as the Ca2+ concentrations increased from 500 μM to 25 mM, and the linear regression equa-
tion was Relative resistance = −43.02 + 22.68 log10

[
Ca2+

]
(μM) with a linear regression

coefficient of 0.991.

−

−

−

−

log10

y = 22.68x 43.02
R2 = 0.9919

y = 6.4947x  1.8898
R2 = 0.9826

Figure 9. (A) Electrochemical impedance spectra of the GCE/SWNT/DNAzyme for different Ca2+

concentrations in the range of 1 μM to 25 mM; (B) the linear relationship between the relative
resistance and the logarithm of the Ca2+ concentration.

3.7. Mathematical Model

The pH of the electrolyte solution can affect the relative resistance of a GCE/SWNT/
DNAzyme and thus interfere with the detection accuracy. To overcome this shortcoming,
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the GCE/SWNT/DNAzyme was coupled with a pH meter to fabricate an electrochemical
sensor array that could process detection data using different mathematical models, as
shown in Figure 10.

Figure 10. The relative resistances of the GCE/SWNTs/DNAzyme after exposure to different Ca2+

concentrations with various pH value. (The ratio of pH vs. Ca2+ concentration: 4.0–5, 4.0–10, 4.0–25,
4.0–50, 4.0–100, 4.0–500, 4.0–1000, 4.0–5000, 4.0–10000, 4.0–25000; 5.0–5, 5.0–10, 5.0–25, 5.0–50, 5.0–100,
5.0–500, 5.0–1000, 5.0–5000, 5.0–10000, 5.0–25000; 6.0–5, 6.0–10, 6.0–25, 6.0–50, 6.0–100, 6.0–500,
6.0–1000, 6.0–5000, 6.0–10000, 6.0–25000; 6.5–5, 6.5–10, 6.5–25, 6.5–50, 6.5–100, 6.5–500, 6.5–1000,
6.5–5000, 6.5–10000, 6.5–25000; 7.0–5, 7.0–10, 7.0–25, 7.0–50, 7.0–100, 7.0–500, 7.0–1000, 7.0–5000,
7.0–10000, 7.0–25000; 7.4–5, 7.4–10, 7.4–15, 7.4–25, 7.4–100, 7.4–250, 7.4–750, 7.4–2500, 7.4–7500; 7.5–5,
7.5–10, 7.5–25, 7.5–50, 7.5–100, 7.5–500, 7.5–1000, 7.5–5000, 7.5–10000, 7.5–25000.) The error bars
indicate the standard deviations of five biosensors.

The X and Y matrices were pretreated using the following equations:

X =
[
1, x1, x2, x1

2, x2
2, x1 × x2

]
Y = log10[C]

(2)

where x1 and x2 represent the relative resistance of the GCE/SWNT/DNAzyme and the
pH value, respectively, and C is the Ca2+ concentration.

3.7.1. Stepwise Linear Regression

Stepwise linear regression (SLR) [32], one of several linear regression methods, is
a statistical technique that selects independent variables to predict a response variable’s
outcome. It can be applied to the training dataset for the Ca2+ concentration using statistical
methods to remove the redundant variables. The basic idea is to add variables or remove
them from a model step by step while performing an F-test and t-test for the selected
variables individually. Variables that do not significantly change the SLR are removed to
ensure that each significant variable is included. This is an iterative process that repeats
until significant variables are no longer added to the SLR, and independent variables with
negligible contributions are no longer removed.
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First, each of the independent variables is related to the dependent variable, the value
of which is calculated by the F-test.

Y = β0 + βiXi+ ∈, i = 1, · · · , p (3)

F(1)
i1

= max
{

F(1)
1 , · · · , F(1)

1

}
(4)

where Y is the dependent variable, Xi are the independent variable, p is the number of the
independent variables, βi are regression coefficients, and F(1)

i1
is the value of F-test or T-test.

If F(1)
i1

was greater than a certain significant level, Xi1 was selected for the SLR.
Then, different sets of independent variables were chosen, such as

{
Xi1 , X1}, · · · ,{

Xi1 , Xi1−1
}

,
{

Xi1 , Xi1+1
}

, · · · ,
{

Xi1 , Xp
}

, and a binary regression with the dependent
variable was performed.

F(2)
i2

= max
{

F(2)
1 , · · · , F(2)

i1
, F(2)

i1+1, · · · , F(2)
p

}
(5)

where F(2)
i2

is the value of the F-test or T-test. If F(2)
i2

was greater than a certain significance
level, Xi2 was selected for the SLR. The rest of the independent variables were determined
in turn.

The X matrix was chosen as the independent variable, and the Y matrix was selected
as the dependent variable. The matrices were processed using SLR. The actual response
vs. the predicted response is shown in Figure S3 and Figure 11. Based on the computation
of the model of statistics, the coefficients of determination (R-squared) for the actual and
predicted Ca2+ concentrations was approximately 0.95. The root means square error (RMSE)
of the true and predicted Ca2+ concentrations was 0.26127. The mean square error (MSE)
and mean absolute error (MAE) were 0.068261 and 0.19161, respectively.

Figure 11. Predicted Ca2+ concentrations obtained by stepwise linear regression vs. the actual
Ca2+ concentrations.

3.7.2. Neural Network Fitting

Neural network fitting (NNF) [33] is a non-parametric non-linear method that com-
bines the advantages of neural networks and regression. The most important feature is that
the mapping equation between the input and output does not need to be determined during
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learning. The NNF procedure can be divided into three layers, namely input, hidden, and
output layers.

The X matrix was chosen as the input layer, the corresponding Y matrix was selected
as the output layer, and the mapping relationship between the input and output layers
was established through the hidden layer. The whole dataset included 70 samples, which
were divided randomly into three groups: the proportions of the training, validation, and
test sets were 70%, 15%, and 15%, respectively. As shown in Figure S4, the number of
hidden layer nodes was set to 10, based on the optimization of the hidden nodes with
the Levenberg–Marquardt (LM) algorithm. The predicted Ca2+ concentrations versus the
actual Ca2+ concentrations are shown in Figure S5 and Figure 12. An RMSE of 0.386, MSE
of 0.1481, and R-squared value of 0.9926 were obtained for the training dataset.

Figure 12. Predicted Ca2+ concentrations obtained by the established NNF model vs. the actual
Ca2+ concentrations.

3.7.3. Gaussian Process Regression

Gaussian process regression [34,35] is a non-parametric statistical method for func-
tional regression analysis that focuses on problems involving functional response variables,
as well as mixed functional and scalar covariates. GPR has several advantages, for ex-
ample, it works well with small datasets and can provide uncertainty measurements
for predictions.

With the dataset D = {X, Y} = {xi, yi}n
i=1, the regression model can be formulated as

y = f (x) + ε (6)

where f (·) denotes an unknown regression function, and ε is the Gaussian noise with a zero
mean and variance σ2

n . From the funtion space view, the Gaussian process is completely
specified by its mean function m(x) and covariance function C(x, x′) from the function
space view, which are defined as follows:

m(x) = E[ f (x)] (7)

C
(
x, x′

)
= E[( f (x)− m(x))( f

(
x′
)− m

(
x′
)]

(8)

Then, the Gaussian process can be described by:

f (x) ∼ GP
(
m(x), C

(
x, x′

))
(9)
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Usually, the data are normalized for notation simplicity, and then the output observa-
tions follow a Gaussian distribution as

y ∼ GP
(
0, C

(
x, x′

))
(10)

When a query input x* is received, the joint distribution of the training outputs y and
test output y* based on the previous test is

[
y
yx

]
∼ N

(
0,
[

c k∗
kT C(x∗, x∗)

])
(11)

where k∗ = [C(x∗, x1), · · · , C(x∗, xn)]
T . Then, the prediction output (y∗) and variance (σ∗2)

can be given as: {
y∗ = kT∗

σ∗2 = C(x∗, x∗)− kT∗C−1k∗
(12)

The X matrix was chosen as the workspace variable, and the Y matrix was selected as
the response. Cross-validation was set as 10 folds. The predicted concentrations obtained
after modelling the training dataset vs. the actual concentrations of Ca2+ are shown in
Figure S6 and Figure 13. The RMSE, MSE, MAE, and R-squared values were calculated as
0.23753, 0.056421, 0.18097, and 0.96, respectively.

Figure 13. Predicted Ca2+ concentrations obtained by the established GPR model vs. the actual
Ca2+ concentrations.

3.8. Comparison of Detection Performance

The parameters of different sensors for Ca2+ determination are listed in Table 2. Clearly,
sensors based on different principles have various advantages during usage. Most of the ion-
selective electrodes based on membrane potentials had a fast detection time and wide linear
range, but the selectivity was lower than the GCE/SWNTs/CAZyme. For spectroscopic and
electrochemical methods, the detection time and pH range had no obvious advantages, but
the linear range and detection limit were similar to those of the ion-selective electrode. For
this work, the electrochemical device (GCE/SWNTs/CAZyme and pH meter) overcome
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the shortcoming that biosensors can only detect Ca2+ in a specific pH environment, making
it suitable for different biological samples without the need for complicated pretreatment.

Table 2. Comparison of the performances of electrochemical device and other reported sensors for
Ca2+ determination.

Sensor Method pH
Time
(min)

Linear Range
(μM)

LOD
(μM)

Ref.

CD-EGTA Fluorescent 7 240 15 ∼ 300 μM 0.38 μM [8]
DNAzyme/SWNT/FET Current 6.9 9 10 ∼ 1000 7.2 [27]

DLLME UV-visible 12.8 30 1.5 ∼ 37.5 0.425 [36]
SD-ISO Fluorescence 6.0–8.0 5 10 ∼ 106 9.3 [37]

Ca-ISE Potential - 1.67 10−2.5 ∼ 10−1.5

M
- [38]

Ca2+-SCISE Potential - 1 10−1 ∼ 104 5 [39]
Fe2O3-ZnO NRs/FET Current 7.6 - 0.01 ∼ 3.0 mM 0.05 [40]
Electrochemical device EIS 4.0–7.5 7 5 ∼ 2.5 × 104 4.2 This work

CD-EGTA: carbon dot-ethylenebis(oxyethylenenitrilo)tetraacetic acid; ISO: ion-selective optode; SD: solva-
tochromic dye; ISE: potentiometry based on a calcium-selective electrode; SCISE: solid-contact calcium-
selective electrode.

3.9. Detection of Ca2+ in Real Sample

A comparison of the three methods revealed significant differences in the model
parameters. The RMSE and MSE values for GPR were lower than those for SLR and NNR.
Based on the formula calculations, the R-squared value for NNR was much higher than
those for SLR and GPR. In addition to the inverse transformation of the Ca2+ concentrations
for each method, these results are shown in Figures 11–13. Therefore, GPR was chosen as
the optimal analysis model.

The electrochemical device was used to investigate three different blood and milk
samples collected from dairy cows. As previously described, the blood and milk samples
were pretreated following the protocol in Section 2.5. The extracted samples were studied
by the proposed method and atomic absorption spectrometry (AAS), and the detection
results are shown in Table 3. We found that the detection accuracy of the proposed method
was lower than that of the AAS. The average recoveries ranged from 93.42% to 113.28%,
showing that the electrochemical device can be used to determine Ca2+ concentrations in
the blood and milk samples. A t-test was used to analyze the results of the two methods,
and p = 0.956 > 0.05. In addition, the proposed method only requires a portable instrument
that is inexpensive and easy to use. These results confirmed that the proposed method
could be successfully used to determine Ca2+ concentrations in blood and milk samples of
dairy cows.

Table 3. Ca2+ concentrations in the real samples determined by the electrochemical device and AAS.

Sample
Electrochemical

Device (mM)
AAS
(mM)

Recovery
(%)

Blood

1 0.78 0.73 106.85
2 1.15 1.12 102.68
3 0.81 0.88 92.05
4 1.09 1.17 93.16

Milk

1 27.32 29.20 93.56
2 31.34 28.45 105.34
3 21.87 22.78 96.01
4 34.34 37.87 90.68
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4. Conclusions

In this study, a novel method was proposed to establish an electrochemical device
using an electrochemical biosensor and a pH meter, which overcome the electrochemical
biosensor interfering with the pH in an analyte. The electrochemical biosensor was fabri-
cated by modifying a glassy carbon electrode with SWNTs and a Ca2+-cleaved DNAzyme.
The sensitivity of the GCE/SWNT/DNAzyme was improved by changing the structure
and length of the DNAzyme. The linear range was from 5 μM to 25 mM, with a detection
limit of 4.2 μM. The GCE/SWNT/DNAzyme was combined with a pH meter to form
an electrochemical device, and the data of different Ca2+ concentrations at different pHs
were processed using three different mathematical models, namely MLR, NNF, and GPR.
Among them, GPR showed a comparatively excellent performance in predicting the Ca2+

concentration at pH values ranging from 4.0 to 7.5. The prepared electrochemical device
was applied to detect Ca2+ in blood and milk samples with good results.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/
10.3390/nano12010004/s1, Figure S1: SEM image of GCE/SWNT/DNAzyme, Figure S2: Randle
equivalent circuit, Figure S3: predicted Ca2+ concentration against true Ca2+ concentration using the
stepwise linear regression, Figure S4: overall structure of the NNF model with the LM algorithm,
Figure S5: predicted Ca2+ concentration against true Ca2+ concentration using the established NNF
model, Figure S6: predicted Ca2+ concentration against true Ca2+ concentration using the established
GPR model, Table S1: Related indexes in dairy blood.
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Abstract: Ultra-high-performance concrete (UHPC) is a new type of high-performance cement-based
composite. It is widely used in important buildings, bridges, national defense construction, etc.
because of its excellent mechanical properties and durability. Freeze thaw and salt erosion damage
are one of the main causes of concrete structure failure. The use of UHPC prepared with multi-walled
carbon nanotubes (MWCNTs) is an effective method to enhance the durability of concrete structures
in complex environments. In this work, the optimal mix proportion based on mechanical properties
was obtained by changing the content of MWCNTs and water binder ratio to prepare MWCNTs
UHPC. Then, based on the changes in the compressive strength, mass loss rate, and relative dynamic
modulus of elasticity (RDME), the damage degree of concrete under different salt erosion during
1500 freeze-thaw (FT) cycles was analyzed. The changes in the micro pore structure were characterized
by scanning electron microscope (SEM) and nuclear magnetic resonance (NMR). The test results
showed that the optimum mix proportion at the water binder ratio was 0.19 and 0.1% MWCNTs. At
this time, the compressive strength was 34.1% higher and the flexural strength was 13.6% higher than
when the MWCNTs content was 0. After 1500 salt freezing cycles, the appearance and mass loss of
MWCNTs-UHPC prepared according to the best ratio changed little, and the maximum mass loss
was 3.18%. The higher the mass fraction of the erosion solution is, the lower the compressive strength
and RDME of concrete after FT cycles. The SEM test showed that cracks appeared in the internal
structure and gradually increased due to salt freezing damage. However, the microstructure of the
concrete was still relatively dense after 1500 salt freezing cycles. The NMR test showed that the salt
freezing cycle has a significant influence on the change in the small pores, and the larger the mass
fraction of the erosion solution, the smaller the change in the proportion of pores. After 1500 salt
freezing cycles, the samples did not fail, which shows that MWCNTs UHPC with a design service
life of 150 years has good salt freezing resistance under the coupling effect of salt corrosion and the
FT cycle.

Keywords: multi-walled carbon nanotubes; ultra-high-performance concrete; mechanical properties;
salt erosion and freeze-thaw coupling; durability; microstructure

1. Introduction

In areas with a cold climate and salinization, concrete materials are inevitably tested by
salt erosion and freeze-thaw environments in various bridges, tunnels, hydraulic structures,
and other projects. Freeze thaw and salt erosion damage are the main causes of concrete
structure deterioration [1].

Scholars have investigated the durability of concrete under the action of a single factor
or a combination of multiple adverse factors. Paul Brown et al. [2] studied concrete soaked
in a sodium sulfate solution, and revealed change in the microstructure of concrete and
the formation mechanism of erosion products. Gastaldini et al. [3] found that with the
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increase in freeze-thaw cycles, the chloride penetration resistance of concrete decreased in a
freeze-thaw and chloride coupling environment. With an increase in the corrosion time, the
chloride ion permeability of concrete also decreased gradually. Jan et al. [4] analyzed the
mechanical properties of slag concrete in a salt freezing environment and found that the
compressive strength of slag concrete gradually decreased under salt freezing. Sahmaran
et al. [5] found that with an increase in the freeze-thaw cycles and corrosion time, the water
cement ratio of concrete was small, and its durability was excellent. Ji et al. [6] studied
the performance changes in carbon fiber-reinforced polymer (CFRP) in a chloride salt and
freezing coupling environment. The chloride ion diffusion test showed that the chloride
ion concentration of the ordinary specimen was at least 200 times higher than that of the
fully strengthened specimen.

However, research on the frost resistance durability of concrete under the coupling
environment of freeze-thaw and erosion has mostly focused on ordinary concrete. The water
binder ratio of high-performance cement-based materials (e.g., UHPC) is low compared
with that of ordinary concrete, which is mainly attributed to the compact arrangement
of particles [7]. Therefore, UHPC not only has good mechanical properties (compressive
strength, flexural strength) but also has excellent durability [8]. However, UHPC is usually
produced without coarse aggregate, so the price of UHPC is more expensive than ordinary
concrete. Dong et al. [9] found that the initial construction cost of bridges constructed with
UHPC was increased by about 80%. The life cycle cost of the two bridges was also studied.
When the service life of these 2 bridges was less than about 120 years, the life cycle cost of
UHPC was higher than that of conventional bridges. However, considering the equivalent
annual cost, the cost of the UHPC bridge is less than that of an ordinary bridge because
the UHPC bridge can prolong the service life of the structure. Therefore, UHPC is mostly
used in aggressive environmental structures or important buildings that need to be highly
durable [10].

In order to prepare cement-based materials with high strength and toughness, many
researchers have focused on carbon nanomaterials. Carbon nanotubes (CNTs) are a carbon
material discovered by the Japanese scientist Iijima in the 1990s [11]. According to the num-
ber of graphene layers, they are divided into single-walled carbon nanotubes (SWCNTs)
and multi-walled carbon nanotubes (MWCNTs). Carbon nanotubes have excellent mechan-
ical properties, with an elastic modulus of about 1tpa and a yield strain of 10%–20% [12–14].
Therefore, carbon nanotubes are an ideal composite-reinforcing material [15].

The research on carbon nanotube cement-based composites is still in the exploratory
stage [16,17]. Scholars found that the mechanical properties of carbon nanotube cement-
based composites are closely related to the content of carbon nanotubes. The flexural and
compressive strength of the composite can be significantly improved when the content is
about 0.08–0.2%, but the optimal content and reinforcement effect are not unified [18,19].
Morteza et al. [20] found that the optimum content of carbon nanotubes in cement matrix
is about 0.2wt%, and the compressive strength is 23.7% higher than that of ordinary
mortar samples. Wang et al. [21] found that the addition of treated carbon nanotubes
significantly improved the fracture energy and flexural toughness index of cement paste.
Guan et al. [22] found that when the content of carbon nanotubes was 0.05%, the early
flexural and compressive strength increased by 70.7% and 25.6%, respectively. The addition
of carbon nanotubes also improved the later flexural and compressive strength, with a
maximum increase of 16.9% and 11.6%, respectively. The addition of carbon nanotubes
also results in significant changes in the microstructure of concrete, which improves the
mechanical properties and durability and prolongs the service life. Zhang et al. [23] found
that the fiber bridging effect of carbon nanotubes makes the cement paste structure denser,
reducing holes and cracks, and improving the toughness and strength of cement. Using
the by mercury intrusion porosity method (MIP), Guan et al. [22] found that MWCNTs can
reduce the total porosity and improve the pore size distribution, reducing the number of
mesopores. In addition, crack bridging, filling, and bonding between MWCNTs and cement
matrix were also found in an SEM test, which had a positive impact on the mechanical
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properties. Fakhim et al. [24] observed that MWCNTs functioned to bridge cracks in
cement-based materials with broken fibers. When the content of MWCNTs is 0.1–0.3%,
cement-based materials show the best impermeability. An excessive MWCNTs content will
produce agglomeration and lead to large holes. Therefore, the use of carbon nanotubes
to prepare UHPC has important research significance and social value to enhance the
durability of concrete structures in complex environments.

In this paper, MWCNTs were used as fiber reinforcement to prepare UHPC, and the
effects of its content and water binder ratio on the mechanical properties were studied.
In addition, the time-varying deterioration law of the freeze-thaw durability of MWC-
NTs UHPC under the coupling effect of salt erosion and freeze-thaw is discussed. The
microstructure damage mechanism was analyzed by field SEM and NMR.

2. Materials and Methods

2.1. Sample Preparation

The carbon nanotube material was provided by a nano company in Shandong, and
its physical parameters are shown in Table 1. Ordinary Portland cement P.O 52.5, comply-
ing with the Chinese standard GB175-2007 [25], was used in the experiment. Polyvinyl
pyrrolidone (PVP) produced by Guangdong Co., Ltd. (Guangdong, China) was used as
dispersant. A light-yellow viscous liquid polycarboxylic acid was used as a high-efficiency
water-reducing agent, which was obtained from Qingdao Co., Ltd. (Qingdao, China). Local
river sand 0.16–0.6 mm in size was used as fine aggregate. The granulometry curve is
shown in Figure 1.

Table 1. Physical parameters of MWCNTs [26].

Pipe Diameter
/nm

Tube Length
/μm

Purity
/%

Ash
/%

Specific Surface Area
/m2·g−1

Packing Density
/g·cm−3

10–20 5–50 >85 <2.0 200–300 0.006–0.09

Figure 1. Granulometry curve of sand.

Based on the results of previous studies [27], carbon nanotubes were initially mixed
with water, and then magnetically stirred with PVP of 30 ◦C for 15 min to promote surfactant
dissolution, followed by ultrasonic treatment for 40 min. Finally, a carbon nanotube
dispersion with different dosages was obtained.

In total, 5 MWCNT UHPC with different water binder ratios were prepared, and
MWCNTs was added at 0%, 0.02%, 0.05%, 0.10%, 0.15%, 0.20%, and 0.30% by cement
weight. The mix proportions of all specimens are listed in Table 2. The materials were
poured into 100 mm × 100 mm× 100 mm and 100 mm× 100 mm × 400 mm molds. All
specimens were demolded after 24 h and then subjected to 28 days of standard curing
(20 ± 2◦C and 95% relative humidity).
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Table 2. Mix proportions of the specimens (kg/m3).

Sample Cement Silica Fume Fly Ash
Slag

Powder
Sand W/B

Water
Reducer

MWCNTs Content (%)

M1 540 100 180 100 1080 0.16 2.5% 0/0.02/0.05/0.10/0.15/0.20/0.30
M2 540 100 180 100 1080 0.17 2.5% 0/0.02/0.05/0.10/0.15/0.20/0.30
M3 540 100 180 100 1080 0.18 2.5% 0/0.02/0.05/0.10/0.15/0.20/0.30
M4 540 100 180 100 1080 0.19 2.5% 0/0.02/0.05/0.10/0.15/0.20/0.30
M5 540 100 180 100 1080 0.20 2.5% 0/0.02/0.05/0.10/0.15/0.20/0.30

Referring to the actual working conditions in the typical permafrost area of northeast
China, a composite salt erosion solution containing sodium sulphate, sodium chloride, and
sodium bicarbonate with a mass fraction of 3.4% [28] was prepared. In order to analyze
the erosion damage degree and mechanism of various single salts of concrete, sodium
bicarbonate, sodium chloride, and sodium sulphate solutions were prepared accordingly.
Clear water solution was used as contrast. The composition and mass fraction of the five
groups of erosion solution are shown in Table 3.

Table 3. Composition and mass fraction of erosion solution.

Sample
Erosion

Solution Type
Type and Dosage of Salt /g·L−1 Solution Mass

Fraction/%NaHCO3 NaCl Na2SO4

F1 Composite salt 14.38 7.46 13.36 3.4
F2 Bicarbonate 14.38 0 0 1.42
F3 Chloride salt 0 7.46 0 0.74
F4 Sulphate 0 0 13.36 1.32
F5 Clean water 0 0 0 0

2.2. Test Apparatus

The main apparatus used in the test is shown in Table 4.

Table 4. Main test apparatus.

Name Model Parameters

Collector type constant temperature heating magnetic stirrer (Shanghai Yuhua
Instrument Co., Ltd, Shanghai, China) DF-101S

Ultrasonic cleaner (Shenzhen yuanpin Instrument Co., Ltd, Shenzhen, China) KQ-250B
Single horizontal shaft forced concrete mixer (Wuxi Jianyi Instrument Machinery

Co., Ltd, Wuxi, China) HJW-60

Microcomputer controlled electro-hydraulic pressure testing machine (Shanghai
Linjia science and Education Instrument Co., Ltd, Shanghai, China) TYW-2000

Constant loading pressure testing machine (Wuxi xinluda Instrument Equipment
Co., Ltd, Wuxi, China) EHDC

Concrete freeze-thaw testing machine (Shanghai Sanhao refrigeration equipment
factory, Shanghai, China) CDR-5

Dynamic elastic modulus tester (Tianjin Yaxing Automation Experimental
Instrument Co., Ltd, Tianjin, China) DT-20W

Electron scanning microscope (Shanghai Baihe Instrument Technology Co., Ltd,
Shanghai, China) JSM-IT100(L)

Nuclear magnetic resonance imaging analyzer (Suzhou niumag Analytical
Instrument Co., Ltd, Suzhou, China) MesoMR12-060H-I

2.3. Experiment Program

After 28 days, the compressive strength and flexural strength of the specimen were
tested with different water binder ratios and different contents according to the Chinese
standard GB/T 50081-2019 [29]. The loading speed was 0.05–0.08 MPa/s.

Specimens with a size of 100 mm × 100 mm × 400 mm were prepared based on
the optimal water binder ratio and the optimal content of MWCNTs. The samples were
subjected to the rapid FT cycle test according to the Chinese standard GB/T 50082-2009 [30].
The temperature range of the fast FT test was −18 ± 2∼5 ± 2 ◦C. The ratio of one FT cycle
test in the laboratory to the number of FT cycles in the natural environment is generally
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10~15, and typically 12 [31]. The annual freezing and thawing times in northeast China is
120 combined with statistical data [32,33]. Therefore, the number of laboratory FT cycles is
1500 for structures with a design service life of 150 years. After every 500 FT cycles, the
micro morphology was observed, and the compressive strength was tested. After every
50 FT cycles, the mass loss rate and RDME were tested until the FT cycle reached 1500
times or the test piece failed (mass loss ≥ 5% or RDEM ≤ 60%).

A diamond saw was used to prepare a specimen slice with a size of 8 mm × 8 mm × 5 mm.
The sample slices were cleaned with an ultrasonic wave to prevent dust pollution affecting
the test results. The slices were dried for 24 h and then sprayed gold. The micro morphology
of MWCNTs UHPC in high vacuum mode was photographed by SEM.

After the FT cycle of the specimen, a 40 mm × 40 mm × 40 mm cube specimen was
prepared using the cutting mechanism. A nuclear magnetic resonance imaging analyzer
was used to scan the concrete samples. The resonance frequency was 12.00 MHz, the
magnet temperature was 32.00 ± 0.01 ◦C, and the diameter of the probe coil was 25 mm.
Vacuum pressure saturation was used to pressurize the concrete sample at 10 MPa and
saturate it for 24 h. The pore size distribution of MWCNTs UHPC before and after the
freeze-thaw was characterized by the NMR relaxation method. In the NMR test, the
relaxation time T2 value is positively correlated with the pore size. The larger the peak
value of the T2 spectrum, the larger the pore size in the sample. The greater the amplitude,
the greater the number of pores in the material [34,35].

The test flow chart is shown in Figure 2.

Figure 2. Test flow chart.

3. Results and Discussion

3.1. Optimal Mix Proportion Based on Mechanical Properties in a Non-Salt Freezing Environment

The compressive strength and flexural strength of the specimens with different water
binder ratios and different contents without a salt freezing cycle were tested to investigate
the effects of the water binder ratio and carbon nanotube content on the mechanical proper-
ties. Figure 3 shows that the addition of MWCNTs significantly improved the compressive
strength and flexural strength of concrete. After increasing the carbon nanotubes content,
the compressive strength and flexural strength increased at first and then decreased, which
is consistent results from the literature [36–38]. The maximum compressive strength and
flexural strength were 123.2 and 13.9 MPa, respectively, which was shown by the specimen
with a water binder ratio of 0.19 and MWCNTs content of 0.1%. The strength was increased
by 34.6% and 11.2%, respectively, compared with the control group with an MWCNTs
content of 0. When the water binder ratio was 0.19 and the MWCNTs content was 0.1%, the
compressive strength of the specimen reached the second highest value of 122.7 MPa and
the flexural strength reached the highest value of 14.2 MPa. The strength was increased by
34.1% and 13.6%, respectively, compared with the control group.

This is because MWCNTs are evenly dispersed in concrete when the MWCNTs content
is small (0–0.1%). Moreover, the uniformly dispersed MWCNTs fill the concrete interface
transition zone, pores, and cracks, enhancing the mechanical properties. When the MWC-
NTs content is too high (0.1–0.3%), it is difficult for the MWCNTs suspension system to
maintain stability and the MWCNTs can easily entangle and agglomerate with each other.
As a result, there are a large number of non-dense and honeycomb pores and holes in
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cement hydration products. This decreases the interface compatibility between MWCNTs
and concrete matrix, which is unfavorable regarding the mechanical properties.

At the same time, it can be seen from the figure that the compressive strength and
flexural strength of the specimen first increased and then decreased with the increase in the
water binder ratio, and reached a peak value when the water binder ratio was 0.18 or 0.19.
Generally, the water binder ratio of UHPC should be less than 0.2. However, the fluidity
of the concrete mixture decreases, and the interface is incompatible as there is less water
in the concrete mixture when the water binder ratio is very low (such as when the water
binder ratio was 0.16 and 0.17). A large number of pores will form in the interior due to the
non-compactness of the mixture during the preparation of concrete specimens, resulting
in a reduction in the UHPC strength. However, the fluidity of UHPC increases when the
water binder ratio increases. Cementitious materials and aggregates are closely connected,
which greatly improves the homogeneity of UHPC. Therefore, the strength of concrete is
improved. However, the amount of mixing water increases and the strength of concrete
decreases when the water binder ratio increases further.

Similar conclusions have been made in the studies of other scholars. Ju et al. [39]
stated that an increase in W/B in a certain range results in the hydration of cementitious
materials being more complete, thereby increasing the content of C-S-H gel and AFt in
cement hydration products. To increase the strength of the test piece, Lu et al. [40] found
that the early compressive strength of UHPC is largest when the water binder ratio is 0.18
while the flexural strength is highest when the water binder ratio is 0.2. The is because
when the water binder ratio is small, there is not enough movable free water in the system.
With the increase of water binder ratio, the movable free water in the system increases.

Little difference was observed in the mechanical properties of the concrete specimens
when the water binder ratio was 0.19 and the MWCNTs content was 0.1% and 0.15%.
Therefore, considering the cost factor (when the strength difference is small, the MWCNTs
content should be as small as possible), a water binder ratio of 0.19 and MWCNTs content
of 0.1% were selected as the optimal mix proportion. Then, based on the optimal mix
proportion of MWCNTs UHPC, the freeze-thaw durability of concrete in a salt erosion and
freeze-thaw coupling environment was investigated.

Figure 3. Mechanical properties of MWCNTs UHPC with different water binder ratios (0.16–0.20)
and different MWCNTs contents (0–0.30%): (a) Flexural strength; (b) Compressive strength.

3.2. Rapid FT Test
3.2.1. Morphological and Compressive Strength

Concrete specimens with different solutions and different FT cycles were photographed
and recorded. The micro morphologies of specimens after 0, 500, 1000, and 1500 freeze-thaw
cycles in a salt freezing-thawing environment were compared and analyzed. The morpho-
logical changes are shown in Figure 4. The dotted box shows the morphological changes of
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some obvious pores after different salt freezing cycles. It can be seen that the appearance
of the concrete specimens did not change significantly during the FT cycle. After zero
salt freezing cycles, the surface of the specimen was smooth, and only small pores were
generated in the process of preparation and curing. With an increase in the salt freezing
cycles, small pores on the surface of the specimen gradually developed into medium pores
and large pores. Moreover, the number of small pores increased gradually. The mortar was
gradually exposed, and the surface became uneven due to salt freezing damage. However,
no large cracks appeared on the surface of the specimen and the integrity of the specimen
was not damaged after 1500 salt freezing cycles, indicating that MWCNTs-UHPC has good
salt freezing resistance.

Figure 4. Specimen morphology of MWCNTs UHPC under different salt freezing cycles: (a) Bicar-
bonate and FT coupling; (b) Chloride salt and FT coupling; (c) Clean water and FT coupling.

Compressive strength is an important index that measures the bearing capacity of
concrete. The change in the compressive strength with the number of salt freezing cycles is
shown in Figure 5. It can be seen from the figure that the compressive strength of concrete
decreased with the increase in the salt freezing cycles. The loss rates of compressive strength
were 47%, 40%, 13%, 24%, and 14%, respectively. The variation range of the compressive
strength from large to small is: composite salt and FT coupling > bicarbonate and FT
coupling > sulphate and FT coupling > chloride and FT coupling > clean water and FT
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coupling. This shows that the greater the mass fraction of the erosion solution, the greater
the loss of compressive strength.

Figure 5. Variation in the compressive strength during salt freezing cycles. (F1: Composite salt and
FT coupling; F2: Bicarbonate and FT coupling F3: Chloride salt and FT coupling; F4: Sulphate and FT
coupling; F5: Clean water and FT coupling).

3.2.2. Mass Loss Rate

Quality change is an important indicator of concrete deterioration in salt frozen
areas [41]. The peeling of mortar on the concrete surface caused by the FT effect is the main
reason for a change in the quality [42]. The mass change trend of the test pieces under
different solution FT cycles is shown in Figure 6. With the salt freezing cycles, the mass loss
rate of all specimens decreased first and then increased. After 1500 FT cycles, the mass loss
rates of the specimens were −1.09%, −0.85%, 0.73%, 1.73%, and 3.18%, respectively. The
curve decreased rapidly in the early stage of erosion and the range of change was small
in the later stage. This is because in the early stage of the FT cycle, cracks appeared and
expanded on the interior and surface of the specimen, so water continued to penetrate
the interior of the specimen. Salt solution crystallization attached to the surface of the
specimen. In addition, the mortar on the surface of the specimen peeled less, and the
peeling quality was much lower than that of the water penetrating inside the specimen.
Therefore, the mass of the specimen increased, indicating that the mass loss rate was
negative, and continuously decreased. As shown in Figure 5, the mortar of the F5 specimen
peeled off, resulting in its quality degradation after 150 salt freezing cycles. However,
under the subsequent FT cycle, the change in the mass loss rate was insignificant. In the
later stage of the FT cycle, the mortar continued to peel off due to the effect of salt freezing
damage. The mass of the specimen decreased gradually, which shows that the mass loss
rate increased. Nevertheless, the mass loss rate of all specimens did not reach 5% after
1500 salt freezing cycles. This indicates that all specimens were unbroken according to
GB/T 50082-2009 [30], and no specimen failed after 1500 salt freezing cycles. The results
demonstrated that MWCNTs-UHPC has good resistance to salt freezing erosion under
long-term salt freezing.
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Figure 6. The mass loss rate of MWCNTs UHPC during salt freezing cycles. (F1: Composite salt and
FT coupling; F2: Bicarbonate and FT coupling F3: Chloride salt and FT coupling; F4: Sulphate and FT
coupling; F5: Clean water and FT coupling).

Compared with the compressive strength loss rate and mass loss rate of UHPC after
FT cycles reported by Lu et al. [43–46], as shown in Table 5, it was found that the mass
loss rate of MWCNTs-UHPC in the composite salt freezing-thawing environment in this
experiment was lower. In addition, a greater loss in compressive strength was found in this
experiment. This is because the coupling effect of salt corrosion and freeze-thaw causes
more serious damage to the concrete compared with the single freeze-thaw environment
and reduces the strength.

Table 5. The referred compressive strength loss rate and mass loss rate of UHPC after FT cycles.

Number Author
Number of FT

Cycles
Compressive Strength

Loss Rate (%)
Mass Loss Rate

(%)

1 Lu et al. [43] 300 27.5 −0.65

2 Lee et al. [44]
300 −3 -
600 1 -
1000 6 -

3 Ji et al. [45] 500 4.9–17.8 0.57–0.95

4 Li et al. [46] 800 0.869–1.501 -

3.2.3. Relative Dynamic Modulus of Elasticity

When the size and quality are certain (no serious peeling occurs), RDME is only
affected by the compactness of concrete. In order to better reflect the internal compactness
and damage of MWCNTs UHPC specimens after salt freezing cycles, RDME under different
solution freezing and thawing cycles was tested. The test results are shown in Figure 7.

RDEM of the specimen decreased obviously in the early stage of the salt freezing
cycles, and then increased slightly. After 1500 salt freezing cycles, RDME of the composite
salt invasion and single salt invasion specimens was 91.3%, 94.3%, 99.36%, 99.03%, and
99.55%, respectively. The larger the mass fraction of the salt solution, the smaller the
slope value of the downward trend line and the more obvious the downward trend. The
minimum slope of the F1 compound salt solution is −0.2144 while the maximum slope
of the F5 clear water solution is −0.0123. In the rising stage, the larger the mass fraction
of the salt solution, the smaller the slope of the rising trend line. The minimum slope of
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the F1 compound salt solution is 7.4865 × 10−4 while the slope value of the F5 clear water
solution is 0.0035. This is because the salt freezing damage of the concrete is related to the
type of erosion salt, the mass fraction of the erosion solution, and other factors. The more
complex the salt composition, the greater the mass fraction of the erosion solution, and the
more serious the frost heave damage to the concrete. This rule is consistent with the change
in the compressive strength.

The rising process of RDEM may be due to secondary hydration [47]. A large number
of cementitious materials were not fully hydrated during the test because of the low water
cement ratio of UHPC [48]. With the increase in the salt freezing cycles, the frost heaving
force of water increases. The internal porosity of concrete increases and absorbs more water
during salt freezing cycles, which promotes the hydration reaction of cementitious materials.
The continuous hydration of the specimen matrix gradually increases the compactness of
the specimen, which plays a role in improving the relative dynamic elastic modulus. It
shows that MWCNTs UHPC has good frost resistance and salt erosion resistance under the
combined action of composite salt and low temperatures.

Figure 7. RDME of MWCNTs UHPC during salt freezing cycles (F1: Composite salt and FT coupling;
F2: Bicarbonate and FT coupling F3: Chloride salt and FT coupling; F4: Sulphate and FT coupling; F5:
Clean water and FT coupling).

3.3. Microscopic Analysis
3.3.1. Scanning Electron Microscope Observation

Figure 8 shows the microstructure of concrete under different salt freezing cycles. It
can be seen from the figure that MWCNTs mostly overlap and form bridges with hydration
products in the form of a single root to form multiphase composites and improve the
mechanical properties of concrete [49]. Before the salt freezing cycles, the microstructure of
concrete is dense without obvious pores and cracks. With the increase in the salt freezing
cycles, cracks appear in the internal structure and further expand, and the connection
between hydration products becomes loose and honeycomb. However, after 1500 salt
freezing cycles, the hydration products are still relatively dense, and there is no looseness
or porosity. This shows that for MWCNTs UHPC, due to the compactness of its structure,
the diffusion rate of the erosion medium is reduced, and then the deterioration process of
concrete FT damage is prolonged.
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Figure 8. SEM of MWCNTs UHPC under different salt freezing cycles.

3.3.2. Nuclear Magnetic Resonance Test

Figure 9 shows the T2 distribution curve of the MWCNTs UHPC samples. As can be
seen from the figure, there are three peaks in the T2 distribution diagram, in which the left
peak represents the distribution of small holes, the middle peak represents the medium
pores, and the right peak represents the large pores. As can be seen from the figure, the
middle peak and right peak change little. This shows that salt freezing has little effect
on these two peaks, so it is ignored. After 1500 salt freezing cycles, the number of small
pores in the concrete samples in the single salt freezing environment increased while the
number of small pores in the composite salt freezing environment decreased. This may
be because in the composite salt erosion environment, corrosion crystals are more likely
to be generated inside the sample and fill in small pores, thus reducing the number of
small pores.

Figure 9. T2 distribution curve of the NMR test (H1-H5 is the sample after 1500 salt freezing cycles
under 5 erosion solutions, and H6 is the control sample without salt freezing cycles).
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In order to reflect the proportion change in the pores with different sizes, the peak data
were analyzed. The analysis results are shown in Figure 10. As can be seen from Figure 10,
the proportion of medium pores and macro pores in the sample after the FT cycle is slightly
reduced while the proportion of small pores is increased compared with the control sample
without the FT cycle. This is because the concrete will be continuously damaged with the
development of the FT cycles, and more micro pores will form. Therefore, the proportion
of small holes will increase.

In the composite salt, bicarbonate erosion, and FT coupling environment, the area of
the T2 distribution spectrum decreases and the range of change in the pore ratio is small. In
the chloride, sulfate, and clean water erosion and FT coupling environment, the area of the
T2 distribution spectrum increases and the pore ratio changes significantly. This is because
the mass fraction of the salt solution is large, and the salt composition is complex in the
composite salt, bicarbonate erosion, and freeze-thaw coupling environment. With the salt
freezing cycle, the ions in the salt solution enter the concrete and react chemically with
the internal materials. The internal pores are constantly filled by corrosion crystals, which
causes frost heave damage. At the same time, the macro pores gradually transform into
small pores due to the accumulation of crystals. Therefore, the range of change in the pore
ratio is small. The mass fraction of the salt solution is relatively small in the chloride, sulfate,
clean water erosion, and freeze-thaw coupling environment. Although some crystals fill in
the pores, the frost heaving damage to the concrete is more serious, and small holes are
constantly generated with the progression of the FT cycle. Therefore, the proportion of
small holes changes significantly.

Figure 10. T2 spectrum area and proportion of the peak value of the T2 distribution.

4. Conclusions

In this study, the mechanical properties and frost resistance durability of UHPC
containing MWCNTs were studied, and the micro analysis was carried out combined with
SEM and NMR. The conclusions are as follows:

1. The addition of carbon nanotubes significantly improved the compressive strength
and flexural strength of concrete. With the increase in the MWCNTs content, the
variation curves of the compressive strength and flexural strength of the specimens
increased at first and then decreased. Considering the cost factor, the optimum mix
proportion was found to be a 0.19 water binder ratio and 0.1% carbon nanotube
content. At this time, the compressive strength of the specimen was 122.7 MPa and
the flexural strength was 9.2 MPa. The strength was increased by 34.1% and 13.6%,
respectively, compared with the control group with an MWCNTs content of 0.

2. The MWCNTs UHPC prepared based on the optimal mix proportion showed good
frost resistance and salt erosion resistance under the combined action of salt erosion
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and low temperatures. After 1500 salt freezing cycles, the appearance and mass loss of
concrete did not change, and the maximum quality loss was 3.18%. The more complex
the salt composition and the greater the mass fraction of the erosion solution, the
higher the loss rate of compressive strength, up to 40%. This reduces RDME to 91.3%.

3. After 1500 salt freezing cycles, the microstructure of concrete was still dense. The salt
freezing cycle has a significant influence on the change in the small pores but has little
influence on the change in the medium pores and large pores. The larger the mass
fraction of the erosion solution, the smaller the change in the pore proportion.
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