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 This review article explores the use of carbon nanotubes (CNTs) as material 
enhancers in construction and their advantages. It emphasizes ongoing research 
to gather accurate data on CNT-enhanced material properties and their role in 
creating more efficient and stronger building materials. The various methods of 
obtaining and incorporating CNTs into building materials, including chemical 
vapor deposition and electric arc synthesis, are discussed. A comparative 
analysis of building materials with and without CNTs is presented to examine 
their characteristics. The article also discusses future prospects for CNTs in 
various industries. The study aims to investigate experimental methods for 
obtaining CNTs, their properties, and their introduction into building materials. 
The research methodology involves studying literature sources, analyzing 
experimental results, and examining the structural, mechanical, and electronic 
properties of CNTs. Analytical methods based on scientific articles and 
publications related to CNTs in construction were used to ensure the article's 
reliability, validity, completeness, and objectivity. The research highlights CNTs' 
potential as material enhancers in construction, owing to their unique 
mechanical properties, such as high strength, stiffness, and corrosion resistance. 
Specific studies demonstrating the use of CNTs to increase the strength of 
concrete and other construction materials are provided, indicating the 
promising application of CNTs in future construction projects. However, 
technical challenges must be addressed, and appropriate standards and 
regulations should be developed before practical implementation. 
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1. Introduction 

The global construction industry is undergoing a paradigm shift as sustainability takes center 
stage in the pursuit of a greener and more environmentally conscious future [1]. Traditional 
construction materials like concrete and steel have long been essential for infrastructure 
development but contribute to environmental issues due to their carbon emissions and 
resource depletion [2,3]. To address sustainability concerns, carbon nanotubes (CNTs) have 
emerged as a groundbreaking alternative [4]. CNTs are microscopic cylindrical structures 
composed of carbon atoms, offering extraordinary mechanical, electrical, and thermal 
properties [5]. They are exceptionally strong yet lightweight, allowing for efficient load 
distribution and enhanced durability [6]. Integrating CNTs in construction materials provides 
several advantages. Their use significantly reduces the carbon footprint, as they enhance 
structural integrity and require less material, lowering energy consumption and greenhouse 
gas emissions during production and transportation [7,8]. CNTs also enable the development 
of self-sensing and self-healing materials, allowing real-time monitoring of structural health 
and microcrack repair, extending material lifespan, and reducing maintenance needs [9]. 
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Furthermore, CNTs offer opportunities for energy-efficient infrastructure through enhanced 
electrical conductivity for energy storage systems and smart grid technologies, and thermal 
conductivity for insulation materials, optimizing energy consumption in buildings [10,11]. 

While CNTs show immense promise, challenges like large-scale production, cost-
effectiveness, and environmental risks must be addressed [12]. Continued research and 
collaboration between academia, industry, and policymakers are essential to unlock their full 
potential and pave the way for a sustainable future. 

The unique properties of CNTs extend beyond construction, finding applications in various 
industries to improve material strength, deformability, and durability [13,14]. Their 
integration into construction materials creates new composites with enhanced 
characteristics, such as increased strength and reduced shrinkage in concrete. Functional 
coatings with properties like waterproofing, fire resistance, and corrosion protection can 
improve the quality and lifespan of construction materials [15,16]. The literature highlights 
the extensive research into CNTs in construction, showcasing their potential to revolutionize 
the field and create materials and structures with improved properties and efficiency. 
Nanotechnology, including CNTs, has opened exciting possibilities for the construction 
industry, enabling the development of innovative materials and structures [17,18]. Numerous 
review articles delve deeply into specific directions. For instance, Norizan et al. [19] provides 
a comprehensive review of existing research and introduces novel findings on the 
functionalization of carbon nanotubes to enhance their sensitivity and selectivity in detecting 
various chemical compounds. This advancement holds potential applications in diverse fields, 
including medicine, environment, and industry. The article highlights the significant role of 
carbon nanotubes as chemical sensors, emphasizing that functionalization can significantly 
enhance their performance and detection efficiency. 

Garg et al. [20] explores the utilization of carbon nanotubes as strengthening agents in 
composite materials. The authors examine various methods for obtaining and evaluating 
carbon nanotubes, as well as their application in composite materials to enhance mechanical 
properties. The article discusses the potential advantages and limitations of integrating 
carbon nanotubes into composite materials. 

Similarly, Anzar et al. [21] offers an overview of the diverse applications of carbon nanotubes 
in biomedicine. This encompasses their use as nanovectors for drug delivery, materials for 
tissue engineering, biomarkers, and various other applications. Fiyadh et al. [22] review 
different adsorption methods, investigate the mechanisms of interaction between carbon 
nanotubes and heavy metals, and provide an overview of parameters influencing adsorption 
efficiency, such as nanotube size, shape, pH of the medium and metal concentration. They 
further explore the application of carbon nanotubes in removing heavy metals from water 
solutions, soil, and wastewater. 

Sajid et al. [23] present an overview of various applications of carbon nanotube-based 
adsorbents in water purification, including the removal of organic and inorganic pollutants, 
heavy metals, pharmaceuticals, and other harmful substances. The article discusses the 
interaction mechanisms between carbon nanotubes and water pollutants, encompassing 
adsorption and ion exchange processes. 

The impact of carbon nanotubes on concrete properties is also examined in [24]. The review 
summarizes existing research on the use of carbon nanotubes in concrete and their influence 
on its mechanical and physicochemical properties. Various methods of incorporating carbon 
nanotubes into the concrete matrix, such as mixing, spraying, and modified nanotube 
application, are discussed, along with the effects on strength, elasticity, fracture resistance, 
and other mechanical properties of concrete. 
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Franklin et al. [25] primarily focuses on the assembly and modification techniques of carbon 
nanotube transistors, as well as the underlying principles of their electronic performance. The 
authors also address issues related to enhancing the efficiency and stability of carbon 
nanotube transistors. Additionally, the article presents examples of their applications in 
diverse fields, including electronics.  

Alsubaie et al. [26] explores the vibration response of functionally graded carbon nanotube-
reinforced composite (CNTRC) beams using a higher-order shear deformation beam theory. 
The beams are reinforced with single-walled carbon nanotubes in a polymer matrix and 
supported by a viscoelastic foundation. Various reinforcement distribution patterns and 
porosity distributions are considered. The study incorporates damping coefficient, Winkler's, 
and Pasternak's parameters to analyze viscosity effects on the foundation. Results indicate 
that adding a damping coefficient enhances vibration performance, especially with increased 
spring constant factors. The fundamental frequency rises with higher porosity coefficients, 
suggesting a significant impact of porosity on beam vibrational characteristics [26]. 

Madenci et al. [27] investigates the application of carbon nanotubes (CNTs) in strengthening 
polymer matrix composites through experimental tensile testing and fabrication of carbon 
nanotube reinforced composite (CNTRC) beams. The study explores various micromechanical 
models to optimize the mechanical properties of CNTRC materials. The research concludes 
that the optimal CNT amount for reinforcing composite beams is 0.3%, as higher 
concentrations lead to reduced tensile capacity. A comparison between experimental results 
and Finite Element Models using ABAQUS demonstrates good conformance. The study also 
evaluates Young's Moduli using the prediction models Halpin-Tsai and Mixture-Rule, 
revealing accurate predictions by Halpin-Tsai and significantly lower accuracy with Mixture-
Rule [27]. 

Zhang et al. [28] investigates the wave propagation behavior of carbon nanotube reinforced 
composite (CNTRC) beams on an elastic foundation, employing various higher order shear 
deformation beam theories such as Euler and Timoshenko theories. Wave equations for 
CNTRC beams are derived using the Euler-Lagrange principle, and the relationship between 
wave number and circular frequency is established through the eigenvalue method. Phase and 
group velocities are determined as functions of wave number, and material properties of 
CNTRC beams are estimated using the mixture rule. Comparative analysis with Euler and 
Timoshenko beam theories is conducted to validate findings. The mathematical model is 
numerically verified against existing results, and the study explores the impact of CNT 
enhancement modes, volume fraction, spring factor, and other factors on CNTRC beam wave 
propagation behaviors [28]. 

Mangalasseri et al. [29] delves into the energy harvesting properties of a magneto-electro-
elastic cantilever beam enhanced with carbon nanotubes (CNT) during transverse vibration. 
Employing a lumped parameter model to mathematically represent the coupled multiphysics 
problem, the study explores the impact of factors like CNT distribution, substrate material, 
and length-to-thickness ratio on energy harvesting behavior. The research aims to enhance 
comprehension of smart material-based energy harvesting systems, specifically those 
reinforced with CNT, offering potential implications for the design and analysis of CNT-based 
smart structures [29]. 

Arshid et al. [30] explores the vibration analysis of functionally graded microplates with 
polymeric nanocomposite patches, incorporating porosity and hygrothermal effects. The 
microplates feature three layers, including an FG porous core and piezoelectric 
nanocomposite face sheets with stiffness-enhancing CNTs. Using a quasi-3D shear 
deformation theory and modified couple stress theory, the equations of motion are derived. 
Figure-presented results allow assessment of material properties, geometry, foundation 
moduli, and hygrothermal effects on vibrational behavior. Findings indicate that increasing 
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CNT volume fraction improves mechanical properties, subsequently raising natural 
frequency. Notably, the study emphasizes the substantial impact of accounting for the 
hygrothermal environment in analyzing these structures [30]. 

Huang et al. [31] introduces a size-dependent model for analyzing the static stability of doubly 
curved micro-panels made of advanced composites reinforced with carbon-based materials. 
The research combines a seven-unknown shear deformation theory in curvilinear coordinates 
with a non-classical approach to assess the mechanical performance of micro-size shells 
accurately. Utilizing a virtual work of Hamilton statement and an analytical technique based 
on double-Fourier series, the study analyzes micro shells with fully simply supported 
conditions at edges. Results show that CNTs reinforced composite curved shells exhibit a 
hardening response under buckling, with the critical buckling load highest for spherical 
panels, followed by elliptical, cylindrical, and hyperbolic panels. Moreover, changes in CNTs 
weight fraction significantly impact the static stability characteristics of CNTs reinforced 
composite curved size-dependent shells [31]. 

Heidari et al. [32] addresses the need to enhance the realism of engineering models for 
nanocomposites, critiquing past studies that assumed idealized properties of carbon 
nanotubes (CNTs). The study focuses on incorporating real-world complexities like nanotube 
waviness, defects, and aggregation observed in experiments. It introduces size effects into 
nanocomposite models, validating their accuracy through comparisons with experimental 
data and theoretical models. The article presents numerical examples illustrating buckling 
behaviors of nanocomposites, emphasizing the application of nonlocal theory to account for 
size effects. Overall, it is the first comprehensive exploration of these aspects, providing a 
crucial reference for future research in nanocomposite materials [32]. 

Undertaking a comprehensive review in the field of carbon nanotube applications within 
building materials is justified by several compelling reasons. First, it offers a methodical 
framework for gathering and comparing data from a myriad of sources. This systematic 
approach enhances comprehension by researchers and engineers as they navigate the wealth 
of available information. Second, the review serves as a spotlight on the pivotal challenges 
confronted by those working with carbon nanotubes in building materials. Through this 
scrutiny, critical obstacles come to the fore, pinpointing areas ripe for further exploration and 
unveiling the realm's untapped potential. 

Furthermore, this review becomes a tapestry that weaves together diverse data from research 
articles, patents, and technical reports. This comprehensive mosaic fosters a panoramic 
understanding while circumventing potential distortions from cherry-picked examples. 

Despite the extensive research into carbon nanotubes, there are a number of gaps in this area. 
The first shortcoming is the lack of wider comparative research comparing the properties of 
many building materials with and without CNTs. This limits the ability to make an objective 
comparison and identify clear benefits of using CNTs in construction. Therefore, more detailed 
studies based on comparative analysis can be a valuable contribution to the field. In addition, 
a more detailed discussion of the technical issues and challenges associated with the 
industrial scaling up of CNT production and its economic feasibility is essential for the 
practical introduction of CNTs in the construction industry and requires further research and 
development. In light of the above, this study also aims to fill knowledge gaps and present new 
results related to the use of CNTs in construction. This review can also provide 
recommendations on how to overcome current technical and environmental challenges to 
ensure a more sustainable and efficient use of CNTs in the construction industry. 

This review also covers all aspects of CNT properties and their impact on construction 
materials, allowing us to assess the full potential of CNTs and their applicability in various 
construction industries. Additionally, previous studies may be limited in their methodology 
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and scope. Some may be based on a small sample of data or use outdated data analysis 
methods and tools. This paper improves the methodological approach using modern data 
analysis tools and a wide range of literature sources to obtain more comprehensive and 
reliable results. 

The practical significance of this review article lies in its ability to systematically inform 
interested industries and to move towards a more sustainable future by exploring the 
potential use of CNTs as material amplifiers. The article highlights the problems that need to 
be solved before practical implementation and gives an idea of current research in this area. 

2. Methodology 

This section provides a comprehensive outline of the study's methodology. It begins with the 
careful formulation of research goals and objectives. A thorough search of scientific literature 
is conducted using Scopus and Google Scholar databases to gather a wide range of relevant 
works. The collected data undergo meticulous analysis using Python and VOSviewer software. 
Python is employed for data processing, statistical analyses, and result visualization, while 
VOSviewer aids in creating a visual representation of the literature landscape, highlighting 
key themes and authors. The study then delves into diverse methods for carbon nanotube 
production, including CVD, electrochemical deposition, and mechanical stretching, alongside 
insights from illustrative studies. Catalysts for CVD are scrutinized for their impact on 
nanotube formation. Strategies for integrating carbon nanotubes into building materials are 
explored, covering blending, coating, and functionalized nanotube incorporation, with a focus 
on enhanced properties. The research tasks encompass defining goals, selecting methods, 
investigating nanotube properties, and processing results. This culminates in drawing 
meaningful conclusions from the accumulated data and comparative analyses. The following 
steps outline the methodological process (Fig 1) : 

2.1. Literature Search  

A thorough literature search was conducted using two primary databases : the Scopus 
bibliographic and abstract database and the Google Scholar search engine. The search was 
performed by employing a combination of relevant keywords and phrases related to the 
research topic. The selected keywords were carefully chosen to ensure a comprehensive 
coverage of the relevant literature. 

2.2. Data Extraction  

After obtaining the search results, data from the Scopus database was downloaded in the RIS 
format (Research Information Systems) to facilitate further analysis. The RIS format is widely 
used for bibliographic data exchange and is compatible with various data analysis tools. 

2.3. Data Analysis in Python  

Data analysis was performed using the Python programming language, leveraging its 
powerful libraries for data manipulation and analysis. The bibliographic data downloaded in 
the RIS format was processed and cleaned to ensure the accuracy and consistency of the 
dataset. Python's data analysis libraries, such as Pandas and NumPy, were utilized for data 
cleaning, transformation, and preparation. 

2.4. VOSviewer Analysis 

In addition to the Python-based data analysis, the data was also imported into VOSviewer, a 
powerful bibliometric analysis software. VOSviewer allowed us to create visual 
representations of the co-occurrence of keywords, authors, and publications within the 
dataset. This analysis provided valuable insights into the most prominent research themes, 
patterns, and interconnections among different concepts. 
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2.5. Integration of Results 

The findings from both the Python-based data analysis and the VOSviewer analysis were 
integrated to create a comprehensive picture of the literature landscape related to the 
research topic. The combined results enabled us to identify key research trends, influential 
authors, and significant clusters of related publications. 

2.6. Interpretation and Discussion 

The interpreted results from the data analysis were discussed in the context of the research 
objectives and existing literature. The implications of the findings were critically analyzed to 
draw meaningful conclusions and identify potential areas for future research. 

By adopting this methodological approach, the study aimed to ensure a robust and systematic 
exploration of the existing literature and provide a solid foundation for the subsequent stages 
of analysis and discussion. 

Setting goals and 
objectives

Literature search

Scopus database
Google Scholar 
search engine

Data
Data Analysis in 

Python

Data analysis in 
VOSviewer

Methods of CNT 
production

Catalysts for CVD

Methods of 
introducing CNT 

into building 
materials

Properties of 
building materials 

reinforced with CNT

 
Fig. 1. Methodology flowcharte 

3. Results and Discussion 

3.1 CNTs Analysis in Research Literature: 2019-2023 

To gather relevant information, a literature search was conducted using the Scopus 
bibliographic and abstract database, as well as the Google Scholar search engine. The search 
results were visualized using the VOSviewer software, which facilitated the analysis of 
keywords found in the publications. The data covered a significant number of articles for 
2019-2023: a total of 57,633 articles were found. Of these, 11,816 articles for 2019 were used 
in visualization and analytics, 20,000 articles (due to the fact that Scopus database allows you 
to upload no more than 20,000 results to one file at a time) for 2020 (a total of 23,520 articles 
were found in 2020), 20,000 articles for 2021 year (23,580 articles were found), 20,000 

        Flow of operations 
         Stream of messages 
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articles for 2022 (24,490 articles were found) and 20,000 articles for 2023 (22,237 articles 
were found). This comprehensive study of research articles highlights the growing interest 
and importance of carbon nanotubes in various fields, including construction. 

Figure 2 illustrates the distribution of frequently encountered keywords in publications over 
time. These keywords include nanocomposites, single-walled CNTs, polymers, 
supercapacitors, heat resistance, tensile strength, and other relevant terms. On the other 
hand, Figure 3 presents the clustering results of the same search query. 

 

Fig. 2. Search results for "carbon nanotubes" in Scopus 

 

Fig. 3. Results of the "carbon nanotubes" search query in Scopus by cluster 
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A set of articles published between 2019 and 2023 related to the query "carbon nanotubes" 
was extracted. Subsequently, an analysis was conducted using Python scripts, and the Pandas 
and Matplotlib libraries were employed to process and visualize the data. 

 

Fig. 4. Results of keyword analysis by articles 

Figure 4 depicts the distribution of the 25 most frequent keywords in the articles, categorized 
by year (Fig 4). The results presented in Figure 4 were generated by excluding certain words 
from the search, namely "Review", "Article", "Priority journal", "Controlled study", 
"Graphene”, “Carbon nanotubes",  "Nanotechnology", and "Nanoparticle". These words were 
excluded due to their high frequency and tendency to appear in nearly all articles. Conversely, 
Figure 6 showcases a histogram containing all keywords, including the highly frequent ones, 
presenting the grouping of the 15 most frequent keywords by publication year. 

 

Fig. 5. Number of articles by year 

Figure 5 shows a histogram of the total number of publications for the query "carbon 
nanotubes" in the Scopus database. As can be seen in Figure 5, the number of articles for this 
query peaks in 2022. The number of articles shows a decrease in 2023. This decrease in 2023 
can be explained by the fact that the data only cover the period up to September 2023, which 
is not the full year of data collection.  
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Fig. 6. The most high-frequency keywords 

Using the Jupyter Notebook web development tool and the Word Cloud library, word clouds 
were generated to visualize the search results. The word cloud of frequently encountered 
words in the abstracts of review articles is displayed in Figure 7a, while Figure 7b presents 
the word cloud of high-frequency keywords. A cloud of words frequently found in the 
abstracts of all reviewed articles is shown in Figure 8a, and a cloud of high-frequency 
keywords is shown in Figure 8b. These visual representations offer an intuitive means to 
observe the prominence and relevance of various words within the search results. 

  

Fig. 7. Word cloud (a) abstracts of review articles, (b) keywords 

  

Fig. 7. Word cloud (a) abstracts of all articles, (b) keywords 

3.2 Methods of CNT production 

CNT production methods encompass various techniques used to create carbon-based 
nanotubes. Among them, the most common methods include hydrocarbon pyrolysis, laser 
ablation of graphite, electric arc synthesis, and chemical vapor deposition (CVD).  

A B 

A B 
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Hydrocarbon pyrolysis involves decomposing hydrocarbons into carbon and other 
byproducts to produce CNTs [33, 34]. This method is extensively utilized for large-scale CNT 
production. Pyrolysis of hydrocarbons, also known as pyrogenic synthesis, entails the 
decomposition of organic compounds into carbon, hydrogen, and oxygen at high 
temperatures. It is a widely employed approach for producing carbon nanomaterials like 
carbon nanotubes, fullerenes, and graphene. 

Special equipment called a pyrolysis unit (Fig.8) is employed for the pyrolytic synthesis of 
hydrocarbons. The unit consists of a reaction chamber where the synthesis occurs and a gas 
supply system. To prevent contamination of nanomaterials, the reaction chamber is typically 
made of stainless steel or ceramics. The pyrolytic synthesis process initiates by heating the 
hydrocarbons to temperatures exceeding 700°C. At this temperature, the hydrocarbons 
decompose into carbon, hydrogen, and various gases. The carbon remains in the form of 
nanoparticles that subsequently aggregate. 

One notable advantage of pyrolytic synthesis is its capability to produce carbon nanomaterials 
with high purity and uniformity. Furthermore, this method allows for control over the size 
and shape of the resulting nanomaterials. However, pyrolytic synthesis does have some 
drawbacks, such as high equipment costs and energy consumption. Additionally, the 
hydrocarbon pyrolysis method may not be suitable for producing all types of CNTs and may 
be limited in cases where specific properties are desired (e.g. high electrical conductivity or 
resistance to oxidation). 

 

Fig. 8. Schematic diagram of a horizontal batch rector for pyrolysis of carbon-bearing 
gases [35] 

Laser ablation of graphite involves the use of powerful laser radiation to evaporate and 
subsequently condense graphite in a vacuum (Figure 9). This process breaks down graphite 
crystals into individual carbon atoms, which then assemble into nanoparticles [36, 37]. 

Laser ablation of graphite is capable of producing ultra-dispersed carbon nanostructures, 
including carbon nanotubes, carbon nanofibers, carbon nanoribbons, and more. These 
nanomaterials possess unique properties such as high electrical conductivity and mechanical 
strength, making them highly promising for diverse applications. Additionally, laser ablation 
of graphite is an environmentally friendly method as it does not require the use of chemicals 
or high temperatures, thus making it attractive for industries like automotive, aviation, and 
space. 

However, one of the main challenges associated with laser ablation is the difficulty in 
controlling the process of obtaining carbon nanostructures. The high temperature and 
pressure generated during ablation make it challenging to precisely control the size and shape 
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of the resulting nanoparticles. This variability can impact the properties and application of the 
nanotubes. Another drawback is the high cost of laser ablation equipment and materials. This 
method necessitates expensive laser equipment and specialized materials like graphite. 
Moreover, the ablation process itself is time-consuming and energy-intensive. Low 
productivity can also be considered a disadvantage of laser ablation. While this method 
produces carbon nanostructures with a high degree of purity and uniformity, it may be less 
efficient compared to other nanoparticle production methods. 

 

Fig. 9. Schematic diagram of a machine for CNT production by laser ablation [35] 

In a study conducted by the authors [38], they successfully synthesized graphene sheets in 
two stages at room temperature and normal pressure. The process involved laser ablation of 
graphite, followed by repeated irradiation of suspensions after removing the graphite target. 
X-ray analysis confirmed the production of different carbon materials. 

Several factors influence the synthesis of carbon nanotubes through laser ablation, including 
temperature, catalyst selection, choice of inert gas, laser power, wavelength, pressure, and 
fluid dynamics near the carbon target [39]. These parameters must be carefully controlled 
during the synthesis of CNTs. 

Electric arc synthesis is another method utilized for producing CNTs. This technique involves 
the use of an electric arc to heat and melt a metal catalyst such as graphite or nickel (Fig.10). 
The molten metal is then cooled and crystallized, resulting in the formation of nanotubes. 
During the synthesis process, the nanotubes emerge from the catalyst and are collected in 
bundles, which can be subsequently cleaned and shaped to the desired size and form. The 
main advantages of electric arc synthesis for CNTs are its simplicity, speed, and controllability. 
Additionally, this method does not require the use of expensive catalysts, thereby reducing 
production costs. 

Electric arc synthesis offers a versatile approach for producing various carbon nanomaterials, 
including carbon nanotubes and carbon nanoparticles, with diverse sizes and shapes. Despite 
its drawbacks such as high energy consumption and low yield, it remains a widely employed 
method in scientific and industrial fields involved in the synthesis and application of carbon 
nanomaterials [40, 41]. 

Chemical vapor deposition (CVD) is one of the most prevalent methods for producing carbon 
nanotubes [43, 43]. It enables the synthesis of large-diameter and high-purity CNTs. CVD 
involves the decomposition and condensation of organic compounds in the gas phase onto a 
catalyst surface at high temperatures. 
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Fig. 10Schematic diagram of a plant for producing CNT by electric arc synthesis [35] 

In CVD, specialized reactors are employed where high temperatures (typically ranging from 
700 to 1,000 degrees Celsius) and pressures are maintained (Figure 11). The reactor is filled 
with a gas mixture comprising a reagent (e.g., benzene or acetylene) and a catalyst (commonly 
graphite or nickel). At elevated temperatures, the reagent decomposes into gaseous products, 
which subsequently condense on the catalyst's surface. This process leads to the formation of 
nanotubes that accumulate on the surface and continue to grow until they reach a specific 
diameter. 

 

Fig. 11 Chemical vapor deposition (CVD) method [44] 

Chemical vapor deposition (CVD) is not only utilized for producing carbon nanotubes but also 
for other types of carbon nanomaterials, including amorphous carbon and carbon 
nanoparticles. The method offers the advantage of controlling the size and shape of the 
resulting structures by adjusting process parameters such as temperature, pressure, and gas 
mixture composition. CVD is capable of generating nanotubes with varying diameters and 
shapes, making it a versatile technique for numerous applications. 

CVD finds applications in various fields, including microelectronics. In microelectronics, CVD 
is employed for producing integrated circuits and other electronic devices. The method of CVD 
offers several advantages: 

Precise control: CVD allows for meticulous control over the size and shape of nanomaterials 
through precise adjustment of process parameters. 

High purity: CVD produces nanomaterials with high purity and low impurity concentrations 
due to its robust process control. 
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Convenience and efficiency: The CVD process are easily automated, enabling precise 
adjustment of process parameters. Moreover, the method is highly efficient, yielding 
significant volumes of nanomaterials. 

Unique properties: CVD-derived nanomaterials often exhibit distinctive physical and chemical 
properties that are not typically observed in materials produced through other methods. 

Thus, chemical vapor deposition is a powerful and effective approach for producing carbon 
nanomaterials with exceptional properties, making it a popular choice in scientific research 
[45, 46]. For instance, a study [47] compared single-walled carbon nanotubes produced via 
CVD with those obtained using an improved electric arc synthesis method. The results 
revealed that CVD-produced nanotubes exhibited superior dispersion into thin fibers, even at 
the monolayer level. 

In another work [48], mechanical properties and corrosion resistance of composites 
reinforced with CVD-produced carbon nanotubes at varying mass fractions (0.1%, 0.2%, and 
0.5%) were investigated. The study determined that the most corrosion-resistant structure 
was achieved in composites reinforced with 0.2% CNTs. 

Chemical Mechanical Exfoliation (CME) is a method for producing high-purity carbon 
nanotubes (CNTs) through a combination of chemical and mechanical processes. The process 
involves the preparation of graphite as a starting material, followed by chemical 
functionalization to facilitate subsequent processing. Mechanical exfoliation, which can be 
achieved through various methods, separates graphite layers and forms CNTs. Purification 
and characterization complete the process, providing high-quality CNTs with controlled 
properties [49–52]. 

The Floating Catalyst Method utilizes catalyst nanoparticles suspended in a gaseous carbon 
source to produce high-quality CNTs. The process involves catalyst preparation, reactor 
installation, catalyst suspension in a carrier gas, introducing the carbon source, catalytic 
growth, nanotube recovery, and post-treatment. This method offers controlled CNT 
production with various properties but requires careful control of catalyst parameters and 
addressing potential impurities [53–55]. 

The Template-Assisted Growth method directs CNT growth using templates with defined 
nanopores. Steps include template preparation, catalyst deposition, introducing a carbon 
source, nanotube growth within the template's nanopores, template removal, and post-
treatment [56–59]. This method provides precise control over CNT diameter, length, and 
alignment and is compatible with various substrates [60]. 

Plasma Enhanced Chemical Vapour Deposition (PECVD) is a technique for creating Uniform 
Nanotube Arrays (UNAs) via plasma-assisted chemical reactions [61–65]. It involves 
substrate preparation, precursor gas introduction, plasma discharge, thin film deposition, and 
post-processing. PECVD offers controlled UNA production, uniform characteristics, and 
versatility across different substrates for applications in various industries [66–68]. 

Electrochemical Deposition (ECD) is another method for producing UNAs on a conductive 
substrate through an electrochemical cell [69–71]. It involves substrate preparation, 
immersion in an electrolyte solution, application of an electric potential, nanotube growth, 
and post-processing [72–74]. ECD allows precise control over nanotube dimensions and 
produces uniform arrays for applications in energy storage, catalysis, sensors, and electronics 
[75–79].  

Solvothermal Method: This method involves a hydrothermal reaction in a solvent at high 
temperatures and pressures to synthesize CNTs with controlled properties and structures 
[80–84]. The process includes precursor preparation, reactor setup, sealing, reaction and 
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growth, cooling, product recovery, and post-treatment [85–88]. It shows promise for CNT 
synthesis but has limitations such as cost, complexity, and environmental impact [89–96]. 

Mechano-thermal Synthesis: This approach combines mechanical activation and thermal 
treatment to produce highly ordered and crystalline CNTs [97–99]. Mechanical forces are 
used to break down precursor carbon materials, creating amorphous carbonaceous 
precursors [100–102]. Subsequent thermal treatment at high temperatures transforms these 
precursors into well-aligned CNTs [103,104]. Challenges include the need for precise control 
of mechanical activation and high-temperature processing [105,106]. 

Flame Synthesis: This technique uses a controlled combustion process to generate CNTs by 
decomposing precursor solutions in a high-temperature flame [97,106,107]. It offers 
continuous and scalable production, allowing adjustments in CNT size, diameter, and 
structure. Challenges include controlling CNT growth and dealing with unwanted byproducts 
[106,108,109]. 

Chemical Vapor Infiltration (CVI): CVI involves the deposition of carbon atoms onto a 
substrate through the controlled decomposition of gaseous precursors [110–112]. It allows 
for versatile, large-scale production, and the ability to tailor CNT properties. Deposition 
conditions impact growth rate, structural characteristics, and alignment [113–116]. 

Electrolysis: The Electrolysis method applies an electric current to a carbonaceous electrode 
immersed in an electrolyte solution [117,118]. This process leads to the direct synthesis of 
CNTs, providing control over their growth conditions and properties[119,120]. Challenges 
include low yield, slow growth rates, and the need to control CNT morphology and purity 
[121–123]. 

Understanding the advantages and disadvantages of various CNT production methods is 
crucial for selecting the most suitable approach for specific tasks. Table 1 provides an 
overview of CNT production methods, offering brief descriptions of their principles of action 
along with their advantages and disadvantages. The benefits and disadvantages mentioned in 
this table are not exhaustive and may vary depending on specific process parameters and 
conditions. 

Table 1. Methods of CNT production 

The method 
Principle of 
operation 

Benefits Disadvantages 

Pyrolysis of 
hydrocarbons 

[124–132] 

Decomposition 
of organic 

compounds at 
high 

temperature 

Low cost, high 
performance, scalability, 

good controllability of 
process parameters 

CNTs may contain impurities, 
which can reduce their quality 
and properties; small diameter 

of CNTs; CNTs may be less 
resistant to oxidation than 

nanotubes produced by other 
methods 

Laser ablation 
of graphite 

[106,133–138] 

Effects of laser 
radiation on 

carbon materials 

Possibility to produce 
single- and multi-layer 

CNTs of different shapes, 
high purity 

High equipment costs, limited 
product volume, difficulty in 

controlling process parameters 

Electric arc 
fusion 

[139–145] 

Heating of 
carbon materials 
in an electric arc 

Production of various 
sizes of CNTs, high 

synthesis rate 

Limited size, need for inert 
gases, high cost, risk of CNT 

damage 

Chemical vapor 
deposition 

(CVD) 
[146–154] 

Reaction 
between a 

carbon source 
and other 

reagents in the 
gas phase 

Ability to produce CNTs 
on different substrates, 

control of size and shape 
of nanostructures, high 
productivity, scalability 

Risk of reaction byproducts that 
can adversely affect the quality 
of the resulting tubes, difficulty 

in setting up the process 
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The method 
Principle of 
operation 

Benefits Disadvantages 

Chemical 
Mechanical 
Exfoliation 

(CME) 
[155–160] 

Mechanical 
exfoliation of 

layered carbon 
materials 

Simple and low-cost 
method, production of 
high-quality CNTs with 

good crystallinity 

Limited scalability, difficulty in 
achieving uniformity in CNT 

properties 

Floating 
Catalyst 
Method 

[55,161–168] 

Suspension of 
catalyst 

nanoparticles in 
a gaseous carbon 

source 

Production of single- and 
multi-walled CNTs, high 

purity, control over 
diameter and alignment 

High equipment costs, limited 
product volume, difficulty in 

controlling process parameters 

Template-
Assisted 
Growth 

[58,59,169–
175] 

Utilization of 
templates or 
nanopores to 

direct CNT 
growth 

Precise control over 
diameter, length, and 

alignment of CNTs, 
scalability 

Template removal can be 
challenging, limited choice of 

template materials 

Plasma 
Enhanced 

Chemical Vapor 
Deposition 

(PECVD) 
[63,65,176–

179] 

Chemical 
reaction in a 

plasma 
environment 

High deposition rate, 
good control over CNT 

properties, compatibility 
with various substrates 

Plasma-induced damage to 
CNTs, requirement for 
specialized equipment 

Electrochemical 
Deposition 
[180–185] 

Electrochemical 
reaction for CNT 

growth on a 
conductive 
substrate 

Controlled growth of 
CNTs, precise control 
over dimensions and 

alignment 

Limited scalability, potential for 
electrode contamination 

Solvothermal 
Method 

[84,186–192] 

Hydrothermal 
reaction in a 

solvent at high 
temperatures 
and pressures 

Synthesis of CNTs with 
regulated properties and 

structures 

Limited scalability, high 
temperature and pressure 

requirements 

Mechano-
thermal 

Synthesis 
[97,193–198] 

Combination of 
mechanical 

activation and 
thermal 

treatment 

Production of highly 
ordered and crystalline 

CNTs, scalability 

Potential for impurities, careful 
control of mechanical activation 

parameters required 

Flame 
Synthesis 

[199–205] 

Controlled 
combustion of 

hydrocarbon or 
carbon-

containing 
precursors 

Continuous production, 
control over CNT size and 

structure, in situ 
functionalization 

Challenges in controlling CNT 
growth and uniformity, potential 

formation of unwanted 
byproducts 

The characteristics of nanotubes obtained can vary based on the method used and process 
conditions. In conclusion, each of these methods possesses its own advantages and 
disadvantages, and the selection of a specific method depends on the particular requirements 
and production conditions. 

For instance, pyrolysis of hydrocarbons is the most commonly employed method; however, it 
may result in the formation of impurities and structural defects in the nanotubes. Laser 
ablation of graphite yields nanotubes with high purity but necessitates costly equipment. 
Electric arc synthesis produces nanotubes with larger diameters but incurs high energy costs. 
Chemical vapor deposition allows for precise control over the structure and properties of 
nanotubes. 
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Therefore, the choice of CNT production method should be justified and based on a 
compromise between quality requirements and economic efficiency. 

3.3. Catalysts for CVD 

Chemical vapor deposition (CVD) is a widely employed and cost-effective technique for 
manufacturing carbon nanotubes (CNTs). During CVD, CNTs are synthesized by depositing the 
dissociation products of hydrocarbons onto a metal catalyst that serves as a "seed," followed 
by the growth of nanotubes on the catalyst surface. 

The selection of a suitable catalyst plays a crucial role in achieving efficient CNT generation 
through the CVD method. An ideal catalyst should possess a high surface area, acting as the 
active center for chemical reactions, and offer a sufficiently high temperature for carbide 
decomposition. These catalysts can also be employed in the synthesis of other carbon 
nanostructures like graphene or fullerenes. The choice of catalyst depends on the desired 
structure and properties of the nanoparticles. 

Chemical vapor deposition catalysts are primarily composed of metals or their oxides and are 
instrumental in expediting the formation of carbon nanostructures. Nickel is one of the most 
commonly used catalysts for CVD, enabling the synthesis of CNTs with high purity and 
uniform structure. Other metals such as copper, chromium, and molybdenum are also utilized 
as catalysts. Additionally, carbon precursors like graphite or CNTs can function as catalysts 
for CNT synthesis. 

For instance, a copper-based catalyst can be employed in CNT synthesis. When a carbon-
containing gas such as acetylene is heated, nanotubes form on the copper surface, which can 
then be separated from the catalyst for various applications. 

Numerous catalysts are employed for CNT production via CVD under diverse conditions. 
These catalysts include metals like iron (Fe), nickel (Ni), cobalt (Co), their alloys, as well as 
surface-modified metals and their oxides. 

While iron and nickel were initially the most prevalent catalysts for CNT production through 
CVD, researchers have been exploring more effective catalysts in recent years to achieve high-
quality CNTs [206–208]. Studies indicate that iron alloys with other metals such as copper 
(CuFe) or cobalt (FeCo) can enhance productivity and purity during the CVD process. In CVD, 
carbon nanomaterials are formed by the interaction between carbon and various gases, 
typically hydrogen, carbon monoxide, or acetylene. Catalysts can comprise metals, oxides, 
hydroxides, or other substances, accelerating the decomposition of carbon-containing gases 
into carbon atoms and molecules, which subsequently combine into nanostructures. 

The choice of catalyst depends on the desired properties of the resulting nanomaterials and 
the specific synthesis conditions. Ongoing advancements in catalyst research for CNT 
production via chemical vapor deposition allow for continual updates and improvements to 
this method [209–218]. It is important to select the most appropriate catalyst for specific 
process conditions and the desired properties of the nanotubes. 

Table 2 below presents catalysts and their properties for CVD. However, it is worth noting 
that the size and quality of CNTs may slightly vary depending on process conditions such as 
temperature, pressure, and gas mixture composition. The first column of Table 2 denotes the 
catalyst (or elemental basis for combined catalysts) with corresponding references to studies 
utilizing them for CNT production. The subsequent columns in Table 2 provides general 
information and characteristics of each catalyst, independent of the referenced studies in the 
first column. This is because catalyst properties can differ based on the process conditions of 
vapor deposition, including temperature and pressure. Therefore, selecting the most suitable 
catalyst for specific process conditions and desired nanotube properties is crucial. 
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Table 2. CVD catalysts 

Catalyst 
Diameter of 
nanotubes 

Quality of 
nanotubes 

Features 

Ferrocene [219-
221] 

~ 10-20 nm Low 

Ferrocene-based nanotubes are not only of 
low quality, but also heterogeneous in 

width. | It is quite unstable and can form a 
heterogeneous film. 

Ni [222-224] ~ 10-100 nm High 

Ni-based nanotubes are of high quality and 
have a single-wall structure. Quite cheap 
and widespread catalyst. Provides high 

quality nanotubes and very few defects in 
the structure. 

Co [225,226] 
 

~ 5-50 nm Very high 

Co-derived nanotubes are of very high 
quality and have a single-wall structure, 

which makes them possible for use in 
electronics. It is also a cheap catalyst. 

Fe [227-230] 
 

~ 10-100 nm Average 

Fe-based nanotubes are of average quality 
and may contain additional defects in the 

structure. It is chemically stable but forms a 
lower quality film than Ni, Co. 

Al [231,232] 
 

~ 10-60 nm Average 

Al-based nanotubes are of average quality 
and may contain additional defects in the 

structure. It is not the best catalyst, but can 
be used to produce nanotubes of a certain 

type. 
Pt [233,234] 

 
~5-50 nm Very high 

One of the best sparse catalysts: provides 
very high quality and purity of nanotubes. 

Pd [235,236] ~5-50 nm Very high 
Similar to Pt in its characteristics, but 

cheaper. 

Ti [237] 
 

~5-100 nm Average 
Provides good quality nanotubes and a 

structure different from that obtained with 
other catalysts. 

Mo [238] ~5-50 nm Average 
It can be used to produce multiwalled 

nanotubes. 

Cu [239-242] 
 

~5-50 nm High 
It has high catalytic activity for CVD 
reaction. It can be used to produce 
nanotubes of different materials. 

Au [243,244] 
 

~5-50 nm Low 
It is not the best catalyst for the CVD 
reaction and is not normally used for 

producing nanotubes. 

Co Ni Au [235] Various sizes Miscellaneous 

Combinations of catalysts can combine the 
advantages of different materials. For 
example, the combination of Co and Ni 

gives very good nanotube quality, and the 
combination of Ni and Au gives good charge 

transfer properties. 
 

Table 2 clearly illustrates the substantial variation in cost, nanotube quality, and defectiveness 
among catalysts. The selection of a specific catalyst depends on numerous factors, including 
availability and cost. For instance, Fe serves as an inexpensive catalyst, enabling the 
production of nanotubes at low temperatures and pressures. However, the resulting 
nanotubes exhibit lower quality and often contain numerous defects. On the other hand, Pt is 
highly expensive but yields high-quality nanotubes with a low defect rate. Moreover, catalysts 
can be combined to enhance results [246-249]. For example, the combination of Ni and Co 
yields nanotubes of the highest quality and low defect levels, whereas the combination of Cu 
and Ni enables the production of nanotubes with diverse materials. 
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This section provides a concise overview of catalysts utilized in the CVD method, underscoring 
their significant influence on the properties of carbon nanotubes. Consequently, selecting an 
appropriate catalyst becomes crucial in achieving desired carbon nanotube properties, such 
as size and structure, and should align with specific requirements. 

3.4. Methods of Introducing CNT Into Building Materials 

The incorporation of carbon nanotubes (CNTs) into building materials has emerged as a novel 
and increasingly popular strategy for enhancing their mechanical and physical properties. 
Recent years have witnessed numerous studies exploring the utilization of CNTs in diverse 
building materials, including concrete and reinforced polymers [250,251]. 

Mechanical introduction stands out as one of the primary approaches for integrating CNTs 
into building materials. This method involves simply adding nanotubes to the material during 
its preparation in the form of dust, powder, or liquid. To ensure a more uniform dispersion of 
CNTs within the material, techniques such as ultrasonic or magnetic treatment can be 
employed [252–254]. Ultrasonic processing facilitates the pulverization of CNT particles, 
leading to their more even distribution throughout the material. Similarly, magnetic 
treatment can be utilized to fractionate CNT particles into smaller sizes, thereby enhancing 
their dispersion within the material [255,256]. 

In addition to mechanical introduction, other processing techniques can be employed to 
enhance the efficacy and quality of the CNT incorporation process. Surfactant 
functionalization is one such method, where surfactants are used to improve the wettability 
of CNTs, allowing for better dispersion within the matrix [257–261]. Sonication, which utilizes 
high-frequency sound waves, can also be used to break up CNT agglomerates and ensure 
better dispersion [262–265]. 

The specific method of incorporating CNTs into building materials depends on the desired 
properties and operating conditions. For example, in the case of concrete, CNTs can be added 
as nano powders or through the creation of functional coatings [266–268]. This helps improve 
the strength, corrosion resistance, and shrinkage reduction of the concrete. For materials like 
bricks and glass, functional coatings and nano powder addition can enhance properties such 
as fire resistance, thermal insulation, transparency, and scratch resistance [269,270]. 

In the case of metals, including steel and aluminum, CNTs can be introduced through the 
addition of nano powders or by creating functional coatings [271,272]. This improves the 
durability and corrosion resistance of the metals [273–275]. Plastic materials can also benefit 
from the addition of CNTs in the form of a liquid additive, which enhances wear resistance and 
durability [276,277]. Similarly, the addition of CNT powder to rubber materials improves 
wear resistance and elasticity [278–280]. 

These examples highlight the versatility of CNT incorporation, as different materials can be 
enhanced by utilizing CNTs in various ways. The selection of materials and the specific method 
of introducing CNTs depend on the desired improvements and the specific requirements of 
each application. Continued research and collaboration among material scientists, engineers, 
and industry professionals will drive further advancements in this field, opening up new 
possibilities for the construction industry. 

In essence, the mechanical introduction of CNTs represents one of the most commonly 
employed methods for their incorporation into building materials, with additional processing 
techniques employed to enhance the efficacy and quality of the process. Table 3 provides a 
concise overview of exemplary building materials exhibiting improved properties, along with 
the prevalent methods employed for incorporating CNTs into their structural composition. 
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Table 3. Construction materials with improved CNT properties 

Construction 
materials 

Improved properties 
Methods of introducing CNT into building 

materials 
Concrete 

[281–286] 
Strength, corrosion resistance, 

shrinkage reduction 
Adding nanopowders, creating functional 

coatings 
Brick 

[287–291] 
Resistance to fire, improved thermal 

insulation 
Creating functional coatings, adding 

nanopowders 
Glass 

[292–296] 
Transparency, scratch resistance 

Adding nanopowders, creating functional 
coatings 

Metal 
[297–302] 

Durability, corrosion resistance 
Adding nanopowders, creating functional 

coatings 
Plastic 

[303–307] 
Resistance to wear and tear, 

durability 
CNT liquid additive 

Rubber 
[308–315] 

Wear resistance, elasticity Addition of CNT powder 

 

These examples provide a glimpse into the diverse range of materials that can be enhanced 
by incorporating Carbon Nanotubes (CNTs). The selection of materials and the method of 
introducing CNTs depend on specific requirements and operating conditions governing each 
case. 

CNTs offer tremendous potential in strengthening building materials by augmenting their 
mechanical properties, including increased strength, stiffness, impact resistance, and 
abrasion resistance. Furthermore, CNTs can impart electrical or thermal properties to 
materials, thereby expanding their functionality. However, the practical utilization of CNTs 
beyond the confines of laboratory settings is still constrained. One of the primary challenges 
involves achieving a uniform dispersion of CNTs within the material while preventing their 
aggregation, as such clustering can substantially compromise the material's quality [316–317]. 

Presently, nanotechnology finds active application across various industries. One significant 
application area involves the modification of building materials to enhance their properties. 
This section elucidates the methods employed for introducing CNTs into building materials 
and explores their potential application in creating efficient and secure building structures. 

3.4.1. Mechanical Methods 

One approach for incorporating carbon nanotubes (CNTs) into building materials is through 
mechanical methods. These methods rely on simple mechanical processes to introduce CNTs 
into the structure of the material. Ultrasonic dispersion is a technique where CNTs are 
dispersed within a material using ultrasonic waves. The waves create cyclic compression and 
tension zones in the material, resulting in the dispersion of nanoparticles. This method is 
highly efficient and produces nanometer-sized particles, enabling the production of materials 
with enhanced strength and durability. For instance, researchers [318] investigated the 
impact of multi-walled carbon nanotubes (MWNTs) with varying internal diameters on the 
mechanical properties and microstructure of cement-based materials. Ultrasonic dispersion 
was employed to uniformly distribute MWNTs within the cement-based materials. 
Experimental results demonstrated that increasing the diameter of MWNTs modified the 
flexural and compressive strength of cement-based materials. 

Ultrasonic dispersion is a widely used method for incorporating carbon nanotubes (CNTs) 
into building materials. This process involves subjecting CNTs to high-frequency sound waves 
(typically in the range of 20-100 kHz) to break up agglomerates and disperse individual CNTs 
throughout the material matrix. The equipment used includes a sonicator, which generates 
the sound waves, and a vessel containing the material to be dispersed. The power output and 
frequency depend on the application and material properties [319,320]. 
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Ultrasonic dispersion not only breaks up agglomerates but can also functionalize CNTs by 
introducing chemical groups onto their surfaces. This enhances their compatibility with the 
matrix and improves mechanical properties. The smaller size of dispersed CNTs (typically 
tens of nanometers) leads to a more homogeneous distribution within the matrix. One 
advantage of ultrasonic dispersion is its ability to achieve a more uniform dispersion of CNTs, 
enhancing the mechanical properties of the material. It also reduces agglomeration of CNTs, 
preventing the formation of large clusters that could negatively impact the material's 
properties. Furthermore, ultrasonic dispersion enhances the interfacial bonding between 
CNTs and the material matrix, improving load transfer and the overall integrity of the 
composite material. 

Mechanical activation is another method where the material is mechanically loaded to 
activate the surface and create defects. These defects, including dislocations, voids, and 
microcracks, facilitate strong bonding between CNTs and the building material, resulting in a 
composite material with improved strength and durability [321,322]. Researchers [323] 
investigated various modified cement composites produced through mechanical activation. 
They utilized superplasticizers and CNTs with different structures and functionalities as 
modifiers. The study revealed that the bio resistance coefficient values of cement composite 
samples obtained by mechanically activating the binder and incorporating superplasticizers 
were 13% higher than those of the control composition. 

Mechanical exposure involves saturating the material with CNTs using moving parts such as 
mills or mixers. This method generates high mechanical energy, breaking down the CNTs into 
nanometer-sized particles that then penetrate the material. By employing this approach, it is 
possible to produce materials with enhanced strength and durability while minimizing the 
quantity of CNTs required [324–326]. 

Overall, the utilization of mechanical methods for introducing CNTs into building materials 
enables the creation of materials with nanoparticle reinforcement, resulting in improved 
strength and durability. However, achieving the maximum effect requires careful selection of 
the optimal component ratios and material processing techniques. 

3.4.2. Electrochemical Methods 

Electrochemical techniques offer highly effective means of incorporating carbon nanotubes 
(CNTs) into various building materials, including concrete, asphalt, and polymer composites. 
One such technique is the electrochemical deposition of thin carbon films onto the material 
surface. This process involves depositing carbon nanoparticles onto the material surface by 
applying an electric current in a solution containing suitable reagents [327–329]. The method 
finds wide application in diverse fields, including electronics, catalysis, cosmetics, as well as 
scientific research in nanotechnology and materials science. 

Electrochemical carbon deposition has proven beneficial in several areas. Firstly, it can be 
used to coat electrodes, thereby enhancing their conductivity in different devices and systems 
[330,331]. Secondly, carbon coatings serve as catalysts on material surfaces, improving the 
efficiency of processes such as electrolysis or gas synthesis. Additionally, carbon coatings find 
application in the production of electronic components like supercapacitors and solar cells. 

The advantages of electrochemical carbon deposition include precise control over the 
deposition process, the ability to create thin, uniform, and high-quality carbon films, cost-
effectiveness compared to other coating methods, and the potential to modify the properties 
of carbon coatings to suit specific needs [332–334]. However, there are also certain 
limitations associated with this technique. It requires careful adjustment of the deposition 
process to achieve the desired surface properties, and there may be defects in the film 
structure that could impact its properties. Furthermore, there are limitations on the types of 
materials onto which the coating can be applied. 
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Kim et al. demonstrated the use of a chemical deposition method to enhance the performance 
of a fuel cell electrode by employing CNTs and a Pt catalyst as the foundation. Their results 
indicated that the number of catalytic centers in Pt/CNTs obtained through electrochemical 
deposition was approximately three times higher [335]. Another study by Lee et al. proposed 
an efficient and practical approach for creating a new composite comprising ultrathin 
nanowire films by combining an assembly process with cost-effective electrochemical 
deposition technology [336]. 

Electrodeposition, another method for introducing CNTs into building materials, involves 
embedding CNTs into the material surface through an electrochemical reaction. The process 
utilizes an electric field to deposit CNTs onto the material surface. CNTs, serving as 
nanoparticles, enhance the properties of building materials that typically consist of metallic 
or polymeric components. The electrodeposition process begins with the preparation of a 
solution containing CNTs, which is then placed in an electrolytic bath. The material is 
immersed in the bath and connected to an electrode, while another electrode connected to an 
electric current source is positioned adjacent to the material. Subsequently, the 
electrodeposition process initiates, resulting in the deposition of CNTs onto the material 
surface. 

This method offers advantages such as simplicity and the ability to control material 
conductivity by adjusting the CNT concentration in the solution. Additionally, materials 
obtained through CNT electrodeposition exhibit good shape and size matching, reducing the 
likelihood of defects [337,338]. However, this method has drawbacks, including a relatively 
low CNT concentration compared to other CNT introduction methods and the requirement 
for specialized equipment, making it a relatively complex process. 

3.4.3. Chemical Methods 

Chemical techniques offer a range of possibilities for incorporating Carbon Nanotubes (CNTs) 
into building materials, resulting in the development of materials with exceptional properties, 
including enhanced strength, thermal conductivity, and electrical conductivity. However, each 
method possesses its own set of advantages and disadvantages, and the selection of a specific 
technique depends on the intended purposes and requirements of the manufactured 
materials. 

One such method is chemical deposition, which involves depositing a CNT solution onto the 
surface of the material [339–341]. This process begins by preparing a solution containing 
CNTs in a specialized liquid, typically ethylene glycol or other solvents. Various application 
techniques such as spraying or dripping are employed to apply the nanotube solution onto 
the material's surface. 

Another method, known as metal fusion, employs the combination of different metals to coat 
the material's surface. This technique involves mixing CNTs with metal powders and 
subjecting them to high temperatures to form a composite material. Metal fusion exhibits 
notable advantages, including high wear resistance and excellent thermal conductivity, 
making it suitable for the production of construction materials like metal structures and 
pipelines. 

The metal fusion method finds extensive use in modern industries, enabling the production of 
high-quality composite materials with unique properties unattainable by conventional carbon 
steels and other materials [342–345]. The process of metal alloying comprises several steps: 

Alloy preparation: Various methods, such as mechanical mixing of metal powders with CNTs 
in a ball mill, are utilized to create a homogeneous mixture. 

Material formation: The mixture from the previous step is heated to temperatures typically 
exceeding 1000 degrees Celsius, causing the metal powders and CNTs to merge and form a 
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homogenous material with the desired properties. Heat treatment: Heat treatment is 
necessary to enhance the material's mechanical properties and harden it. The composite 
material is subjected to specific temperatures during heat treatment and subsequently cooled 
down. The advantages of the metal fusion method for building material production are 
numerous. These include high resistance to wear and mechanical damage, excellent thermal 
conductivity, significant resistance to corrosion and chemical reactions, and the ability to 
produce composite materials in various shapes and sizes. 

In summary, chemical methods, such as chemical deposition and metal fusion, allow for the 
integration of CNTs into building materials, offering exceptional properties [346–349]. The 
choice of method depends on specific requirements, with metal fusion providing excellent 
wear resistance, thermal conductivity, corrosion resistance, and versatility in creating 
composite materials with unique shapes and sizes. 

3.4.4. Physical Deposition Methods 

Physical deposition methods for carbon nanotubes (CNTs) encompass a range of technologies 
and processes utilized to distribute nanotubes onto the surfaces of building materials. 

Ion-beam deposition is a technological process that employs ion streams to generate thin 
coatings on material surfaces [350,351]. The process initiates by producing a high-frequency 
flux of ions dispersed in a gas medium, typically within a vacuum. The flux is then directed 
towards the substrate where the coating is intended to adhere. The ion flux is separated into 
positive and negative ions. 

The distinctive feature of ion-beam deposition lies in the ability to precisely control the size, 
energy, and velocity of the ions. This enables the production of thin coatings with thicknesses 
ranging from fractions of a micron to several micrometers. When the ion flux impacts the 
material surface, it induces various chemical reactions and alterations in the CNT molecules, 
resulting in the formation of a thin layer on the material surface. These coatings can be created 
from a diverse range of materials, including ceramics, metals, plastics, and glass [352–355]. 

Ion-beam deposition finds extensive applications in the manufacturing of various devices 
such as microprocessors, sensors, optical devices, and more [356–358]. During the ion-beam 
deposition process, several factors need to be considered, including ion energy, the type of 
ions employed, the deposition medium, and the pressure within the vacuum chamber. 

Magnetron sputtering is a technology employed to produce thin coatings on diverse material 
surfaces [359–362]. In this process, materials are atomized within a vacuum and then 
deposited onto the target surface. Special generators generate electric and magnetic fields 
within the working chamber to initiate the sputtering process. Atomized materials find 
applications in various industries, including electronics production, solar cells, medical 
products, and others. Magnetron sputtering enables the production of coatings with different 
characteristics based on specific requirements [363–365]. 

In a particular study [366], the authors discussed various applications of magnetron 
sputtering in the development of crucial materials for lithium batteries, categorized according 
to battery components such as electrode materials and solid electrolytes. The authors also 
proposed future prospects to drive the advancement of magnetron sputtering technology. 

Vacuum cathode discharge represents one of the methods for growing CNTs on material 
surfaces [367,368]. It involves utilizing a vacuum chamber with a cathode composed of 
graphite or other carbon materials. When a high-frequency discharge passes through the 
chamber between the anode and cathode, CNTs begin to grow on the cathode's surface. The 
key advantage of this method is the ability to create CNTs with predetermined characteristics, 
including length, diameter, and structure. Additionally, this method is relatively 
straightforward and controllable. 
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However, there are also certain disadvantages. The CNT growth procedure within the vacuum 
chamber requires significant energy and time, which poses challenges for scaling up this 
method for industrial applications. Furthermore, the equipment cost for vacuum cathode 
discharge is relatively high. Nevertheless, vacuum cathode discharge remains an effective 
method for CNT creation in specific applications such as electronics, catalysis, and other fields 
[369,370]. 

3.4.5. Nanotechnology Methods 

Electron beam lithography represents a cutting-edge technology used to fabricate micro- and 
nanostructures through controlled local treatment of a material's surface with an electron 
beam [371–374]. By employing this technology, carbon nanotubes (CNTs) can be 
incorporated into construction materials to enhance their mechanical properties. The process 
of introducing CNTs using electron beam lithography involves several key stages: 

• Surface Preparation: The material's surface is meticulously cleaned and machined to 
create a specific pattern suitable for CNT integration. 

• Applying Resist: A resist material, capable of undergoing changes when exposed to an 
electron beam, is applied onto the material's surface. 

• Exposure: An electron beam is precisely directed onto the resist-coated surface, 
resulting in the formation of the desired pattern. 

• Manifestation: The resist material that has been exposed to the electron beam is 
selectively removed from the areas corresponding to the pattern. 

• Application of CNTs: A solution containing CNTs is applied onto the material's surface, 
specifically targeting the created pattern. This procedure reinforces the mechanical 
properties of the material at the required locations. 

• Cleaning: Excess resist and any remaining residues are thoroughly eliminated from the 
material's surface. 

This method of material reinforcement enables the production of lightweight yet robust and 
durable materials suitable for various construction applications [375,376]. Electron beam 
lithography serves as an effective approach to bolster building materials, facilitating the 
creation of more dependable and long-lasting structures [377–379]. 

Another technique involves incorporating CNTs into construction materials using a 
paramagnetic filler, which operates on the principles of electromagnetic induction [380–382]. 
Initially, CNTs are synthesized via chemical vapor deposition (CVD) using a suitable catalyst. 
Subsequently, the dispersion of CNTs in a solution containing a paramagnetic filler is 
performed to generate a nanocomposite. In some cases, the CNTs are treated with the 
paramagnetic filler before dispersion. The nanocomposite undergoes further treatment using 
an electromagnetic field created through electromagnetic induction. The paramagnetic filler 
within the solution responds to the induction field and adheres to the CNTs, resulting in the 
formation of an electromagnetic composite. 

Consequently, a composite material comprising CNTs embedded with paramagnetic fillers is 
obtained [383–385]. This approach enhances the composite's magnetic susceptibility while 
simultaneously improving its mechanical and functional properties. The integration of CNTs 
using paramagnetic fillers presents a promising avenue for developing novel construction 
materials with enhanced characteristics. Although some of these methods can be expensive 
and require specialized equipment and expertise, they enable the creation of stronger and 
more flexible building materials utilizing the potential of CNTs. 
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Table 4. Methods of CNT introduction 

Group Methods Principle of operation 

Mechanical 
methods 

Ultrasonic 
dispersion 
[386–388] 

Mechanical impact creates pores in the material, 
where CNTs are then inserted 

Mechanical 
activation 
[307,389] 

Mechanical impact creates pores and cracks in the 
material, where CNTs are then introduced 

Mechanical impact 
[390–393] 

Mechanical impact creates additional spaces for 
nanotubes 

Electrochemical 
methods 

Electrochemical 
deposition 
[394–398] 

An electrochemical process using a metallic cathode 
that serves as a current-carrying element 

Electrodeposition 
[399–403] 

Using electrodeposition to create a thin layer of 
carbon inside the material 

Chemical methods 

Chemical deposition 
[404–407] 

Using catalysts to create CNTs 

Metal alloying 
method 

[408–412] 

A method that uses metal fusion to create organic 
compounds, which are then replaced by CNTs 

Physical deposition 
methods 

Ion Beam 
Deposition 

[378,413–416] 

Using ion-beam deposition to create a thin layer of 
carbon on a material surface 

Magnetron 
sputtering 
[417–422] 

Using magnetron sputtering of carbon to create a film 
on the material surface 

Vacuum cathode 
discharge 
[360,416] 

Using vacuum cathodic discharge to create a thin 
layer of carbon on the material surface 

Nanotechnology 
methods 

Electron beam 
lithography 

[375,378,424,425] 

Using a lithographic process to create microchannels 
on the material surface, where CNTs are then added 

Nanotubes with 
paramagnetic filler 

[385,426–429] 

Using paramagnetic particles to trap CNTs in solution 
and direct them to the surface of the building 

material. The nanotubes then remain on the surface of 
the material and form a protective layer 

 

Integrating carbon nanotubes (CNTs) into building materials offers numerous advantages, 
such as enhanced strength, increased resistance to corrosion and wear, and improved thermal 
insulation properties [340,430–433]. However, prior to their utilization in construction, 
extensive research and testing are imperative to ensure both their safety and effectiveness. 

The study of CNT properties and their application in building materials is a rapidly advancing 
field in science and technology. Within this realm, the exploration of methods for 
incorporating CNTs into building materials holds considerable significance as a subject of 
investigation. 

To summarize, the methods employed to introduce CNTs into building materials exhibit 
considerable potential for creating more robust and long-lasting materials. Nonetheless, it is 
essential to consider the specific characteristics of each method and assess its efficacy under 
distinct conditions. Furthermore, continuous research in this domain is vital to develop novel 
approaches and optimize existing ones, ultimately achieving optimal outcomes. 

3.5. Properties of Building Materials Reinforced with CNT 

In the past few years, there has been a growing interest among engineers and scientists in 
enhancing the quality of building materials to ensure better protection and durability for 
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structures against external forces. One promising avenue of research involves the 
incorporation of carbon nanotubes (CNTs) to reinforce these materials [434–438]. In this 
section, we will explore the characteristics of building materials that are strengthened by 
CNTs. It is important to note that the concentration of CNTs and other relevant parameters 
can have a significant impact on the properties of these materials. Gaining a thorough 
understanding of these properties can be valuable for the development of novel materials that 
can construct more dependable and long-lasting buildings and structures. Nonetheless, it is 
crucial to consider the issues of economic feasibility and environmental safety when pursuing 
these advancements. 

3.5.1. Mechanical Properties 

The reliability and durability of construction materials heavily rely on their mechanical 
properties. A promising area of research in this field involves the utilization of Carbon 
Nanotubes (CNTs) to enhance the strength of materials. 

Strength: Research studies indicate that the incorporation of CNTs into building materials can 
substantially enhance their strength. Factors such as the concentration of nanotubes, their 
position within the material matrix, and the size of the matrix particles have a significant 
influence on strengthening the material. Furthermore, nanotubes can mitigate thermal 
stresses caused by temperature fluctuations, which further contributes to the material's 
strength. 

Shi et al.[439] outlines the principal characteristics of carbon nanotubes/nanofibres, the 
techniques for dispersing CNTs in cement-based materials, and the properties of CNT-based 
materials following modification with cement. The study affirm that the inclusion of CNT 
enhances the mechanical characteristics of cementitious materials.  

The investigation of Jung  et al. [440] employed diverse quantities of CNTs (0, 0.2, 0.5, 0.8, 1.0 
and 2.0 weight percent). Prior research has indicated that introducing CNTs into cement-
based materials can enhance their mechanical characteristics and cut down on porosity. 
Nevertheless, surpassing a certain concentration result in a decline in compressive strength.  

Research conducted by Thomoglou et al. [441]  suggests that the optimal amount of CNTs in 
cement mortar can provide improvements in various mechanical properties. Specifically, it 
was found that the incorporation of 0.2 wt% MWCNTs resulted in an increase in flexural 
strength by approximately 5.7%, compressive strength by 18.4%, 6.2%, and 8.8% for nano-, 
micro- and hybrid-modified cement mortars, respectively, compared to conventional mortars. 
These findings highlight the potential of CNTs in enhancing the mechanical performance of 
construction materials. 

Stiffness: The introduction of CNTs can also increase the stiffness of building materials. 
Numerous experiments have demonstrated that as the concentration of nanotubes increases, 
the stiffness of the material also increases. Moreover, the deformation mechanisms induced 
by the presence of nanotubes can enhance the material's overall stiffness. 

Kumar et al.[442] introduces the dynamic stiffness method (DSM) as a tool for analyzing the 
vibrations of multilayered plates containing carbon nanotubes (CNTs). The authors apply the 
Vitruvian-William method to solve the frequency-dependent stiffness matrix, allowing for an 
examination of the effects of various parameters on the plate and layer configuration. The 
findings from this study can be valuable for the design of multilayered FG-CNT structures, 
providing insights into optimizing their vibrational characteristics and performance. 

Li et al. [443], the authors focus on the enhancement of compressive stiffness in graphene 
aerogels using a unique approach inspired by the structure of leaves. By incorporating carbon 
nanotubes (CNTs) into the aerogel matrix, they create a new material called CNT-interlayered 
graphene aerogels (CSGAs) through the process of freeze drying. The researchers conduct 
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compression tests and observe that the presence of CNTs effectively reinforces the mechanical 
support of the aerogels, with the properties of CSGAs being influenced by the content of CNTs. 
Furthermore, molecular dynamics modeling reveals that an optimal concentration of CNTs 
forms a stable mesh structure, thereby preventing deformation of graphene nanosheets 
during bending. This study presents a promising strategy for the design of highly efficient 
graphene-based nanomaterials, thereby expanding the range of potential applications for 
these materials. 

Fracture Resistance: CNTs can enhance the fracture resistance of building materials. For 
instance, studies have shown that carbon nanotubes can absorb impact energy and localize 
material damage [444–447]. This characteristic proves particularly valuable in safeguarding 
buildings and structures from the detrimental effects of explosions or natural disasters. 

Table 5 presents a summary of the mechanical properties of CNT-enhanced materials in 
comparison to conventional building materials. The table encompasses four key 
characteristics of the materials: compressive strength, tensile strength, wear resistance, and 
corrosion resistance. According to the table, materials treated with CNTs exhibit significantly 
higher compressive strength, tensile strength, and wear resistance when compared to most 
industrial construction materials. However, it is important to note that the properties of 
improved CNT materials can vary considerably depending on the specific type of material and 
the technology employed. 

Table 5. Characteristics of the properties of building materials with CNT 

Characteristics Most building materials Materials improved by CNT 

Compressive strength 
[448–452] 

Relatively low Up to 4 times higher 

Tensile strength 
[453–458] 

Relatively low Up to 10 times higher 

Resistance to wear and tear 
[459–465] 

Relatively low Up to 5 times higher 

Corrosion resistance 
[466–475] 

Relatively low Above 

 

Studies of the properties of building materials reinforced with CNTs show that this approach 
can significantly improve their mechanical properties. Positive effects can manifest 
themselves in the strength, stiffness, and resistance to failure of the materials. Understanding 
these properties may lead to the creation of more reliable and durable building materials for 
various objects and structures. 

3.5.2. Thermal Properties 

Enhancing the thermal properties of building materials is crucial for efficient energy 
utilization and ensuring comfort inside structures. Factors such as heat transfer, thermal 
insulation, and thermal stability greatly influence the performance of materials. One approach 
to improving these properties is through the incorporation of Carbon Nanotubes (CNTs). 

CNTs possess exceptional thermal conductivity, and when integrated into materials, they can 
significantly enhance their ability to conduct heat. This improved thermal conductivity 
facilitates better temperature control within buildings, leading to reduced heating and air 
conditioning costs. By introducing CNTs, the overall thermal conductivity of the material 
increases, leveraging the exceptional thermal conductivity of CNTs themselves. 

Consequently, the use of CNTs in building materials enhances their thermal properties, 
enabling more efficient utilization of energy resources and improving comfort levels indoors. 
Additionally, CNTs exhibit high thermal stability, resulting in increased thermal stability of 
the building materials. This enhancement improves the overall performance and prolongs the 
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service life of the materials. For example, concrete structures containing CNTs display 
enhanced resistance to fire and other hazards due to their improved ability to withstand 
higher temperatures. 

Shin et al.[476] discuss the development of three types of thermoplastic polyurethane 
composites (TPU) based on carbon nanotubes (CNTs) to create lightweight, flexible, and heat-
conducting materials for electromagnetic interference (EMI) protection. The composites were 
developed using a solution blending technique with non-solvent induced phase separation 
(NIPS). The study investigates the impact of CNTs of different lengths on EMI shielding, 
electrical conductivity, and thermal conductivity. The composite with long CNTs (10 wt.%) 
demonstrated remarkable EMI shielding efficiency of 42.5 dB and an electrical conductivity of 
1.9 × 10-3 S/cm, while the composite with short CNTs exhibited a thermal conductivity of 0.51 
W/mK, with a thermal conductivity enhancement exceeding 145% compared to pure TPU. 
The inclusion of long-length CNTs facilitated the formation of interconnected conductive 
networks within the TPU matrix, improving mechanical properties, EMI shielding, and 
electrical properties. Conversely, short CNTs showed significant electromechanical 
characteristics and heat transferability. The composites also demonstrated high sensitivity to 
electrical conductivity and minimal changes in EMI shielding effectiveness during repeated 
bending cycles. This study provides insights into different types of CNT-based TPU composites 
for superior EMI protection and thermal regulation in next-generation wearable and 
stretchable electronics. 

Table 6. Thermal properties of building materials with CNT 

Material Thermal properties without CNT Improved thermal properties using CNTs 

Polymer 
composites 
[478–483] 

May have limited thermal stability 

The use of CNTs significantly improves 
thermal stability, reduces thermal 

conductivity and increases material 
strength 

Ceramics 
[484–489] 

Has high thermal resistance, but 
often does not have high strength 

Use of CNTs increases material strength 
and thermal resistance 

Metals 
[490–493] 

Can have relatively high thermal 
conductivity and low thermal 

stability 

Use of CNTs increases material strength 
and thermal resistance 

Concrete 
[494–500] 

Has low thermal stability and 
limited strength 

The use of CNTs can increase the strength 
of the material and improve its thermal 

stability 

Glass 
[501–506] 

Fragile material that does not have 
high thermal resistance 

The use of CNT significantly increases the 
strength of the material and its thermal 

stability 

In another related study of Jin  et al. [477], the development of highly thermally conductive 
polymer composites with excellent dielectric and mechanical properties for electronic devices 
is discussed. The researchers incorporated boron nitride, graphene nanoplatelets, and carbon 
nanotubes into a polycarbonate matrix to enhance thermal conductivity, dielectric constant, 
and mechanical properties. The resulting composite exhibited a 647% increase in thermal 
conductivity, a 50-fold increase in dielectric constant, and improvements in yield strength, 
elongation at break, fracture toughness, and notched impact strength. Moreover, the 
composite displayed reduced ignitability and remarkable anti-dripping performance. This 
research presents an effective strategy for fabricating dielectric thermal conductive polymer 
composites with excellent properties for electronic devices. 

Furthermore, incorporating CNTs in building materials can increase their heat capacity. This 
feature is particularly advantageous for constructing structures capable of absorbing and 
storing heat, effectively reducing heating costs. Overall, the utilization of CNTs in building 
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materials offers several benefits, including efficient energy utilization and improved comfort 
within buildings. 

To further illustrate the impact of enhanced nanotechnology (CNTs) on thermal properties, 
Table 6 provides information on various materials. The table includes five different materials: 
polymer composites, ceramics, metals, concrete, and glass. Each material is presented with its 
thermal properties before and after the incorporation of CNTs. The first column displays the 
material names, while the second and third columns present the respective thermal 
properties before and after the inclusion of CNTs. The table also includes various parameters 
related to the thermal properties of the materials. 

3.5.3. Electrical And Magnetic Properties 

The introduction of CNTs into construction materials can lead to a change in their electrical 
properties. This is due to the fact that CNTs have high electrical conductivity. For example, in 
the work [507] experiments were conducted on cylindrical concrete samples containing 
different CNT content up to 0.04%, in which the effect of an alternating magnetic field on the 
strength was evaluated. Magnetization of samples containing 0.02% CNT gave higher strength 
than the introduction of 0.04% CNT without magnetization. 

By the authors [508] studied the effect of temperature and water content on the electrical 
conductivity of cement mortar with different sizes of carbon nanotubes and revealed the 
effect of CNT size on the electrical conductivity of cement mortar. The results show that small 
diameter CNTs best improve the electrical conductivity of cement mortar. The electrical 
conductivity of cement mortar with different diameters of carbon nanotubes positively 
correlates with water content, and as the diameter of carbon nanotubes in the sample 
decreases, the effect of water content on the electrical conductivity of carbon nanotube 
cement mortar becomes less. 

Corrosion resistance. CNTs can improve the corrosion resistance of construction materials 
such as metals, concrete and ceramics. CNTs can be added to building materials in the form of 
a nanofiller that forms a protective layer on the surface of the material. This layer prevents 
water, acids and other aggressive media from penetrating the interior of the material and 
protects it from corrosion [509,510]. Table 7 presents the results of studies related to the 
introduction of CNTs into various materials. Various materials such as concrete, epoxy, wood, 
rubber, brick, ceramic, steel and asphalt coating were investigated with respect to their 
properties after the introduction of CNT in different concentrations. 

Recent research findings have demonstrated the positive impact of incorporating carbon 
nanotubes (CNTs) into various materials. This inclusion has led to enhancements in 
mechanical properties, as well as safeguarding against corrosion and fungal growth. However, 
determining the optimal concentration of CNTs in each material necessitates further 
investigation. These research outcomes serve as a foundation for subsequent studies and the 
optimization of materials containing CNTs. The integration of CNTs can substantially enhance 
the properties of diverse materials, ultimately contributing to the development of more robust 
and secure structures in the future. 

The utilization of CNTs in building materials holds both economic and environmental 
advantages. On one hand, CNTs can augment the properties of construction materials, 
rendering them stronger, more corrosion-resistant, wear-resistant, and durable. 
Consequently, this can significantly diminish the costs associated with repairing and replacing 
such structures, thereby proving cost-effective. Additionally, CNTs can enhance the thermal 
characteristics of materials, facilitating energy savings and reduced expenditures on heating 
and air conditioning. 
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Nevertheless, the production of CNTs can be expensive and resource-intensive, potentially 
escalating the costs of CNT-infused building materials. Moreover, it is crucial to consider 
environmental factors, such as the ecological and health impacts of producing and utilizing 
such materials. Certain methods employed in CNT production may generate hazardous waste, 
emissions, and even disrupt ecosystems. Consequently, economic and environmental aspects 
must be carefully evaluated when employing CNTs to strengthen building materials. Striking 
a balance between economic efficiency and environmental safety is imperative when selecting 
construction materials. 

Table 7. Construction materials with CNT 

Material CNT content Short Description Source 

Concrete 

0.10 wt.%, 0.15 
wt.% 

CNTs have been found to slow the propagation of 
microcracks by forming bridges through microcracks in 

concrete. 
[511] 

0, 0.03, 0.08, 0.15, 
0.25 wt% 

The results showed that concrete prepared with high 
CNT content of 0.15 and 0.25 wt% increased flexural 
strength by more than 100% compared to concrete 

with 0% CNT. 

[512] 

0.03 to 0.5 wt% 

The results showed that 0.03% CNTs with long-term 
treatment increased the compressive, flexural, and 

tensile strength of conventional concrete by 23, 29, and 
20%. The analysis also showed that using less CNTs 

(0.03 and 0.08 wt%) gave higher strength results 
regardless of the nanofiber treatment. 

[513] 

0.05-0.1 wt% 

It has been demonstrated that 0.05-0.1% CNTs 
effectively improve the tested properties, increasing 

the compressive, bending and cleavage strength as well 
as the fracture energy and modulus of elasticity by up 

to 23%, 18%, 27%, 42% and 15%, respectively. 

[514] 

0.01, 0.02 , 0.03 
wt% 

The results of the experimental work showed that the 
introduction of CNT led to an increase in the 

compressive and tensile strength of the samples 
compared with the control sample. 

[515] 

Epoxy 

0.107, 0.213 and 
0.425 vol.% 

The maximum synergistic effect of carbon and ceramic 
fillers on the dielectric properties of the epoxy-based 

composite was detected at a CNT content of 0.213 
vol.%. 

[516] 

0.1, 0.5 and 1 wt% 

The results showed that the greatest improvement in 
the mechanical properties of the CNT/epoxy resin 

composite was observed in the sample with 0.5 wt% 
CNT, which had a tensile strength of 61 MPa and 

Young's modulus equal to 1.8 GPa. 

[517] 

0.50 wt% 

The tensile strength and toughness of epoxy 
nanocomposites with 0.50 wt% MWNTs improved by 

21% and 46%, respectively, compared to conventional 
epoxy. 

[518] 

Wood 0.2% 

Antifungal tests showed that stronger growth 
inhibition was obtained for samples treated with 0.2% 
MWNT_ZnO + solution. The most effective treatment is 
a concentration of 0.2% nanocomposite applied with a 
brush. Thus, protection of wood against mold and fungi 

was achieved, while providing improved mechanical 
strength and water protection properties. 

[519] 

Silicone 
Rubber 

1.25, 5.5, 7.5, 9.5 
wt% 

The results show that the proposed mixed carbon nano 
conductive silicone rubber has good properties and 

great application prospects. 
[520] 
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Material CNT content Short Description Source 

Brick 0.01% 
The compression strength of the MUNT-added bricks 

was 53.9% and 45.52% higher compared to 
commercially available and traditional bricks. 

[521] 

Ceramics 0.1, 4 wt% 

The thermal conductivities of nanocomposites with 
different amounts of carbon nanotubes (0, 1 and 4 

wt%) were investigated. Thermal conductivity 
increases with increasing temperature, 1 wt% 

CNT/silica nanocomposite provides the highest 
thermal conductivity. 

[522] 

Steel 

0.05, 0.1, 0.3, 0.5 
wt% 

Among all the samples tested, the lowest corrosion rate 
was achieved at 0.1 wt% CNT nanofluid, while the 

highest value was obtained at 0.5 wt% CNT nanofluid. 
At higher CNT concentrations, the accumulated CNTs 

can form active anode sites and increase the corrosion 
rate. 

[523] 

0.2, 0.5, 1.0, 2.0 
wt% 

The composite samples showed increased wear 
resistance compared to the primary and commercial 

grades. 
[524] 

Asphalt 
surface 

0.1, 0.5, 1 wt% 

The study demonstrates that the introduction of CNT 
into asphalt cement improves asphalt concrete 

performance in both hot and cold weather, which in 
turn extends pavement life and saves maintenance 

costs. 

[525] 

 

Therefore, the utilization of CNTs to reinforce building materials represents a promising 
frontier in modern engineering. This technology presents unique opportunities to enhance 
material properties, including strength and fracture resistance. However, the successful 
implementation of this technology necessitates further research on the economic and 
environmental efficiency of producing and employing CNT-infused materials. Overall, the 
integration of CNTs in building materials instills hope for the creation of more durable and 
safer structures in the future. 

3.6. Challenges and Future Directions in CNT Applications for Building Materials 

The production and application of Carbon Nanotubes (CNTs) in building materials face several 
significant challenges. While CNTs hold immense promise for revolutionizing the construction 
industry, these challenges must be addressed for their widespread adoption. Here are some 
of the key issues: 

• Large-Scale Production and Cost: Achieving large-scale production of high-quality 
CNTs at a reasonable cost is a major challenge. Current methods, like chemical vapor 
deposition (CVD), have issues with efficiency, high synthesis temperatures, and 
limited control over properties. 

• Control of CNT Growth: Precise control over the growth process is needed to prevent 
the formation of unwanted carbon structures alongside desired CNTs, as these 
impurities can affect properties of construction materials. 

• Uniform Dispersion: Ensuring uniform dispersion of CNTs within construction 
materials is crucial. Agglomeration can affect mechanical performance and poses 
health and safety risks to workers. 

• Interface Bonding: Establishing a robust interface between CNTs and the matrix is 
essential for maintaining mechanical strength. 

• Health and Safety Risks: The potential health and safety risks associated with CNTs 
must be carefully managed. 
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• Long-Term Stability and Durability: Evaluating the long-term performance of CNT-
based composites under different environmental conditions is crucial to ensure 
durability. 

• Cost-Effectiveness: The high cost of CNTs, processing steps, and potential alterations 
needed for large-scale production can impact economic feasibility. 

To overcome these challenges and fully realize the potential of CNT-based building materials, 
recommendations for future research and development include: 

• Optimization of CNT Dispersion Techniques: Investigate innovative dispersion 
methods to prevent agglomeration, such as functionalization, surfactants, and 
advanced mixing techniques. 

• Enhancement of Interfacial Bonding: Develop strategies for improving the bond 
between CNTs and the matrix to optimize mechanical properties. 

• Scalable Production Processes: Explore cost-effective synthesis methods and 
processing approaches that can be scaled up without compromising CNT quality. 

• Safety and Environmental Impact Assessment: Thoroughly assess health and safety 
risks, develop safety protocols, and conduct environmental impact assessments. 

• Multifunctional Material Development: Explore the potential for multifunctional 
CNT-based building materials, such as self-healing, self-cleaning, or thermal 
regulation capabilities. 

• Long-Term Durability Studies: Conduct studies to evaluate the long-term stability 
and durability of CNT-based building materials under various environmental 
conditions.  

4. Conclusions 

CNTs have exceptional mechanical properties, making them attractive for construction. 
Adding CNTs to concrete enhances its strength and durability. However, challenges include 
higher material costs and the need for specialized methods to ensure proper distribution. 
Establishing standards and regulations for safety and reliability is crucial. Further research 
will determine better techniques for incorporating CNTs into building materials. Utilizing 
CNTs in construction has the potential to create more resilient structures. 

The optimal concentration of CNTs to enhance the properties of different materials is also a 
crucial consideration and may vary depending on the material type and desired 
characteristics. Here are a few examples: 

Polymeric materials: For polymers like polyethylene or polypropylene, an optimal 
concentration ranging from 0.5% to 5% is typically recommended. This concentration range 
achieves improved mechanical properties such as strength and stiffness, along with enhanced 
thermal and electrical conductivity. In the case of elastomers, such as rubber materials, the 
optimal CNT concentration is generally lower, usually between 0.1% to 1%, which enhances 
the elastic and mechanical properties, such as resistance to rupture and deformation. 

Metallic materials: In the case of metals like aluminum or iron, the optimal concentration of 
CNTs typically falls within the range of 0.5% to 2%. Incorporating CNTs within metallic 
materials can enhance their strength, hardness, thermal conductivity, and electrical 
conductivity. It is also important to ensure proper dispersion of CNTs in the metal matrix to 
achieve homogeneity and uniform reinforcement of properties. 

Ceramic materials: When it comes to incorporating carbon nanotubes (CNTs) into ceramic 
materials such as oxides, carbides, or nitrides, it is recommended to add them in the range of 
1% to 10%. While this range can enhance properties such as strength, hardness, thermal 
conductivity, and dielectric properties, it is important to carefully consider the potential 
drawbacks. The use of a high concentration of 10% CNTs in ceramic materials can lead to 
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increased brittleness, affecting the material's integrity and processing. Additionally, it should 
be noted that such a high concentration may also significantly impact the overall cost of the 
material. Given these considerations, it would be advisable to reassess and fine-tune this 
concentration range to strike a balance between material properties and cost-effectiveness. 

The optimal concentration of CNTs can vary based on specific conditions. Further studies and 
laboratory experiments will aid in determining the optimal CNT concentration for particular 
materials. Advancements in catalyst development play a significant role in improving the 
chemical vapor deposition (CVD) process for producing high-quality CNTs. Catalysts influence 
the growth, structure, morphology, and properties of CNTs. One approach involves employing 
novel catalysts based on metals or alloys such as nickel, iron, cobalt, molybdenum, and their 
compounds. These materials exhibit high activity and stability, contributing to more efficient 
CNT growth. Precious metal-based catalysts like platinum or palladium are also being 
explored to enhance CNT quality and achieve higher-quality single-layer and defect-free 
growth. 

A comprehensive examination of catalyst shape and structure is crucial to optimize the CVD 
process and improve CNT quality. Studies have shown that the use of nanostructured 
catalysts, such as nanoparticles, nanowires, or nanofilms, facilitates more uniform and 
controlled CNT growth. Additionally, modifying the catalyst's surface with layers of other 
materials like oxides or carbides has been considered. This approach helps improve catalyst 
adhesion and stability, while also providing control over CNT growth. Optimizing the gas 
mixture composition used in the CVD process can significantly impact CNT growth and 
quality. The addition of different gases, such as hydrocarbons, inert gases, or decomposition 
intermediates, aids in controlling growth rate, structure, and dispersion of CNTs. 

Practical applications of CNT-reinforced materials in construction include: 

Concrete composites: CNTs can be employed to reinforce concrete, creating composite 
materials with high strength and resistance to breakage. This leads to improved mechanical 
properties of concrete. 

Reinforcement of metal structures: Introducing CNTs into metal materials enhances their 
mechanical properties, such as strength and stiffness, thereby improving the reliability and 
durability of structures. 

Heat and sound insulation: The use of CNTs in construction has the potential to improve heat 
and sound insulation properties. Despite encountering technical challenges, the utilization of 
CNTs in construction holds significant potential for creating stronger, more stable, and 
durable structures. Ongoing research and development efforts will enhance the technology 
and expand the use of CNTs in construction in the future. 

References 

[1] Meena CS, Kumar A, Jain S, Rehman AU, Mishra S, Sharma NK, et al. Innovation in green 
building sector for sustainable future. Energies. 2022;15(18):6631. 

[2] Dabaieh M, Heinonen J, El-Mahdy D, Hassan DM. A comparative study of life cycle carbon 
emissions and embodied energy between sun-dried bricks and fired clay bricks. Journal of 
Cleaner Production. 2020;275:122998. 

[3] Razzaq A, Sharif A, Ozturk I, Skare M. Inclusive infrastructure development, green 
innovation, and sustainable resource management: evidence from China’s trade-adjusted 
material footprints. Resources Policy. 2022;79:103076. 

[4] Jain N, Gupta E, Kanu NJ. Plethora of Carbon nanotubes applications in various fields–A 
state-of-the-art-review. Smart Science. 2022;10(1):1-24. 

[5] Gupta N, Gupta SM, Sharma SK. Carbon nanotubes: Synthesis, properties and engineering 
applications. Carbon Letters. 2019;29:419-447. 



Vafaeva and Zegait / Research on Engineering Structures & Materials 10(2) (2024) 559-621 

 

591 

[6] Zhang S, Hao A, Nguyen N, Oluwalowo A, Liu Z, Dessureault Y, et al. Carbon 
nanotube/carbon composite fiber with improved strength and electrical conductivity via 
interface engineering. Carbon. 2019;144:628-638. 

[7] Makul N. Modern sustainable cement and concrete composites: Review of current status, 
challenges and guidelines. Sustainable Materials and Technologies. 2020;25:e00155. 

[8] Kishore K, Pandey A, Wagri NK, Saxena A, Patel J, Al-Fakih A. Technological challenges in 
nanoparticle-modified geopolymer concrete: A comprehensive review on nanomaterial 
dispersion, characterization techniques and its mechanical properties. Case Studies in 
Construction Materials. 2023;e02265. 

[9] Mishra D, Yu J, Leung C. Self-sensing and Self-healing ‘Smart’Cement-based Materials–A 
Review of the State of the Art. 

[10] Sun Z, Zhao L, Wan H, Liu H, Wu D, Wang X. Construction of polyaniline/carbon 
nanotubes-functionalized phase-change microcapsules for thermal management 
application of supercapacitors. Chemical Engineering Journal. 2020;396:125317. 

[11] Qin Z, Li M, Flohn J, Hu Y. Thermal management materials for energy-efficient and 
sustainable future buildings. Chemical Communications. 2021;57(92):12236-12253. 

[12] Mostafavi E, Iravani S, Varma RS, Khatami M, Rahbarizadeh F. Eco-friendly synthesis of 
carbon nanotubes and their cancer theranostic applications. Materials Advances. 
2022;3(12):4765-4782. 

[13] Srinivasan V, Kunjiappan S, Palanisamy P. A brief review of carbon nanotube reinforced 
metal matrix composites for aerospace and defense applications. International Nano 
Letters. 2021;1-25. 

[14] Ali A, Koloor SSR, Alshehri AH, Arockiarajan A. Carbon Nanotube Characteristics and 
Enhancement Effects on the Mechanical Features of Polymer-based Materials and 
Structures–A Review. Journal of Materials Research and Technology. 2023. 

[15] Zhu Q, Chua MH, Ong PJ, Lee JJC, Chin KLO, Wang S, et al. Recent advances in 
nanotechnology-based functional coatings for the built environment. Materials Today 
Advances. 2022;15:100270. 

[16] Yang S, Bieliatynskyi A, Pershakov V, Shao M, Ta M. Asphalt concrete based on a polymer–
bitumen binder nanomodified with carbon nanotubes for road and airfield construction. 
Journal of Polymer Engineering. 2022;42(5):458-466. 

[17] Mitchell S, Qin R, Zheng N, Pérez-Ramírez J. Nanoscale engineering of catalytic materials 
for sustainable technologies. Nature Nanotechnology. 2021;16(2):129-139. 

[18] Dhibar S. Unlocking the potential of molecular self-assembly: From nanotechnology to 
sustainable materials. Nanostructure Studies and Applications. 2023;1(1):2185. 

[19] Norizan MN, Moklis MH, Ngah Demon SZ, Halim NA, Samsuri A, Mohamad IS, et al. Carbon 
Nanotubes: Functionalisation and Their Application in Chemical Sensors. RSC Advances, 
Royal Society of Chemistry. 2020;10:43704–43732. 

[20] Garg A, Chalak HD, Belarbi MO, Zenkour AM, Sahoo R. Estimation of Carbon Nanotubes 
and Their Applications as Reinforcing Composite Materials–An Engineering Review. 
Composite Structures, Elsevier. 2021;272:114234. 

[21] Anzar N, Hasan R, Tyagi M, Yadav N, Narang J. Carbon Nanotube - A Review on Synthesis, 
Properties and Plethora of Applications in the Field of Biomedical Science. Sensors 
International. 2020;1:100003. 

[22] Fiyadh SS, AlSaadi MA, Jaafar WZ, AlOmar MK, Fayaed SS, Mohd NS, Hin LS, El-Shafie A. 
Review on Heavy Metal Adsorption Processes by Carbon Nanotubes. Journal of Cleaner 
Production. 2019;230:783–793. 

[23] Sajid M, Asif M, Baig N, Kabeer M, Ihsanullah I, Mohammad AW. Carbon Nanotubes-Based 
Adsorbents: Properties, Functionalization, Interaction Mechanisms, and Applications in 
Water Purification. Journal of Water Process Engineering. 2022;47:102815. 

[24] Zhang P, Su J, Guo J, Hu S. Influence of Carbon Nanotube on Properties of Concrete: A 
Review. Construction and Building Materials. 2023;369:130388. 



Vafaeva and Zegait/ Research on Engineering Structures & Materials 10(2) (2024) 559-621 

 

592 

[25] Franklin AD, Hersam MC, Wong HSP. Carbon Nanotube Transistors: Making Electronics 
from Molecules. Science, American Association for the Advancement of Science. 
2022;378:726–732. 

[26] Alsubaie AM, Alfaqih I, Al-Osta MA, Tounsi A, Chikh A, Mudhaffar IM, Tahir S. Porosity-
Dependent Vibration Investigation of Functionally Graded Carbon Nanotube-Reinforced 
Composite Beam. Computers and Concrete. 2023;32:75–85. 

[27] Madenci E, Özkılıç YO, Hakamy A, Tounsi A. Experimental Tensile Test and Micro-
Mechanic Investigation on Carbon Nanotube Reinforced Carbon Fiber Composite Beams. 
Advances in Nano Research. 2023;14:443–450. 

[28] Zhang YW, Ding HX, She GL, Tounsi A. Wave Propagation of CNTRC Beams Resting on 
Elastic Foundation Based on Various Higher-Order Beam Theories. Geomechanics and 
Engineering. 2023;33:381–391. 

[29] Mangalasseri Arjun Siddharth, et al. Vibration based energy harvesting performance of 
magneto-electro-elastic beams reinforced with carbon nanotubes. Advances in Nano 
Research. 2023;14(1):27. 

[30] Arshid E, Khorasani M, Soleimani-Javid Z, Amir S, Tounsi A. Porosity-Dependent Vibration 
Analysis of FG Microplates Embedded by Polymeric Nanocomposite Patches Considering 
Hygrothermal Effect via an Innovative Plate Theory. Engineering with Computers. 
2022;38:4051–4072. 

[31] Huang Y, Karami B, Shahsavari D, Tounsi A. Static Stability Analysis of Carbon Nanotube 
Reinforced Polymeric Composite Doubly Curved Micro-Shell Panels. Archives of Civil and 
Mechanical Engineering. 2021;21:1–15. 

[32] Heidari F, Taheri K, Sheybani M, Janghorban M, Tounsi A. On the Mechanics of 
Nanocomposites Reinforced by Wavy/Defected/Aggregated Nanotubes. Steel and 
Composite Structures. 2021;38:533–545. 

[33] Shinde MP, Karpoormath R, Patole SP, Inamdar SN. Insights into the Formation of 
Multiwall Carbon Nanotubes Using Simple Flame Pyrolysis Method. Materials Today: 
Proceedings. Elsevier. 2023. 

[34] Bogdanova AR, Krasnikov DV, Khabushev EM, Ramirez B JA, Matyushkin YE, Nasibulin 
AG. Role of Hydrogen in Ethylene-Based Synthesis of Single-Walled Carbon Nanotubes. 
Nanomaterials. 2023;13:1504. 

[35] Tkachev AG, Zolotukhin IV. Apparatura i Metody Sinteza Tverdotelʹnykh Nanostruktur: 
Monografia. Mashinostroenie-1. 2007;315. 

[36] Wei J, Yuan S, Zhang J, Zhou N, Zhang W, Li J, An W, Gao M, Fu Y. Removal Mechanism of 
SiC/SiC Composites by Underwater Femtosecond Laser Ablation. Journal of the European 
Ceramic Society. 2022;42:5380–5390. 

[37] Vaghri E, Khalaj Z, Dorranian D. Investigating the Effects of Different Liquid 
Environments on the Characteristics of Multilayer Graphene and Graphene Oxide 
Nanosheets Synthesized by Green Laser Ablation Method. Diamond and Related Materials. 
2020;103:107697. 

[38] Hameed R, Khashan KS, Sulaiman GM. Preparation and Characterization of Graphene 
Sheet Prepared by Laser Ablation in Liquid. Materials Today: Proceedings. 2020;20:535–
539. 

[39] Shoukat R, Khan MI. Carbon Nanotubes: A Review on Properties, Synthesis Methods and 
Applications in Micro and Nanotechnology. Microsystem Technologies. 2021;27:4183–
4192. 

[40] Kaufmann Junior CG, Zampiva RYS, Anzanello MJ, Alves AK, Bergmann CP, Mortari SR. 
One-Step Synthesis of Carbon Nanoflowers by Arc Discharge in Water. Ceramics 
International. 2020;46:26229–26232. 

[41] Pak A, Ivashutenko A, Zakharova A, Vassilyeva Y. Cubic SiC Nanowire Synthesis by DC Arc 
Discharge under Ambient Air Conditions. Surface and Coatings Technology. 
2020;387:125554. 



Vafaeva and Zegait / Research on Engineering Structures & Materials 10(2) (2024) 559-621 

 

593 

[42] Zulkimi MMM, Azis RS, Ismail I, Mokhtar N, Ertugrul M, Hamidon MN, Hasan IH, Yesilbag 
YO, Tuzluca FN, Ozturk G, Hasar UC. Enhancing Radar Absorption Performance of Sr-
Hexaferrite by Hybridization with Coiled Carbon Nanotubes via Chemical Vapour 
Deposition Method. Diamond and Related Materials. 2023;137:110118. 

[43] Enrique Samaniego-Benítez J, García-García A, Ivette Rivera-Manrique S, Ramírez-
Aparicio J. Multiwalled Carbon Nanotubes/Zeolite Composite for Dye Degradation under 
Sunlight. Materials Today Communications. 2023;35:106046. 

[44] Buranova, YS. Study of Nanotubes with Cobalt as a Filler using Transmission Electron 
Microscopy Methods. (In Russian). Proceedings of the Moscow Institute of Physics and 
Technology, 2011; 3(3), 30-41. 

[45] Furuse A, Stevic D, Fujisawa K, Kang CS, Hayashi T, Kaneko K. Oxidation-Aided Cap-
Removal of Chemical Vapor Deposition-Prepared Single-Wall Carbon Nanotubes. 
Adsorption. 2023;29:1–7. 

[46] Wagner JB, Osman AM, Hendi A, Osman NMA. Multiwalled Carbon Nanotubes-Modified 
Metallic Electrode Prepared Using Chemical Vapor Deposition as Sequential Injection 
Analysis Detector for Determination of Ascorbic Acid. Nanomaterials. Multidisciplinary 
Digital Publishing Institute. 2023;13:1264. 

[47] Almarasy AA, Hayasaki T, Abiko Y, Kawabata Y, Akasaka S, Fujimori A. Comparison of 
Characteristics of Single-Walled Carbon Nanotubes Obtained by Super-Growth CVD and 
Improved-Arc Discharge Methods Pertaining to Interfacial Film Formation and 
Nanohybridization with Polymers. Colloids and Surfaces A: Physicochemical and 
Engineering Aspects. 2021;615:126221. 

[48] Say Y, Guler O, Dikici B. Carbon Nanotube (CNT) Reinforced Magnesium Matrix 
Composites: The Effect of CNT Ratio on Their Mechanical Properties and Corrosion 
Resistance. Materials Science and Engineering: A. 2020;798:139636. 

[49] Vaisman L, Wagner HD, Marom G. The Role of Surfactants in Dispersion of Carbon 
Nanotubes. Advances in Colloid and Interface Science. 2006;128–130:37–46. 

[50] Zhang R, Palumbo A, Kim JC, Ding J, Yang EH. Flexible Graphene-, Graphene-Oxide-, and 
Carbon-Nanotube-Based Supercapacitors and Batteries. Annalen der Physik. 
2019;531:1800507. 

[51] Tran TT, Mulchandani A. Carbon Nanotubes and Graphene Nano Field-Effect Transistor-
Based Biosensors. TrAC Trends in Analytical Chemistry. 2016;79:222–232. 

[52] Yang Z, Tian J, Yin Z, Cui C, Qian W, Wei F. Carbon Nanotube- and Graphene-Based 
Nanomaterials and Applications in High-Voltage Supercapacitor: A Review. Carbon. 
2019;141:467–480. 

[53] Dong H, Zhang L, Liao Y, Huang K, Lian C, Zhou X, Zhang Z, Kauppinen EI, Wu Z-S. Floating 
Catalyst Chemical Vapor Deposition Patterning Nitrogen-Doped Single-Walled Carbon 
Nanotubes for Shape Tailorable and Flexible Micro-Supercapacitors. Advanced Functional 
Materials. 2023;33:2301103. 

[54] Abdullah HB, Ramli I, Ismail I, Yusof NA. Synthesis and Mechanism Perspectives of a 
Carbon Nanotube Aerogel via a Floating Catalyst Chemical Vapour Deposition Method. 
Bulletin of Materials Science. 2019;42:1–15. 

[55] Hou PX, Zhang F, Zhang L, Liu C, Cheng HM. Synthesis of Carbon Nanotubes by Floating 
Catalyst Chemical Vapor Deposition and Their Applications. Advanced Functional 
Materials. 2022;32:2108541. 

[56] Pavlenko V, Khosravi HS, Żółtowska S, Haruna AB, Zahid M, Mansurov Z, Supiyeva Z, Galal 
A, Ozoemena KI, Abbas Q, Jesionowski T. A Comprehensive Review of Template-Assisted 
Porous Carbons: Modern Preparation Methods and Advanced Applications. Materials 
Science and Engineering: R: Reports. 2022;149:100682. 

[57] Zuo H, Duan J, Lyu B, Lyu W, Li Y, Mei X, Liao Y. Carbon Nanotube Template-Assisted 
Synthesis of Conjugated Microporous Polytriphenylamine with High Porosity for Efficient 
Supercapacitive Energy Storage. Macromolecular Rapid Communications. 2023;2300238. 



Vafaeva and Zegait/ Research on Engineering Structures & Materials 10(2) (2024) 559-621 

 

594 

[58] Kaur A, Bajaj B, Kaushik A, Saini A, Sud D. A Review on Template Assisted Synthesis of 
Multi-Functional Metal Oxide Nanostructures: Status and Prospects. Materials Science and 
Engineering: B. 2022;286:116005. 

[59] Qin T, Li F, Liu X, Yuan J, Jiang R, Sun Y, Zheng H, O’Mullane AP. Template-Assisted 
Synthesis of High-Efficiency Bifunctional Catalysts with Roller-Comb-like Nanostructure 
for Rechargeable Zinc-Air Batteries. Chemical Engineering Journal. 2022;429:132199. 

[60] Singh T, Mutreja V. Template Assisted Fabrication of Ordered Nanoporous Carbon 
Materials: A Review. AIP Conference Proceedings. 2023;2535. 

[61] Sun J, Rattanasawatesun T, Tang P, Bi Z, Pandit S, Lam L, Wasén C, Erlandsson M, 
Bokarewa M, Dong J, Ding F, Xiong F, Mijakovic I. Insights into the Mechanism for Vertical 
Graphene Growth by Plasma-Enhanced Chemical Vapor Deposition. ACS Applied Materials 
and Interfaces. 2022;14:7152–7160. 

[62] Sahoo S, Sahoo G, Jeong SM, Rout CS. A Review on Supercapacitors Based on Plasma 
Enhanced Chemical Vapor Deposited Vertical Graphene Arrays. Journal of Energy Storage. 
2022;53:105212. 

[63] Xu K, Liu H, Shi YC, You JY, Ma XY, Cui HJ, Yan QB, Chen GC, Su G. Preparation of T-Carbon 
by Plasma Enhanced Chemical Vapor Deposition. Carbon. 2020;157:270–276. 

[64] Liu Y, He J, Zhang N, Zhang W, Zhou Y, Huang K. Advances of Microwave Plasma-Enhanced 
Chemical Vapor Deposition in Fabrication of Carbon Nanotubes: A Review. Journal of 
Materials Science. 2021;56:12559–12583. 

[65] Shrestha S, Parajuli S, Park J, Yang H, Cho TY, Eom JH, Cho SK, Lim J, Cho G, Jung Y. 
Improving Stability of Roll-to-Roll (R2R) Gravure-Printed Carbon Nanotube-Based Thin 
Film Transistors via R2R Plasma-Enhanced Chemical Vapor-Deposited Silicon Nitride. 
Nanomaterials. 2023;13:559. 

[66] Yuan G, Liu Z, Cao Z, Xie J, Li H, Li L, Sun Y, Tian Y. Direct Growth of Vertically Well-Aligned 
Carbon Nanotube Arrays on Atomic Layer Deposition of ZnO Films. Chemical Physics 
Letters. 2021;773:138602. 

[67] Bayram O, Igman E, Guney H, Demir Z, Yurtcan MT, Cirak C, Hasar UC, Simsek O. 
Graphene/Polyaniline Nanocomposite as Platinum-Free Counter Electrode Material for 
Dye-Sensitized Solar Cell: Its Fabrication and Photovoltaic Performance. Journal of 
Materials Science: Materials in Electronics. 2020;31:10288–10297. 

[68] Cheraghi E, Alexander LJ, Sun Y, Chen S, Yeow JTW. The Field Emission Properties of a 
New Design: Multi-Pixel Carbon Nanotube Field Emitters for Imaging Application. 
Proceedings of the IEEE Conference on Nanotechnology. 2019-July;572–575. 

[69] Moise CC, Mihai GV, Anicăi L, Monaico EV, Ursaki VV, Enăchescu M, Tiginyanu IM. 
Electrochemical Deposition of Ferromagnetic Ni Nanoparticles in InP Nanotemplates 
Fabricated by Anodic Etching Using Environmentally Friendly Electrolyte. Nanomaterials. 
Multidisciplinary Digital Publishing Institute. 2022;12:3787. 

[70] Sawal MH, Jalil AA, Khusnun NF, Hassan NS, Bahari MB. A Review of Recent Modification 
Strategies of TiO2-Based Photoanodes for Efficient Photoelectrochemical Water Splitting 
Performance. Electrochimica Acta. 2023;467:143142. 

[71] Li X, Ming P, Ao S, Wang W. Review of Additive Electrochemical Micro-Manufacturing 
Technology. International Journal of Machine Tools and Manufacture. 2022;173:103848. 

[72] Luo H, Kaneti YV, Ai Y, Wu Y, Wei F, Fu J, Cheng J, Jing C, Yuliarto B, Eguchi M, Na J, 
Yamauchi Y, Liu S. Nanoarchitectured Porous Conducting Polymers: From Controlled 
Synthesis to Advanced Applications. Advanced Materials. 2021;33:2007318. 

[73] Haryński Ł, Czylkowski D, Hrycak B, Karczewski J, Gumieniak J, Kramek A, Ryl J, 
Grochowska K, Dors M, Siuzdak K. Nitrogen Plasma-Induced Crystallization of Anodic TiO2 
Nanotubes for Solar Photoelectrochemistry. Applied Surface Science. 2023;615:156472. 

[74] Eessaa AK, El-Shamy AM. Review on Fabrication, Characterization, and Applications of 
Porous Anodic Aluminum Oxide Films with Tunable Pore Sizes for Emerging Technologies. 
Microelectronic Engineering. 2023;279:112061. 



Vafaeva and Zegait / Research on Engineering Structures & Materials 10(2) (2024) 559-621 

 

595 

[75] Lv H, Pan Q, Song Y, Liu XX, Liu T. A Review on Nano-/Microstructured Materials 
Constructed by Electrochemical Technologies for Supercapacitors. Nano-Micro Letters. 
2020;12:1–56. 

[76] Tian X, Wang Q, Zhao Q, Qiu L, Zhang X, Gao S. SILAR Deposition of CuO Nanosheets on 
the TiO2 Nanotube Arrays for the High Performance Solar Cells and Photocatalysts. 
Separation and Purification Technology. 2019;209:368–374. 

[77] Yan Y, Xu Y, Zhao B, Xu Y, Gao Y, Chen G, Wang W, Xia B-Y. Bifunctional Nickel Ferrite-
Decorated Carbon Nanotube Arrays as Free-Standing Air Electrode for Rechargeable Zn–
Air Batteries. Journal of Materials Chemistry A. 2020;8(20):5070–5077. 

[78] Tong M.H, Chen Y.X, Lin S.W, Zhao H.P, Chen R, Jiang X, Shi H.Y, Zhu M.L, Zhou Q.Q, Lu C.Z. 
Synchronous Electrochemical Anodization: A Novel Strategy for Preparing Cerium Doped 
TiO2 Nanotube Arrays toward Visible-Light PEC Water Splitting. Electrochimica Acta. 
2023;463:142793. 

[79] Huang C.L, Chuah X.F, Hsieh C.T, Lu S.Y. NiFe Alloy Nanotube Arrays as Highly Efficient 
Bifunctional Electrocatalysts for Overall Water Splitting at High Current Densities. ACS 
Applied Materials and Interfaces. 2019;11(25):24096–24106. 

[80] Lin X, Wang Y, Zou M, Lan T, Ni Y. Electrochemical Non-Enzymatic Glucose Sensors Based 
on Nano-Composite of Co3O4 and Multiwalled Carbon Nanotube. Chinese Chemical 
Letters. 2019;30(6):1157–1160. 

[81] Fan H, Zhang X, Wang Y, Lang J, Gao R. Highly Conductive KNiF3@carbon Nanotubes 
Composite Materials with Cross-Linked Structure for High Performance Supercapacitor. 
Journal of Power Sources. 2020;474:228603. 

[82] Gao P, Yin Z, Feng L, Liu Y, Du Z, Duan Z, Zhang L. Solvothermal Synthesis of Multiwall 
Carbon Nanotubes/BiOI Photocatalysts for the Efficient Degradation of Antipyrine under 
Visible Light. Environmental Research. 2020;185:109468. 

[83] Ye Q, Liu J, Lin L, Sun M, Wang Y, Cheng Y. Fe and P Dual-Doped Nickel Carbonate 
Hydroxide/Carbon Nanotube Hybrid Electrocatalysts for an Efficient Oxygen Evolution 
Reaction. Nanoscale. 2022;14(16):6648–6655. 

[84] Huo Y, Xiu S, Meng L.Y, Quan B. Solvothermal Synthesis and Applications of Micro/Nano 
Carbons: A Review. Chemical Engineering Journal. 2023;451:138572. 

[85] Danish MSS, Bhattacharya A, Stepanova D, Mikhaylov A, Grilli ML, Khosravy M, Senjyu T. 
A Systematic Review of Metal Oxide Applications for Energy and Environmental 
Sustainability. Metals. 2020;10(12):1604. 

[86] Kumar Y, Paswan KK, Nayan K, Pandurangappa G, Dwivedi D, Sangwai JS. Introduction to 
Functional Materials Synthesis, Properties, Environmental Sustainability, and General 
Applications. In: Functional Materials for the Oil and Gas Industry: Characterization and 
Applications. CRC Press; 2023. p. 1–22. 

[87] Ndlwana L, Raleie N, Dimpe KM, Ogutu HF, Oseghe EO, Motsa MM, Msagati TAM, Mamba 
BB. Sustainable Hydrothermal and Solvothermal Synthesis of Advanced Carbon Materials 
in Multidimensional Applications: A Review. Materials. 2021;14(18):5094. 

[88] Siwal SS, Kaur H, Saini AK, Thakur VK. Recent Progress in Carbon Dots-Based Materials 
for Electrochemical Energy Storage Toward Environmental Sustainability. Advanced 
Energy and Sustainability Research. 2022;3:2200062. 

[89] Fuku X, Dyosiba X, Iftikhar FJ. Green Prepared Nanomaterials from Various 
Biodegradable Wastes and Their Application in Energy. Nano-Structures & Nano-Objects. 
2023;35:100997. 

[90] Xia W, Lau SK, Yong WF. Comparative Life Cycle Assessment on Zeolitic Imidazolate 
Framework-8 (ZIF-8) Production for CO2 Capture. Journal of Cleaner Production. 
2022;370:133354. 

[91] Mruthunjayappa MH, Kotrappanavar NS, Mondal D. New Prospects on Solvothermal 
Carbonisation Assisted by Organic Solvents, Ionic Liquids and Eutectic Mixtures – A 
Critical Review. Progress in Materials Science. 2022;126:100932. 



Vafaeva and Zegait/ Research on Engineering Structures & Materials 10(2) (2024) 559-621 

 

596 

[92] Li W, Qian K, Yang Z, Ding X, Tian W, Chen D. Promotion Effect of Cobalt Doping on 
Microwave-Initiated Plastic Deconstruction for Hydrogen Production over Iron Catalysts. 
Applied Catalysis B: Environmental. 2023;327:122451. 

[93] Burkholder MB, Rahman FBA, Chandler EH, Regalbuto JR, Gupton BF, Tengco JMM. Metal 
Supported Graphene Catalysis: A Review on the Benefits of Nanoparticular Supported 
Specialty Sp2 Carbon Catalysts on Enhancing the Activities of Multiple Chemical 
Transformations. Carbon Trends. 2022;9:100196. 

[94] Jiang M, Wang X, Xi W, Zhou H, Yang P, Yao J, Jiang X, Wu D. Upcycling Plastic Waste to 
Carbon Materials for Electrochemical Energy Storage and Conversion. Chemical 
Engineering Journal. 2023;461:141962. 

[95] Li X, Srinivas K, Ramadoss M, Ma F, Wang Y, Wang M, Yu H, Zhang Z, Wu Y, Chen Y. Carbon 
Nanotubes Supported Cs-Doped NiFe-Layered Double Hydroxide Nanosheets as Efficient 
Catalyst for Oxygen Evolution Reaction. International Journal of Hydrogen Energy. 

[96] Feng Y, Zeng A. Selective Liquid-Phase Oxidation of Toluene with Molecular Oxygen 
Catalyzed by Mn3O4 Nanoparticles Immobilized on CNTs under Solvent-Free Conditions. 
Catalysts. 2020;10(6):623. 

[97] Lim XX, Low SC, Oh W Da. A Critical Review of Heterogeneous Catalyst Design for Carbon 
Nanotubes Synthesis: Functionalities, Performances, and Prospects. Fuel Processing 
Technology. 2023;241:107624. 

[98] Boyrazlı M, Güler SH. Synthesis of Carbon Nanostructures from Corn Stalk Using 
Mechano-Thermal Method. Journal of Molecular Structure. 2020;1199:126976. 

[99] Alirezazadeh F, Alimohammadi E, Sheibani S, Rashchi F. A Comparative Study on the 
Photocatalytic Activity and Formation Mechanism of Nanostructured Cu2ZnSnS4 
Prepared by Thermal and Mechano-Thermal Methods. Materials Chemistry and Physics. 
2022;292:126856. 

[100] Tubtimkuna S, Danilov DL, Sawangphruk M, Notten PHL. Review of the Scalable Core–
Shell Synthesis Methods: The Improvements of Li-Ion Battery Electrochemistry and 
Cycling Stability. Small Methods. 2023;7(2):2300345. 

[101] Maselugbo AO, Harrison HB, Alston JR. Boron Nitride Nanotubes: A Review of Recent 
Progress on Purification Methods and Techniques. Journal of Materials Research. 
2022;37(24):4438–4458. 

[102] Al-Diabat AM, Algadri NA, Ahmad NM, Alrajhi AH, Abuelsamen A, Mohamed A, Ali A, 
Abdulrhman Al-Wasli S. Optimize the Properties of Carbon Nanotubes Synthesized Using 
a Microwave Oven. 

[103] Pund SN, Nagwade PA, Nagawade AV, Thopate SR, Bagade AV. Preparation Techniques 
for Zinc Ferrites and Their Applications: A Review. Materials Today: Proceedings. 
2022;60:2194–2208. 

[104] Li X, Liu J, Zhu H. Functionalized and Environment-Friendly Carbon Materials for 
Flexible and Wearable Electronic Devices. In: SPIE. 2022;12164:162–174. 

[105] Mirabootalebi SO, Akbari GH, Babaheydari RM. Mass Production and Growth 
Mechanism of Carbon Nanotubes in Optimized Mechanothermal Method. International 
Journal of Engineering, Materials and Energy Research Center. 2021;34:2332–2340. 

[106] Rathinavel S, Priyadharshini K, Panda D. A Review on Carbon Nanotube: An Overview 
of Synthesis, Properties, Functionalization, Characterization, and the Application. 
Materials Science and Engineering: B. 2021;268:115095. 

[107] Zainal MT, Mohd Yasin MF, Wan Ali WFF, Tamrin KF, Ani MH. Carbon Precursor Analysis 
for Catalytic Growth of Carbon Nanotube in Flame Synthesis Based on Semi-Empirical 
Approach. Carbon Letters. 2020;30(6):569–579. 

[108] Hu X, Zuo D, Cheng S, Chen S, Liu Y, Bao W, Deng S, Harris SJ, Wan J. Ultrafast Materials 
Synthesis and Manufacturing Techniques for Emerging Energy and Environmental 
Applications. Chemical Society Reviews. 2023;52:1103–1128. 



Vafaeva and Zegait / Research on Engineering Structures & Materials 10(2) (2024) 559-621 

 

597 

[109] Amouzegar Z, Mollarasouli F, Asadi S, Fathi A, Ahmadi M, Afkhami A, Madrakian T. 
Nonconventional Applications of Nebulizers: Nanomaterials Synthesis. In: Analytical 
Nebulizers: Fundamentals and Applications. 2023;217–245. 

[110] Zhao Y, Dong S, Hu P, Zhao X, Hong C. Recent Progress in Synthesis, Growth Mechanisms, 
Properties, and Applications of Silicon Nitride Nanowires. Ceramics International. 
2021;47(11):14944–14965. 

[111] Peters AB, Zhang D, Chen S, Ott C, Oses C, Curtarolo S, McCue I, Pollock T, Prameela SE. 
Materials Design for Hypersonics. 

[112] Xue J, Yin X, Cheng L. Induced Crystallization Behavior and EMW Absorption Properties 
of CVI SiCN Ceramics Modified with Carbon Nanowires. Chemical Engineering Journal. 
2019;378:122213. 

[113] Natarajan B. Processing-Structure-Mechanical Property Relationships in Direct Formed 
Carbon Nanotube Articles and Their Composites: A Review. Composites Science and 
Technology. 2022;225:109501. 

[114] Li M, Song Y, Zhang C, Yong Z, Qiao J, Hu D, Zhang Z, Wei H, Di J, Li Q. Robust Carbon 
Nanotube Composite Fibers: Strong Resistivities to Protonation, Oxidation, and 
Ultrasonication. Carbon. 2019;146:627–635. 

[115] Aly K, Lubna M, Bradford PD. Low Density, Three-Dimensionally Interconnected Carbon 
Nanotube/Silicon Carbide Nanocomposites for Thermal Protection Applications. Journal 
of the European Ceramic Society. 2021;41:233–243. 

[116] Feng L, Fu Q, Song Q, Yang Y, Zuo Y, Suo G, Hou X, Zhang L, Ye X. A Novel Continuous 
Carbon Nanotube Fiber/Carbon Composite by Electrified Preform Heating Chemical Vapor 
Infiltration. Carbon. 2020;157:640–648. 

[117] Liu X, Licht G, Wang X, Licht S. Controlled Transition Metal Nucleated Growth of Carbon 
Nanotubes by Molten Electrolysis of CO2. Catalysts. 2022;12:137. 

[118] Arcaro S, Guaglianoni W, Alves AK, Bergmann CP. The Effect of CaCO3 in the Formation 
of Carbon Nanotubes via Electrolysis of Molten Li2CO3/CaCO3 Mixtures. International 
Journal of Applied Ceramic Technology. 2022;19(2):451–458. 

[119] Zailan Z, Tahir M, Jusoh M, Zakaria ZY. A Review of Sulfonic Group Bearing Porous 
Carbon Catalyst for Biodiesel Production. Renewable Energy. 2021;175:430–452. 

[120] Atiq Ur Rehman M, Chen Q, Braem A, Shaffer MSP, Boccaccini AR. Electrophoretic 
Deposition of Carbon Nanotubes: Recent Progress and Remaining Challenges. 
International Materials Reviews. 2021;66:533–562. 

[121] Liu X, Ren J, Licht G, Wang X, Licht S. Carbon Nano-Onions Made Directly from CO2 by 
Molten Electrolysis for Greenhouse Gas Mitigation. Advanced Sustainable Systems. 
2019;3:1900056. 

[122] Wang X, Licht G, Liu X, Licht S. CO2 Utilization by Electrolytic Splitting to Carbon 
Nanotubes in Non-Lithiated, Cost-Effective, Molten Carbonate Electrolytes. Advanced 
Sustainable Systems. 2022;6:2100481. 

[123] Liu X, Licht G, Wang X, Licht S. Controlled Transition Metal Nucleated Growth of Carbon 
Nanotubes by Molten Electrolysis of CO2. 

[124] Zahid MU, Pervaiz E, Hussain A, Shahzad MI, Niazi MBK. Synthesis of Carbon 
Nanomaterials from Different Pyrolysis Techniques: A Review. Materials Research 
Express. 2018;5:052002. 

[125] Vivekchand SRC, Cele LM, Deepak FL, Raju AR, Govindaraj A. Carbon Nanotubes by 
Nebulized Spray Pyrolysis. Chemical Physics Letters. 2004;386:313–318. 

[126] Jin YZ, Gao C, Hsu WK, Zhu Y, Huczko A, Bystrzejewski M, Roe M, Lee CY, Acquah S, Kroto 
H, Walton DRM. Large-Scale Synthesis and Characterization of Carbon Spheres Prepared 
by Direct Pyrolysis of Hydrocarbons. Carbon. 2005;43:1944–1953. 

[127] Cheng HM, Li F, Su G, Pan HY, He LL, Sun X, Dresselhaus MS. Large-Scale and Low-Cost 
Synthesis of Single-Walled Carbon Nanotubes by the Catalytic Pyrolysis of Hydrocarbons. 
Applied Physics Letters. 1998;72:3282–3284. 



Vafaeva and Zegait/ Research on Engineering Structures & Materials 10(2) (2024) 559-621 

 

598 

[128] Lv X, Zhang T, Luo Y, Zhang Y, Wang Y, Zhang G. Study on Carbon Nanotubes and 
Activated Carbon Hybrids by Pyrolysis of Coal. Journal of Analytical and Applied Pyrolysis. 
2020;146:104717. 

[129] Moothi K, Simate GS, Falcon R, Iyuke SE, Meyyappan M. Carbon Nanotube Synthesis 
Using Coal Pyrolysis. Langmuir. 2015;31:9464–9472. 

[130] Nebol’sin VA, Vorob’ev AY. Role of Surface Energy in the Growth of Carbon Nanotubes 
via Catalytic Pyrolysis of Hydrocarbons. Inorganic Materials. 2011;47:128–132. 

[131] Sárközi S, Sárközi Z, Kertész K, Koós AA, Osváth Z, Tapasztó L, Horváth ZE, Nemes-Incze 
P, Jenei IZ, Vértesy Z, Daróczi NS, Darabont A, Pana O, Biró LP. Synthesis of Carbon 
Nanotubes from Liquid Hydrocarbons Using a Spray-Pyrolysis Method. Journal of 
Optoelectronics and Advanced Materials. 2008;10:2307–2310. 

[132] Bajad GS, Vijayakumar RP, Gupta AG, Jagtap V, Singh YP. Production of Liquid 
Hydrocarbons, Carbon Nanotubes and Hydrogen Rich Gases from Waste Plastic in a Multi-
Core Reactor. Journal of Analytical and Applied Pyrolysis. 2017;125:83–90. 

[133] Mehrabi M, Parvin P, Reyhani A, Mortazavi SZ. Hydrogen Storage in Multi-Walled 
Carbon Nanotubes Decorated with Palladium Nanoparticles Using Laser 
Ablation/Chemical Reduction Methods. Materials Research Express. 2017;4:095030. 

[134] Tarasenka N, Stupak A, Tarasenko N, Chakrabarti S, Mariotti D. Structure and Optical 
Properties of Carbon Nanoparticles Generated by Laser Treatment of Graphite in Liquids. 
ChemPhysChem. 2017;18:1074–1083. 

[135] Irimiciuc SA, Hodoroaba BC, Bulai G, Gurlui S, Craciun V. Multiple Structure Formation 
and Molecule Dynamics in Transient Plasmas Generated by Laser Ablation of Graphite. 
Spectrochimica Acta Part B: Atomic Spectroscopy. 2020;165:105774. 

[136] Rode A, Sharma S, Mishra DK. Carbon Nanotubes: Classification, Method of Preparation 
and Pharmaceutical Application. Current Drug Delivery. 2017;15:620–629. 

[137] Shoukat R, Khan MI. Carbon Nanotubes: A Review on Properties, Synthesis Methods and 
Applications in Micro and Nanotechnology. Microsystem Technologies. 2021;27:4183–
4192. 

[138] Ismail RA, Mohsin MH, Ali AK, Hassoon KI, Erten-Ela S. Preparation and Characterization 
of Carbon Nanotubes by Pulsed Laser Ablation in Water for Optoelectronic Application. 
Physica E: Low-dimensional Systems and Nanostructures. 2020;119:113997. 

[139] Gulati S, Kumar S, Mongia A, Diwan A, Singh P. Functionalized Carbon Nanotubes 
(FCNTs) as Novel Drug Delivery Systems: Emergent Perspectives from Applications. 
Environmental Applications of Carbon Nanomaterials-Based Devices. 2021;283–312. 

[140] Omoriyekomwan JE, Tahmasebi A, Dou J, Wang R, Yu J. A Review on the Recent Advances 
in the Production of Carbon Nanotubes and Carbon Nanofibers via Microwave-Assisted 
Pyrolysis of Biomass. Fuel Processing Technology. 2021;214:106686. 

[141] Li A, Zhou W, Xie M, Wang S, Wang S, Yang Y, Chen Y, Liu M. Preparation and Arc Erosion 
Behavior of AgNi10 Contact Material with Different Allotropes of Carbon Addition. 
Diamond and Related Materials. 2021;111:108141. 

[142] Shweta, Vishwakarma K, Sharma S, Narayan RP, Srivastava P, Khan AS, Dubey NK, 
Tripathi DK, Chauhan DK. Plants and Carbon Nanotubes (CNTs) Interface: Present Status 
and Future Prospects. Nanotechnology: Food and Environmental Paradigm. 2017;317–
340. 

[143] Janett B, Gutierrez A, Dul S, Pegoretti A, Alvarez-Quintana J, Fambri L. Investigation of 
the Effects of Multi-Wall and Single-Wall Carbon Nanotubes Concentration on the 
Properties of ABS Nanocomposites. C 2021. 7:33. 

[144] Liu F, Wang Q, Tang Y, Du W, Chang W, Fu Z, Zhao X, Liu Y. Carbon Nanowires Made by 
the Insertion-and-Fusion Method toward Carbon–Hydrogen Nanoelectronics. Nanoscale. 
2023;15:6143–6155. 

[145] Loayza CR, Cardoso DCS, Borges DJA, Castro AAF, Bozzi AC, Dos Reis MAL, Braga EM. 
Stainless Steel-CNT Composite Manufactured via Electric Arc Welding. Materials & Design. 
2022;223:111169. 



Vafaeva and Zegait / Research on Engineering Structures & Materials 10(2) (2024) 559-621 

 

599 

[146] Jia Q, Zhou Y, Li X, Lindsay L, Shi L. Differential Multi-Probe Thermal Transport 
Measurements of Multi-Walled Carbon Nanotubes Grown by Chemical Vapor Deposition. 
International Journal of Heat and Mass Transfer. 2023;216:124535. 

[147] Rajab F. Effect of the Chemical Vapor Deposition Process on the Aspect Ratio of 
Vertically Aligned Carbon Nanotubes (VACNTs). MRS Advances. 2023;8:343–348. 

[148] Wang C, Wang Y, Jiang H. Continuous Growth of Carbon Nanotubes on Carbon Fiber 
Surface by Chemical Vapor Deposition Catalyzed by Cobalt with Thiourea. ECS Journal of 
Solid State Science and Technology. 2023;12:041003. 

[149] Zulkimi MMM, Azis RSR, Ismail I, Mokhtar N, Ertugrul M, Hamidon MN, Hasan IH, 
Yesilbag YO, Tuzluca FN, Ozturk G, Hasar UC. Enhancing Radar Absorption Performance of 
Sr-Hexaferrite by Hybridization with Coiled Carbon Nanotubes via Chemical Vapour 
Deposition Method. Diamond and Related Materials. 2023;137:110118. 

[150] Cheng F, Xu Y, Zhang J, Wang L, Zhang H, Wan Q, Xu S, Li W, Wang L, Huang Z. A Novel 
Flexible Carbon Fiber with Carbon Nanotubes Growing In-Situ via Chemical Vapor 
Deposition to Impregnate Paraffin for Thermal Energy Application. Journal of Energy 
Storage. 2023;68:107718. 

[151] Cheng F, Xu Y, Zhang J, Wang L, Zhang H, Wan Q, Li W, Wang L, Lv Z. Growing Carbon 
Nanotubes In-Situ via Chemical Vapor Deposition and Resin Pre-Coating Treatment on 
Anodized Ti-6Al-4V Titanium Substrates for Stronger Adhesive Bonding with Carbon 
Fiber Composites. Surface and Coatings Technology. 2023;457:129296. 

[152] ZHAO H, TU N, ZHANG W, ZHANG M, WANG J. Novel Synthesis of Silicon/Carbon 
Nanotubes Microspheres as Anode Additives through Chemical Vapor Deposition in 
Fluidized Bed Reactors. Scripta Materialia. 2021;192:49–54. 

[153] Zhang Y, Wang Q, Ramachandran CS. Synthesis of Carbon Nanotube Reinforced 
Aluminum Composite Powder (CNT-Al) by Polymer Pyrolysis Chemical Vapor Deposition 
(PP-CVD) Coupled High Energy Ball Milling (HEBM) Process. Diamond and Related 
Materials. 2020;104:107748. 

[154] Mittal G, Rhee KY. Chemical Vapor Deposition-Based Grafting of CNTs onto Basalt Fabric 
and Their Reinforcement in Epoxy-Based Composites. Composites Science and 
Technology. 2018;165:84–94. 

[155] Nekoueian K. Modification of Carbon-Based Electrodes Using Metal Nanostructures: 
Application to Voltammetric Determination of Some Pharmaceutical and Biological 
Compounds. Lappeenranta-Lahti University of Technology LUT. 

[156] Nie C, Ma L, Li S, Fan X, Yang Y, Cheng C, Zhao W, Zhao C. Recent Progresses in Graphene 
Based Bio-Functional Nanostructures for Advanced Biological and Cellular Interfaces. 
Nano Today. 2019;26:57–97. 

[157] Senthilkumar E, Shanmugharaj AM, Suresh Babu R, Sivagaami Sundari G, Thileep Kumar 
K, Raghu S, Kalaivani R. Development of Constructed Nanoporous Graphene-Modified 
Electrode for Electrical Detection of Folic Acid. Journal of Materials Science: Materials in 
Electronics. 2019;30:13488–13496. 

[158] Guo HW, Hu Z, Liu ZB, Tian JG. Stacking of 2D Materials. Advanced Functional Materials. 
2021;31:2007810. 

[159] Bagyalakshmi S, Sivakami A, Pal K, Sarankumar R, Mahendran C. Manufacturing of 
Electrochemical Sensors via Carbon Nanomaterials Novel Applications: A Systematic 
Review. Journal of Nanoparticle Research. 2022;24:1–28. 

[160] Sharma VV, Gualandi I, Vlamidis Y, Tonelli D. Electrochemical Behavior of Reduced 
Graphene Oxide and Multi-Walled Carbon Nanotubes Composites for Catechol and 
Dopamine Oxidation. Electrochimica Acta. 2017;246:415–423. 

[161] Khoshnevis H, Tran TQ, Mint SM, Zadhoush A, Duong HM, Youssefi M. Effect of 
Alignment and Packing Density on the Stress Relaxation Process of Carbon Nanotube 
Fibers Spun from Floating Catalyst Chemical Vapor Deposition Method. Colloids and 
Surfaces A: Physicochemical and Engineering Aspects. Elsevier; 2018;558:570–578. 



Vafaeva and Zegait/ Research on Engineering Structures & Materials 10(2) (2024) 559-621 

 

600 

[162] Dong L, Park JG, Leonhardt BE, Zhang S, Liang R. Continuous Synthesis of Double-Walled 
Carbon Nanotubes with Water-Assisted Floating Catalyst Chemical Vapor Deposition. 
Nanomaterials. Multidisciplinary Digital Publishing Institute; 2020;10:365. 

[163] Lee SH, Park J, Park JH, Lee DM, Lee A, Moon SY, Lee SY, Jeong HS, Kim SM. Deep-Injection 
Floating-Catalyst Chemical Vapor Deposition to Continuously Synthesize Carbon 
Nanotubes with High Aspect Ratio and High Crystallinity. Carbon. Pergamon; 
2021;173:901–909. 

[164] Ahmad S, Liao Y, Hussain A, Zhang Q, Ding EX, Jiang H, Kauppinen EI. Systematic 
Investigation of the Catalyst Composition Effects on Single-Walled Carbon Nanotubes 
Synthesis in Floating-Catalyst CVD. Carbon. Pergamon; 2019;149:318–327. 

[165] Zhang Q, Wei N, Laiho P, Esko A, Kauppinen I. Recent Developments in Single-Walled 
Carbon Nanotube Thin Films Fabricated by Dry Floating Catalyst Chemical Vapor 
Deposition. 

[166] Duong HM, Tran TQ, Kopp R, Myint SM, Peng L. Direct Spinning of Horizontally Aligned 
Carbon Nanotube Fibers and Films From the Floating Catalyst Method. Nanotube 
Superfiber Materials: Science, Manufacturing, Commercialization. William Andrew 
Publishing; 2019;3–29. 

[167] Khoshnevis H, Mint SM, Yedinak E, Tran TQ, Zadhoush A, Youssefi M, Pasquali M, Duong 
HM. Super High-Rate Fabrication of High-Purity Carbon Nanotube Aerogels from Floating 
Catalyst Method for Oil Spill Cleaning. Chemical Physics Letters. North-Holland; 
2018;693:146–151. 

[168] Tran TQ, Headrick RJ, Bengio EA, Myo Myint S, Khoshnevis H, Jamali V, Duong HM, 
Pasquali M. Purification and Dissolution of Carbon Nanotube Fibers Spun from the Floating 
Catalyst Method. ACS Applied Materials and Interfaces. American Chemical Society; 
2017;9:37112–37119. 

[169] Suchitra SM, Udayashankar NK. Influence of Porewidening Duration on the Template 
Assisted Growth of Graphitic Carbon Nitride Nanostructures. Materials Research Express. 
IOP Publishing; 2018;5:015056. 

[170] Han M, Zhang X, Gao H, Chen S, Cheng P, Wang P, Zhao Z, Dang R, Wang G. In Situ Semi-
Sacrificial Template-Assisted Growth of Ultrathin Metal–Organic Framework Nanosheets 
for Electrocatalytic Oxygen Evolution. Chemical Engineering Journal. Elsevier; 
2021;426:131348. 

[171] Cossuet T, Rapenne L, Renou G, Appert E, Consonni V. Template-Assisted Growth of 
Open-Ended TiO2 Nanotubes with Hexagonal Shape Using Atomic Layer Deposition. 
Crystal Growth and Design. American Chemical Society; 2021;21:125–132. 

[172] Li H, Liu YL, Jin H, Cao L, Yang H, Jiang S, He S, Li S, Liu K, Duan G. Bimetallic Salts 
Template-Assisted Strategy towards the Preparation of Hierarchical Porous Polyimide-
Derived Carbon Electrode for Supercapacitor. Diamond and Related Materials. Elsevier; 
2022;128:109283. 

[173] Wang C, Yan B, Zheng J, Feng L, Chen Z, Zhang Q, Liao T, Chen J, Jiang S, Du C, He S. Recent 
Progress in Template-Assisted Synthesis of Porous Carbons for Supercapacitors. 
Advanced Powder Materials. Elsevier; 2022;1:100018. 

[174] Taziwa R, Meyer E, Takata N. Structural and Raman Spectroscopic Characterization of 
C-TiO2 Nanotubes Synthesized by a Template-Assisted Sol-Gel Technique. Journal of 
Nanoscience & Nanotechnology Research. 2017;1. 

[175] Yang G, Cheng F, Zuo S, Zhang J, Xu Y, Hu Y, Hu X. Growing Carbon Nanotubes In Situ 
Surrounding Carbon Fiber Surface via Chemical Vapor Deposition to Reinforce Flexural 
Strength of Carbon Fiber Composites. Polymers. Multidisciplinary Digital Publishing 
Institute; 2023;15:2309. 

[176] Simionescu OG, Brîncoveanu O, Romaniţan C, Vulpe S, Avram A. Step-By-Step 
Development of Vertically Aligned Carbon Nanotubes by Plasma-Enhanced Chemical 
Vapor Deposition. Coatings. Multidisciplinary Digital Publishing Institute; 2022;12:943. 



Vafaeva and Zegait / Research on Engineering Structures & Materials 10(2) (2024) 559-621 

 

601 

[177] Yi K, Liu D, Chen X, Yang J, Wei D, Liu Y, Wei D. Plasma-Enhanced Chemical Vapor 
Deposition of Two-Dimensional Materials for Applications. Accounts of Chemical 
Research. American Chemical Society; 2021;54:1011–1022. 

[178] Yeh NC, Hsu CC, Bagley J, Tseng WS. Single-Step Growth of Graphene and Graphene-
Based Nanostructures by Plasma-Enhanced Chemical Vapor Deposition. Nanotechnology. 
IOP Publishing; 2019;30:162001. 

[179] Thapa A, Neupane S, Guo R, Jungjohann KL, Pete D, Li W. Direct Growth of Vertically 
Aligned Carbon Nanotubes on Stainless Steel by Plasma Enhanced Chemical Vapor 
Deposition. Diamond and Related Materials. Elsevier; 2018;90:144–153. 

[180] Jabbar A, Yasin G, Khan WQ, Anwar MY, Korai RM, Nizam MN, Muhyodin G. 
Electrochemical Deposition of Nickel Graphene Composite Coatings: Effect of Deposition 
Temperature on Its Surface Morphology and Corrosion Resistance. RSC Advances. Royal 
Society of Chemistry; 2017;7:31100–31109. 

[181] Liu L, Mandler D. Using Nanomaterials as Building Blocks for Electrochemical 
Deposition: A Mini Review. Electrochemistry Communications. Elsevier; 
2020;120:106830. 

[182] Hussain S, Erikson H, Kongi N, Merisalu M, Rähn M, Sammelselg V, Maia G, Tammeveski 
K. Platinum Particles Electrochemically Deposited on Multiwalled Carbon Nanotubes for 
Oxygen Reduction Reaction in Acid Media. Journal of The Electrochemical Society. The 
Electrochemical Society; 2017;164:F1014–F1021. 

[183] Arai S. Fabrication of Metal/Carbon Nanotube Composites by Electrochemical 
Deposition. Electrochem. Multidisciplinary Digital Publishing Institute; 2021;2:563–589. 

[184] Zhao G, Liu G. Electrochemical Deposition of Gold Nanoparticles on Reduced Graphene 
Oxide by Fast Scan Cyclic Voltammetry for the Sensitive Determination of As(III). 
Nanomaterials. Multidisciplinary Digital Publishing Institute; 2019;9:41. 

[185] Iffelsberger C, Ng S, Pumera M. Catalyst Coating of 3D Printed Structures via 
Electrochemical Deposition: Case of the Transition Metal Chalcogenide MoSx for Hydrogen 
Evolution Reaction. Applied Materials Today. Elsevier; 2020;20:100654. 

[186] Cao Y, Moniri Javadhesari S, Mohammadnejad S, Khodadustan E, Raise A, Akbarpour MR. 
Microstructural Characterization and Antibacterial Activity of Carbon Nanotube 
Decorated with Cu Nanoparticles Synthesized by a Novel Solvothermal Method. Ceramics 
International. Elsevier; 2021;47:25729–25737. 

[187] Park SK, Sure J, Sri Maha Vishnu D, Jo SJ, Lee WC, Ahmad IA, Kim HK. Nano-
Fe3o4/Carbon Nanotubes Composites by One-Pot Microwave Solvothermal Method for 
Supercapacitor Applications. Energies. MDPI AG; 2021;14:NA. 

[188] Wang Q, Li H, Yu X, Jia Y, Chang Y, Gao S. Morphology Regulated Bi2WO6 Nanoparticles 
on TiO2 Nanotubes by Solvothermal Sb3+ Doping as Effective Photocatalysts for 
Wastewater Treatment. Electrochimica Acta. Pergamon; 2020;330:135167. 

[189] Liu X, Li G, Qian P, Zhang D, Wu J, Li K, Li L. Carbon Coated Li3VO4 Microsphere: Ultrafast 
Solvothermal Synthesis and Excellent Performance as Lithium-Ion Battery Anode. Journal 
of Power Sources. Elsevier; 2021;493:229680. 

[190] Gyulai G, Ouanzi F, Bertóti I, Mohai M, Kolonits T, Horváti K, Bősze S. Chemical Structure 
and in Vitro Cellular Uptake of Luminescent Carbon Quantum Dots Prepared by 
Solvothermal and Microwave Assisted Techniques. Journal of Colloid and Interface 
Science. Academic Press; 2019;549:150–161. 

[191] Zhao D, Liu X, Wei C, Qu Y, Xiao X, Cheng H. One-Step Synthesis of Red-Emitting Carbon 
Dots via a Solvothermal Method and Its Application in the Detection of Methylene Blue. 
RSC Advances. Royal Society of Chemistry; 2019;9:29533–29540. 

[192] Cao D, Wang Q, Wu Y, Zhu S, Jia Y, Wang R. Solvothermal Synthesis and Enhanced 
Photocatalytic Hydrogen Production of Bi/Bi2MoO6 Co-Sensitized TiO2 Nanotube Arrays. 
Separation and Purification Technology. Elsevier; 2020;250:117132. 

[193] Al-Sakkaf MK, Basfer I, Iddrisu M, Bahadi SA, Nasser MS, Abussaud B, Drmosh QA, Onaizi 
SA. An Up-to-Date Review on the Remediation of Dyes and Phenolic Compounds from 



Vafaeva and Zegait/ Research on Engineering Structures & Materials 10(2) (2024) 559-621 

 

602 

Wastewaters Using Enzymes Immobilized on Emerging and Nanostructured Materials: 
Promises and Challenges. Nanomaterials. Multidisciplinary Digital Publishing Institute; 
2023;13:2152. 

[194] Dang Q, Lin H, Fan Z, Ma L, Shao Q, Ji Y, Zheng F, Geng S, Yang SZ, Kong N, Zhu W, Li Y, 
Liao F, Huang X, Shao M. Iridium Metallene Oxide for Acidic Oxygen Evolution Catalysis. 
Nature Communications 2021 12:1. Nature Publishing Group; 2021;12:1–10. 

[195] Reza MS, Afroze S, Kuterbekov K, Kabyshev A, Zh. Bekmyrza K, Haque MN, Islam SN, 
Hossain MA, Hassan M, Roy H, Islam MS, Pervez MN, Azad AK. Advanced Applications of 
Carbonaceous Materials in Sustainable Water Treatment, Energy Storage, and CO2 
Capture: A Comprehensive Review. Sustainability (Switzerland). MDPI; 2023;15:8815. 

[196] Nigam A, Kala S. Structural and Bioactive Properties of Iron Sulfide Nanoparticles 
Synthesized by Green-Route. Materials Today: Proceedings. Elsevier; 2022;66:2144–
2151. 

[197] Patiño-Carachure C, Martínez-Vargas S, Flores-Chan JE, Rosas G. Synthesis of Carbon 
Nanostructures by Graphite Deformation during Mechanical Milling in Air. Fullerenes, 
Nanotubes and Carbon Nanostructures. Taylor & Francis; 2020;28:869–876. 

[198] Kumar S, Kumar Mahto R. Synthesis and Characterization of Low Dimensional Structure 
of Carbon Nanotubes. International Journal of Science and Research Archive. 
2022;2022:571–582. 

[199] Lekshmi GS, Tamilselvi R, Prasad K, Bazaka O, Levchenko I, Bazaka K, Mohandas M. 
Growth of RGO Nanostructures via Facile Wick and Oil Flame Synthesis for Environmental 
Remediation. Carbon Letters. Springer; 2021;31:763–777. 

[200] Chang BP, Gupta A, Mekonnen TH. Flame Synthesis of Carbon Nanoparticles from Corn 
Oil as a Highly Effective Cationic Dye Adsorbent. Chemosphere. Pergamon; 
2021;282:131062. 

[201] Wong HY, How HC, Ho JH. Chemical Kinetics Modelling for the Effect of Chimney on 
Diffusion Flame in Carbon Nanotubes Synthesis. J Phys Conf Ser. IOP Publishing. 
2022;2169:012022. 

[202] Hammadi AH, Jasim AM, Abdulrazzak FH, Al-Sammarraie AMA, Cherifi Y, Boukherroub 
R, Hussein FH. Purification for Carbon Nanotubes Synthesized by Flame Fragments 
Deposition via Hydrogen Peroxide and Acetone. Materials. Multidisciplinary Digital 
Publishing Institute. 2020;13:2342. 

[203] Yang L, Yang J, Dong Q, Zhou F, Wang Q, Wang Z, Huang K, Yu H, Xiong X. One-Step 
Synthesis of CuO Nanoparticles Based on Flame Synthesis: As a Highly Effective Non-
Enzymatic Sensor for Glucose, Hydrogen Peroxide and Formaldehyde. J Electroanal Chem. 
Elsevier. 2021;881:114965. 

[204] Hong H, Memon NK, Dong Z, Kear BH, Tse SD. Flame Synthesis of Gamma-Iron-Oxide (γ-
Fe2O3) Nanocrystal Films and Carbon Nanotubes on Stainless-Steel Substrates. Proc 
Combust Inst. Elsevier. 2019;37:1249–1256. 

[205] Hamzah N, Yasin MFM, Yusop MZM, Zainal MT, Rosli MAF. Identification of Cnt Growth 
Region and Optimum Time for Catalyst Oxidation: Experimental and Modelling Studies of 
Flame Synthesis. Evergreen, Novel Carbon Resource Sci. 2019;6:85–91. 

[206] Zhan W, Ma L, Gan M, Ding J, Han S, Wei D, Shen J, Zhou C. MOF-Derived N-Doped Carbon 
Coated CoP/Carbon Nanotube Pt-Based Catalyst for Efficient Methanol Oxidation. Int J 
Hydrogen Energy. Pergamon. 2020;45:15630–15641. 

[207] Keteklahijani YZ, Arjmand M, Sundararaj U. Cobalt Catalyst Grown Carbon 
Nanotube/Poly(Vinylidene Fluoride) Nanocomposites: Effect of Synthesis Temperature 
on Morphology, Electrical Conductivity and Electromagnetic Interference Shielding. 
ChemistrySelect. John Wiley & Sons, Ltd. 2017;2:10271–10284. 

[208] Maruyama T, Kozawa A, Saida T, Naritsuka S, Iijima S. Low Temperature Growth of 
Single-Walled Carbon Nanotubes from Rh Catalysts. Carbon. Pergamon. 2017;116:128–
132. 



Vafaeva and Zegait / Research on Engineering Structures & Materials 10(2) (2024) 559-621 

 

603 

[209] Sun X, Damma D, Cao Z, Alvarez NT, Shanov V, Arvanitis A, Smirniotis PG, Dong J. CO-
Promoted Low-Temperature Conversion of CH4 to Hydrogen and Carbon Nanotubes on 
Nanocrystalline Cr-Doped Ferrite Catalyst. Catal Commun. Elsevier. 2022;169:106475. 

[210] Mamat MS, Walker GS, Grant DM, Yaakob Y, Shaharun NA. Effect of the Reaction 
Temperature and Ethene/Hydrogen Composition on the Nanostructured Carbon 
Produced by CVD Using Supported NiFe2O4 as a Catalyst. Results Phys. Elsevier. 
2020;19:103497. 

[211] Moon SY, Kim BR, Park CW, Lee SH, Kim SM. High-Crystallinity Single-Walled Carbon 
Nanotube Aerogel Growth: Understanding the Real-Time Catalytic Decomposition 
Reaction through Floating Catalyst Chemical Vapor Deposition. Chem Eng J Adv. Elsevier. 
2022;10:100261. 

[212] Kadlečíková M, Breza J, Jesenák K, Hubeňák M, Raditschová J, Bálintová M. Utilization of 
Catalytically Active Metals in Mining Waste and Water for Synthesis of Carbon Nanotubes. 
Cleaner Eng Technol. Elsevier. 2022;8:100459. 

[213] Sampaio EFS, Soares OSGP, Pereira MFR, Rodrigues CSD, Madeira LM. Fe-Containing 
Carbon-Coated Monoliths Prepared by CVD in Gaseous Toluene Abatement - Parametric 
Analysis of the Fenton Process. Catal Today. Elsevier. 2023;418:114143. 

[214] Sivamaran V, Balasubramanian V, Gopalakrishnan M, Viswabaskaran V, Rao AG. 
Combined Synthesis of Carbon Nanospheres and Carbon Nanotubes Using Thermal 
Chemical Vapor Deposition Process. Chem Phys Impact. Elsevier. 2022;4:100072. 

[215] Li M, Hachiya S, Chen Z, Osawa T, Sugime H, Noda S. Fluidized-Bed Production of 0.3 
Mm-Long Single-Wall Carbon Nanotubes at 28% Carbon Yield with 0.1 Mass% Catalyst 
Impurities Using Ethylene and Carbon Dioxide. Carbon. Pergamon. 2021;182:23–31. 

[216] Alexander R, Khausal A, Bahadur J, Dasgupta K. Bi-Directional Catalyst Injection in 
Floating Catalyst Chemical Vapor Deposition for Enhanced Carbon Nanotube Fiber Yield. 
Carbon Trends. Elsevier. 2022;9:100211. 

[217] Chan KF, Maznam NAM, Hazan MA, Ahmad RNA, Sa’ari AS, Azman NFI, Mamat MS, 
Rahman MAA, Tanemura M, Yaakob Y. Multi-Walled Carbon Nanotubes Growth by 
Chemical Vapour Deposition: Effect of Precursor Flowing Path and Catalyst Size. Carbon 
Trends. Elsevier. 2022;6:100142. 

[218] Prabu S, Chiang KY. Highly Active Ni–Mg–Al Catalyst Effect on Carbon Nanotube 
Production from Waste Biodegradable Plastic Catalytic Pyrolysis. Environ Technol Innov. 
Elsevier. 2022;28:102845. 

[219] Shoukat R, Khan MI. Carbon Nanotubes/Nanofibers (CNTs/CNFs): A Review on State of 
the Art Synthesis Methods. Microsyst Technol. Springer Science and Business Media 
Deutschland GmbH. 2022;28:885–901. 

[220] Mubarak NM, Sahu JN, Karri RR, Abdullah EC, Tripathi M. Effect of Hydrogen Flow Rate 
on the Synthesis of Carbon Nanofiber Using Microwave-Assisted Chemical Vapour 
Deposition with Ferrocene as a Catalyst. Int J Hydrogen Energy. Pergamon. 
2023;48:21332–21344. 

[221] Silva AA, Pinheiro RA, Trava-Airoldi VJ, Corat EJ. Influence of Catalyst Particles on Multi-
Walled Carbon Nanotubes Morphology and Structure. Taylor & Francis. 2018;26:315–323. 

[222] He M, Wang X, Zhang L, Wu Q, Song X, Chernov AI, Fedotov PV, Obraztsova ED, Sainio J, 
Jiang H, Cui H, Ding F, Kauppinen E. Anchoring Effect of Ni2+ in Stabilizing Reduced 
Metallic Particles for Growing Single-Walled Carbon Nanotubes. Carbon. Pergamon. 
2018;128:249–256. 

[223] Liu X, Shen B, Wu Z, Parlett CMA, Han Z, George A, Yuan P, Patel D, Wu C. Producing 
Carbon Nanotubes from Thermochemical Conversion of Waste Plastics Using Ni/Ceramic 
Based Catalyst. Chem Eng Sci. Pergamon. 2018;192:882–891. 

[224] Lin J, Yang Y, Zhang H, Lin Q, Zhu B. Synthesis and Characterization of In-Situ CNTs 
Reinforced TiB2-Based Composite by CVD Using Ni Catalysts. Ceram Int. Elsevier. 
2018;44:2042–2047. 



Vafaeva and Zegait/ Research on Engineering Structures & Materials 10(2) (2024) 559-621 

 

604 

[225] Keteklahijani YZ, Arjmand M, Sundararaj U. Cobalt Catalyst Grown Carbon 
Nanotube/Poly(Vinylidene Fluoride) Nanocomposites: Effect of Synthesis Temperature 
on Morphology, Electrical Conductivity and Electromagnetic Interference Shielding. 
ChemistrySelect. John Wiley & Sons, Ltd. 2017;2:10271–10284. 

[226] Su S, Wang Y, Qin J, Wang C, Yao Z, Lu R, Wang Q. Continuous Method for Grafting CNTs 
on the Surface of Carbon Fibers Based on Cobalt Catalyst Assisted by Thiourea. J Mater Sci. 
Springer New York LLC. 2019;54:12498–12508. 

[227] Sakurai S, Yamada M, He J, Hata K, Futaba DN. A Hydrogen-Free Approach for Activating 
an Fe Catalyst Using Trace Amounts of Noble Metals and Confinement into Nanoparticles. 
J Phys Chem Lett. American Chemical Society. 2022;13:1879–1885. 

[228] Verma B, Sewani H, Balomajumder C. Synthesis of Carbon Nanotubes via Chemical 
Vapor Deposition: An Advanced Application in the Management of Electroplating Effluent. 
Environ Sci Pollut Res. Springer. 2020;27:14007–14018. 

[229] Hoecker C, Smail F, Pick M, Boies A. The Influence of Carbon Source and Catalyst 
Nanoparticles on CVD Synthesis of CNT Aerogel. Chem Eng J. 

[230] Ostadhossein A, Yoon K, van Duin ACT, Seo JW, Seveno D. Do Nickel and Iron Catalyst 
Nanoparticles Affect the Mechanical Strength of Carbon Nanotubes? Extreme Mech Lett. 
Elsevier. 2018;20:29–37. 

[231] Shibuki S, Akashi T, Watanabe H. Effect of Catalyst Support Layers on Emissivity of 
Carbon Nanotubes Grown via Floating Catalyst Chemical Vapor Deposition. Meas Sens. 
Elsevier. 2022;24:100479. 

[232] ManasiParkhi M, K SB, Shah MM. Experimental Study on Synthesis of CNT Using Alumina 
Supported Catalyst by CVD Method. Int J Innov Eng Res Technol. Novateur Publication. 
2015;1–4. 

[233] Fontana M, Ramos R, Morin A, Dijon J. Direct Growth of Carbon Nanotubes Forests on 
Carbon Fibers to Replace Microporous Layers in Proton Exchange Membrane Fuel Cells. 
Carbon. Pergamon. 2021;172:762–771. 

[234] Samad S, Loh KS, Wong WY, Lee TK, Sunarso J, Chong ST, Wan Daud WR. Carbon and 
Non-Carbon Support Materials for Platinum-Based Catalysts in Fuel Cells. Int J Hydrogen 
Energy. Pergamon. 2020;43:7823–7854. 

[235] Mishakov IV, Bauman YI, Brzhezinskaya M, Netskina OV, Shubin YV, Kibis LS, 
Stoyanovskii VO, Larionov KB, Serkova AN, Vedyagin AA. Water Purification from 
Chlorobenzenes Using Heteroatom-Functionalized Carbon Nanofibers Produced on Self-
Organizing Ni-Pd Catalyst. J Environ Chem Eng. Elsevier. 2022;10:107873. 

[236] Feng M, Luo ZH, Chen RQ, Yi S, Lu H, Cao GP, Lu C, Feng SY, Li CY. Palladium Supported 
on Carbon Nanotube Modified Nickel Foam as a Structured Catalyst for Polystyrene 
Hydrogenation. Appl Catal A Gen. Elsevier. 2019;570:329–338. 

[237] Reddy KR, Jyothi MS, Raghu AV, Sadhu V, Naveen S, Aminabhavi TM. Nanocarbons-
Supported and Polymers-Supported Titanium Dioxide Nanostructures as Efficient 
Photocatalysts for Remediation of Contaminated Wastewater and Hydrogen Production. 
Springer, Cham. 139–169. 

[238] Aghaei A, Shaterian M, Hosseini Monfared H, Farokhi A. Designing a Strategy for 
Fabrication of Single-Walled Carbon Nanotube via CH4/N2 Gas by the Chemical Vapor 
Deposition Method. Adv Powder Technol. Elsevier. 2022;33:103500. 

[239] Thapa A, Wang X, Li W. Synthesis and Field Emission Properties of Cu-Filled Vertically 
Aligned Carbon Nanotubes. Appl Surf Sci. North-Holland. 2021;537:148086. 

[240] Zhang H, Liu Y, Tao J, Liu Y, Bao R, Li F, Yi J. Direct Synthesis of Carbon Nanotube-
Graphene Hybrids on Copper Powders and the Mechanical Properties of Corresponding 
Composites. Mater Sci Eng A. Elsevier. 2021;825:141861. 

[241] Liu W, Zhang S, Qian L, Lin D, Zhang J. Growth of High-Density Horizontal SWNT Arrays 
Using Multi-Cycle in-Situ Loading Catalysts. Carbon. Pergamon. 2020;157:164–168. 



Vafaeva and Zegait / Research on Engineering Structures & Materials 10(2) (2024) 559-621 

 

605 

[242] Fu S, Chen X, Liu P. Preparation of CNTs/Cu Composites with Good Electrical 
Conductivity and Excellent Mechanical Properties. Materials Science and Engineering: A. 
Elsevier. 2020;771:138656. 

[243] Olson S, Zietz O, Tracy J, Li Y, Tao C, Jiao J. Low-Temperature Chemical Vapor Deposition 
Growth of Graphene Films Enabled by Ultrathin Alloy Catalysts. J Vacuum Sci Technol B. 
American Vacuum Society. 2020;38:032202. 

[244] Lv S, Wu Q, Xu Z, Yang T, Jiang K, He M. Chirality Distribution of Single-Walled Carbon 
Nanotubes Grown from Gold Nanoparticles. Carbon. Pergamon. 2022;192:259–264. 

[245] Manawi YM, Ihsanullah, Samara A, Al-Ansari T, Atieh MA. A Review of Carbon 
Nanomaterials’ Synthesis via the Chemical Vapor Deposition (CVD) Method. Materials. 
Multidisciplinary Digital Publishing Institute. 2018;11:822. 

[246] Yao C, Bai W, Geng L, He Y, Wang F, Lin Y. Experimental Study on Microreactor-Based 
CNTs Catalysts: Preparation and Application. Colloids Surf A Physicochem Eng Asp. 
Elsevier. 2019;583:124001. 

[247] Lim YD, Avramchuck AV, Grapov D, Tan CW, Tay BK, Aditya S, Labunov V. Enhanced 
Carbon Nanotubes Growth Using Nickel/Ferrocene-Hybridized Catalyst. ACS Omega. 
American Chemical Society. 2017;2:6063–6071. 

[248] Abdulkareem AS, Kariim I, Bankole MT, Tijani JO, Abodunrin TF, Olu SC. Synthesis and 
Characterization of Tri-Metallic Fe–Co–Ni Catalyst Supported on CaCO3 for Multi-Walled 
Carbon Nanotubes Growth via Chemical Vapor Deposition Technique. Arab J Sci Eng. 
Springer Verlag. 2017;42:4365–4381. 

[249] Yao D, Wu C, Yang H, Zhang Y, Nahil MA, Chen Y, Williams PT, Chen H. Co-Production of 
Hydrogen and Carbon Nanotubes from Catalytic Pyrolysis of Waste Plastics on Ni-Fe 
Bimetallic Catalyst. Energy Convers Manage. Pergamon. 2017;148:692–700. 

[250] Yesudhas Jayakumari B, Nattanmai Swaminathan E, Partheeban P. A Review on 
Characteristics Studies on Carbon Nanotubes-Based Cement Concrete. Constr Build Mater. 
Elsevier. 2023;367:130344. 

[251] Al-Zu’bi M, Fan M, Anguilano L. Advances in Bonding Agents for Retrofitting Concrete 
Structures with Fibre Reinforced Polymer Materials: A Review. Constr Build Mater. 
Elsevier. 2022;330:127115. 

[252] Wu H, Xia H, Zhang X, Zhang H, Liu H, Sun J. Polydimethylsiloxane/Multi-Walled Carbon 
Nanotube Nanocomposite Film Prepared by Ultrasonic-Assisted Forced Impregnation 
with a Superior Photoacoustic Conversion Efficiency of 9.98 × 10−4. SPIE. 
2020;14:046003. 

[253] Nguyen YH, Mai PT, Phan N, Nguyen T, Tran HV, Nguyen DV, Thi T, Nguyen N, Pham TV, 
Doan PD, Phan MN. Fabrication of Graphene from Graphite Using High-Powered Ultrasonic 
Vibrators. 

[254] Diego M, Gandolfi M, Casto A, Bellussi FM, Vialla F, Crut A, Roddaro S, Fasano M, Vallée 
F, Del Fatti N, Maioli P, Banfi F. Ultrafast Nano Generation of Acoustic Waves in Water via 
a Single Carbon Nanotube. Photoacoustics. Elsevier. 2022;28:100407. 

[255] Kudr J, Haddad Y, Richtera L, Heger Z, Cernak M, Adam V, Zitka O. Magnetic 
Nanoparticles: From Design and Synthesis to Real World Applications. Nanomaterials. 
Multidisciplinary Digital Publishing Institute. 2017;7:243. 

[256] Khan FSA, Mubarak NM, Tan YH, Khalid M, Karri RR, Walvekar R, Abdullah EC, 
Nizamuddin S, Mazari SA. A Comprehensive Review on Magnetic Carbon Nanotubes and 
Carbon Nanotube-Based Buckypaper for Removal of Heavy Metals and Dyes. J Hazard 
Mater. Elsevier. 2021;413:125375. 

[257] Lavagna L, Nisticò R, Musso S, Pavese M. Functionalization as a Way to Enhance 
Dispersion of Carbon Nanotubes in Matrices: A Review. Mater Today Chem. Elsevier. 
2021;20:100477. 

[258] Pandey A, Qamar SF, Das S, Basu S, Kesarwani H, Saxena A, Sharma S, Sarkar J. Advanced 
Multi-Wall Carbon Nanotube-Optimized Surfactant-Polymer Flooding for Enhanced Oil 
Recovery. Fuel. Elsevier. 2024;355:129463. 



Vafaeva and Zegait/ Research on Engineering Structures & Materials 10(2) (2024) 559-621 

 

606 

[259] Li Y, Li R, Fu X, Wang Y, Zhong WH. A Bio-Surfactant for Defect Control: Multifunctional 
Gelatin Coated MWCNTs for Conductive Epoxy Nanocomposites. Compos Sci Technol. 
Elsevier. 2018;159:216–224. 

[260] Bricha M, El Mabrouk K. Effect of Surfactants on the Degree of Dispersion of MWNTs in 
Ethanol Solvent. Colloids Surf A Physicochem Eng Asp. Elsevier. 2019;561:57–69. 

[261] Sezer N, Koç M. Stabilization of the Aqueous Dispersion of Carbon Nanotubes Using 
Different Approaches. Thermal Sci Eng Progress. Elsevier. 2018;8:411–417. 

[262] Price GJ, Nawaz M, Yasin T, Bibi S. Sonochemical Modification of Carbon Nanotubes for 
Enhanced Nanocomposite Performance. Ultrason Sonochem. Elsevier. 2018;40:123–130. 

[263] Ni C, Zhu L. Investigation on Machining Characteristics of TC4 Alloy by Simultaneous 
Application of Ultrasonic Vibration Assisted Milling (UVAM) and Economical-
Environmental MQL Technology. J Mater Process Technol. Elsevier. 2020;278:116518. 

[264] Santha Kumar ARS, Padmakumar A, Kalita U, Samanta S, Baral A, Singha NK, 
Ashokkumar M, Qiao GG. Ultrasonics in Polymer Science: Applications and Challenges. 
Prog Mater Sci. Pergamon. 2023;136:101113. 

[265] Namathoti S, Ravindra R Kumar, Rama RS. A Review on Progress in Magnetic, 
Microwave, Ultrasonic Responsive Shape-Memory Polymer Composites. Mater Today: 
Proc. Elsevier. 2022;56:1182–1191. 

[266] Gavrish V, Chayka T, Baranov G, Fedorova S, Gavrish O. Effect of Additives Being WC, 
TiC, TaC Nanopowder Mixtures on Strength Property of Concrete. Mater Today: Proc. 
Elsevier. 2019;19:1961–1964. 

[267] Gavrish V, Chayka T, Baranov G, Oleynik AY, Shagova YO. Investigation of the Influence 
of Tungsten Carbide Nanopowder WC and the Mixture of Tungsten Carbides and Titanium 
Carbides (WC, TiC) on the Change of Concrete Performance Properties. J Phys: Conf Ser. 
IOP Publishing. 2021;1866:012008. 

[268] Dinesh A, Yuvaraj S, Abinaya S, Bhanushri S. Nanopowders as an Additive for Strength 
and Durability Enhancement of Cement Composite: Review and Prospects. Mater Today: 
Proc. Elsevier. 2023. 

[269] Kockerbeck Z, TabkhPaz M, Hugo R, Park S. Robust Nanocomposite Coatings Inspired 
by Structures of Nacre. Proc Biennial Int Pipeline Conf. IPC. American Society of 
Mechanical Engineers Digital Collection. 2018;3. 

[270] Juhim F, Chee FP, Awang A, Duinong M, Rasmidi R, Rumaling MI. Review—Radiation 
Shielding Properties of Tellurite and Silicate Glass. ECS J Solid State Sci Technol. IOP 
Publishing. 2022;11:076006. 

[271] Eslami-Farsani R, Aghamohammadi H, Khalili SMR, Ebrahimnezhad-Khaljiri H, Jalali H. 
Recent Trend in Developing Advanced Fiber Metal Laminates Reinforced with 
Nanoparticles: A Review Study. J Ind Text. SAGE Publications Ltd. 2022;51:7374S-7408S. 

[272] Manoj A, Ramachandran R, Menezes PL. Self-Healing and Superhydrophobic Coatings 
for Corrosion Inhibition and Protection. Int J Adv Manuf Technol. Springer. 
2020;106:2119–2131. 

[273] Othman NH, Che Ismail M, Mustapha M, Sallih N, Kee KE, Ahmad Jaal R. Graphene-Based 
Polymer Nanocomposites as Barrier Coatings for Corrosion Protection. Prog Org Coat. 
Elsevier. 2019;135:82–99. 

[274] Gao F, Mu J, Bi Z, Wang S, Li Z. Recent Advances of Polyaniline Composites in 
Anticorrosive Coatings: A Review. Prog Org Coat. Elsevier. 2021;151:106071. 

[275] Nazeer AA, Madkour M. Potential Use of Smart Coatings for Corrosion Protection of 
Metals and Alloys: A Review. J Mol Liq. Elsevier. 2018;253:11–22. 

[276] Han W, Zhou J, Shi Q. Research Progress on Enhancement Mechanism and Mechanical 
Properties of FRP Composites Reinforced with Graphene and Carbon Nanotubes. 
Alexandria Eng J. Elsevier. 2023;64:541–579. 

[277] Li Y, Wang Q, Wang S. A Review on Enhancement of Mechanical and Tribological 
Properties of Polymer Composites Reinforced by Carbon Nanotubes and Graphene Sheet: 
Molecular Dynamics Simulations. Compos Part B Eng. Elsevier. 2019;160:348–361. 



Vafaeva and Zegait / Research on Engineering Structures & Materials 10(2) (2024) 559-621 

 

607 

[278] Gumede JI, Carson J, Hlangothi SP, Bolo LL. Effect of Single-Walled Carbon Nanotubes on 
the Cure and Mechanical Properties of Reclaimed Rubber/Natural Rubber Blends. Mater 
Today Commun. Elsevier. 2020;23:100852. 

[279] Geng H, Zhao P, Mei J, Chen Y, Yu R, Zhao Y, Ding A, Peng Z, Liao L, Liao J. Improved 
Microwave Absorbing Performance of Natural Rubber Composite with Multi-Walled 
Carbon Nanotubes and Molybdenum Disulfide Hybrids. Polym Adv Technol. John Wiley & 
Sons, Ltd. 2020;31:2752–2762. 

[280] Lin JL, Su SM, He YB, Kang FY. Improving Thermal and Mechanical Properties of the 
Alumina Filled Silicone Rubber Composite by Incorporating Carbon Nanotubes. New 
Carbon Mater. Elsevier. 2020;35:66–72. 

[281] Gao Y, Jing H, Yu Z, Li L, Wu J, Chen W. Particle Size Distribution of Aggregate Effects on 
the Reinforcing Roles of Carbon Nanotubes in Enhancing Concrete ITZ. Construction and 
Building Materials. Elsevier. 2022;327:126964. 

[282] Wang J, Dong S, Pang SD, Zhou C, Han B. Pore Structure Characteristics of Concrete 
Composites with Surface-Modified Carbon Nanotubes. Cement and Concrete Composites. 
Elsevier. 2022;128:104453. 

[283] Adhikary SK, Rudžionis Ž, Tučkutė S, Ashish DK. Effects of Carbon Nanotubes on 
Expanded Glass and Silica Aerogel Based Lightweight Concrete. Scientific Reports. Nature 
Publishing Group. 2021;11:1-11. 

[284] Jongvivatsakul P, Thongchom C, Mathuros A, Prasertsri T, Adamu M, Orasutthikul S, et 
al. Enhancing Bonding Behavior between Carbon Fiber-Reinforced Polymer Plates and 
Concrete Using Carbon Nanotube Reinforced Epoxy Composites. Case Studies in 
Construction Materials. Elsevier. 2022;17:e01407. 

[285] Siahkouhi M, Razaqpur G, Hoult NA, Hajmohammadian Baghban M, Jing G. Utilization of 
Carbon Nanotubes (CNTs) in Concrete for Structural Health Monitoring (SHM) Purposes: 
A Review. Construction and Building Materials. Elsevier. 2021;309:125137. 

[286] Dinesh A, Ashwathi R, Kamal B, Akash C, Sujith S. Influence of Carbon Nanotube on the 
Mechanical and Electrical Characteristics of Concrete – A Review. Materials Today: 
Proceedings. Elsevier. 2023. 

[287] Kumar A, Sinha S. Performance of Multiwalled Carbon Nanotube Doped Fired Clay 
Bricks. Journal of Materials in Civil Engineering. American Society of Civil Engineers. 
2022;34:04022349. 

[288] Pan Q, Hu J, Hu C, Yan Y. Reparation and Characterization of Carbon Nanotubes Coated 
on Expanded Perlite as Sound Absorption Composite Materials. Materials Science and 
Engineering: B. Elsevier. 2023;296:116697. 

[289] Singh Rajput N, Dilipbhai Shukla D, Ishan L, Dass V. Effect of MWCNT on Mechanical 
Properties of Polymer Based Composite Brick. Materials Today: Proceedings. Elsevier. 
2021;47:6522–6525. 

[290] Zhang JJ, Yang CH, Zhang JS. Thermal Characteristics of Aluminium Hollowed Bricks 
Filled with Phase Change Materials: Experimental and Numerical Analyses. Applied 
Thermal Engineering. Pergamon. 2019;155:70–81. 

[291] Thethwayo BM, Steenkamp JD. A Review of Carbon-Based Refractory Materials and 
Their Applications. Journal of the Southern African Institute of Mining and Metallurgy. The 
Southern African Institute of Mining and Metallurgy. 2020;120:641–650. 

[292] Nor AFM, Sultan MTH, Jawaid M, Azmi AMR, Shah AUM. Analysing Impact Properties of 
CNT Filled Bamboo/Glass Hybrid Nanocomposites through Drop-Weight Impact Testing, 
UWPI and Compression-after-Impact Behaviour. Composites Part B: Engineering. Elsevier. 
2019;168:166–174. 

[293] Kamesh B, Singh LK, Kassa MK, Arumugam AB. Synergetic Effect of Incorporating 
Graphene, CNT and Hybrid Nanoparticles on the Mechanical Properties of Glass Fiber 
Reinforced Epoxy Laminated Composites. Cogent Engineering. Cogent. 2023;10. 

[294] Tan YJ, Li J, Cai JH, Tang XH, Liu JH, Hu Z qian, et al. Comparative Study on Solid and 
Hollow Glass Microspheres for Enhanced Electromagnetic Interference Shielding in 



Vafaeva and Zegait/ Research on Engineering Structures & Materials 10(2) (2024) 559-621 

 

608 

Polydimethylsiloxane/Multi-Walled Carbon Nanotube Composites. Composites Part B: 
Engineering. Elsevier. 2019;177:107378. 

[295] Uribe-Riestra G, Ayuso-Faber P, Rivero-Ayala M, Cauich-Cupul J, Gamboa F, Avilés F. 
Structural Health Monitoring of Carbon Nanotube-Modified Glass Fiber-Reinforced 
Polymer Composites by Electrical Resistance Measurements and Digital Image 
Correlation. Structural Health Monitoring. SAGE Publications Ltd. 2023. 

[296] Krishnamurthy A, Tao R, Senses E, Doshi SM, Burni FA, Natarajan B, et al. Multiscale 
Polymer Dynamics in Hierarchical Carbon Nanotube Grafted Glass Fiber Reinforced 
Composites. ACS Applied Polymer Materials. American Chemical Society. 2019;1:1905–
1917. 

[297] Idumah CI. Novel Trends in Conductive Polymeric Nanocomposites, and 
Bionanocomposites. Synthetic Metals. Elsevier. 2021;273:116674. 

[298] Fang X, Chen X, Liu Y, Li Q, Zeng Z, Maiyalagan T, et al. Nanocomposites of Zr(IV)-Based 
Metal-Organic Frameworks and Reduced Graphene Oxide for Electrochemically Sensing 
Ciprofloxacin in Water. ACS Applied Nano Materials. American Chemical Society. 
2019;2:2367–2376. 

[299] Alavi M, Rai M. Recent Advances in Antibacterial Applications of Metal Nanoparticles 
(MNPs) and Metal Nanocomposites (MNCs) against Multidrug-Resistant (MDR) Bacteria. 
Expert Review of Anti-infective Therapy. Taylor & Francis. 2019;17:419–428. 

[300] Zaghloul MMY, Zaghloul MMY, Fuseini M. Recent Progress in Epoxy Nanocomposites: 
Corrosion, Structural, Flame Retardancy and Applications — A Comprehensive Review. 
Polymers for Advanced Technologies. John Wiley & Sons, Ltd. 2023. 

[301] Zhou MY, Ren LB, Fan LL, Zhang YWX, Lu TH, Quan GF, et al. Progress in Research on 
Hybrid Metal Matrix Composites. Journal of Alloys and Compounds. Elsevier. 
2020;838:155274. 

[302] Khanna V, Kumar V, Bansal SA. Mechanical Properties of Aluminium-Graphene/Carbon 
Nanotubes (CNTs) Metal Matrix Composites: Advancement, Opportunities and 
Perspective. Materials Research Bulletin. Pergamon. 2021;138:111224. 

[303] Hassan T, Salam A, Khan A, Khan SU, Khanzada H, Wasim M, et al. Functional 
Nanocomposites and Their Potential Applications: A Review. Journal of Polymer Research. 
Springer. 2021;28:2. 

[304] Kumar A, Sharma K, Dixit AR. A Review on the Mechanical Properties of Polymer 
Composites Reinforced by Carbon Nanotubes and Graphene. Carbon Letters. Springer. 
2021;31:149–165. 

[305] Nurazzi NM, Sabaruddin FA, Harussani MM, Kamarudin SH, Rayung M, Asyraf MRM, et 
al. Mechanical Performance and Applications of CNTs Reinforced Polymer Composites—A 
Review. Nanomaterials. Multidisciplinary Digital Publishing Institute. 2021;11:2186. 

[306] Basheer BV, George JJ, Siengchin S, Parameswaranpillai J. Polymer Grafted Carbon 
Nanotubes—Synthesis, Properties, and Applications: A Review. Nano-Structures & Nano-
Objects. Elsevier. 2020;22:100429. 

[307] Wu H, Fahy WP, Kim S, Kim H, Zhao N, Pilato L, et al. Recent Developments in 
Polymers/Polymer Nanocomposites for Additive Manufacturing. Progress in Materials 
Science. Pergamon. 2020;111:100638. 

[308] Sementsov Y, Yang W, Ivanenko K, Makhno S, Kartel M. Modification of Rubber 
Compositions by Carbon Nanotubes. Applied Nanoscience (Switzerland). Springer Science 
and Business Media Deutschland GmbH. 2022;12:621–628. 

[309] Kumar Singaravel D, Sharma S, Kumar P. Recent Progress in Experimental and 
Molecular Dynamics Study of Carbon Nanotube Reinforced Rubber Composites: A Review. 
Polymer-Plastics Technology and Materials. Taylor & Francis. 2022;61:1792–1825. 

[310] Hsiao FR, Wu IF, Liao YC. Porous CNT/Rubber Composite for Resistive Pressure Sensor. 
Journal of the Taiwan Institute of Chemical Engineers. Elsevier. 2019;102:387–393. 



Vafaeva and Zegait / Research on Engineering Structures & Materials 10(2) (2024) 559-621 

 

609 

[311] Shao J, Zhu H, Zhao B, Haruna SI, Xue G, Jiang W, et al. Combined Effect of Recycled Tire 
Rubber and Carbon Nanotubes on the Mechanical Properties and Microstructure of 
Concrete. Construction and Building Materials. Elsevier. 2022;322:126493. 

[312] Wang Y, Suo J, Wang H, Wang D, Wei L, Zhu H. Preparation and Reinforcement 
Performance of RGO-CNTs-SiO2 Three-Phase Filler for Rubber Composites. Composites 
Science and Technology. Elsevier. 2022;228:109633. 

[313] Lee J, Kim J, Shin Y, Jung I. Ultra-Robust Wide-Range Pressure Sensor with Fast Response 
Based on Polyurethane Foam Doubly Coated with Conformal Silicone Rubber and 
CNT/TPU Nanocomposites Islands. Composites Part B: Engineering. Elsevier. 
2019;177:107364. 

[314] Lin M, Zheng Z, Yang L, Luo M, Fu L, Lin B, et al. A High-Performance, Sensitive, Wearable 
Multifunctional Sensor Based on Rubber/CNT for Human Motion and Skin Temperature 
Detection. Advanced Materials. John Wiley & Sons, Ltd. 2022;34:2107309. 

[315] Sankhla AM, Patel KM, Makhesana MA, Giasin K, Pimenov DY, Wojciechowski S, et al. 
Effect of Mixing Method and Particle Size on Hardness and Compressive Strength of 
Aluminium Based Metal Matrix Composite Prepared through Powder Metallurgy Route. 
Journal of Materials Research and Technology. Elsevier. 2022;18:282–292. 

[316] Qian L, Zheng Y, Or T, Park HW, Gao R, Park M, et al. Advanced Material Engineering to 
Tailor Nucleation and Growth towards Uniform Deposition for Anode-Less Lithium Metal 
Batteries. Small. John Wiley & Sons, Ltd. 2022;18:2205233. 

[317] Ali N, Bahman AM, Aljuwayhel NF, Ebrahim SA, Mukherjee S, Alsayegh A. Carbon-Based 
Nanofluids and Their Advances towards Heat Transfer Applications—A Review. 
Nanomaterials. Multidisciplinary Digital Publishing Institute. 2021;11:1628. 

[318] Gao F, Tian W, Wang Z, Wang F. Effect of Diameter of Multi-Walled Carbon Nanotubes 
on Mechanical Properties and Microstructure of the Cement-Based Materials. 
Construction and Building Materials. Elsevier. 2020;260:120452. 

[319] Gao F, Tian W, Wang Z, Wang F. Effect of Diameter of Multi-Walled Carbon Nanotubes 
on Mechanical Properties and Microstructure of the Cement-Based Materials. 
Construction and Building Materials. Elsevier. 2020;260:120452. 

[320] Barra G, Guadagno L, Vertuccio L, Simonet B, Santos B, Zarrelli M, Arena M, Viscardi M. 
Different Methods of Dispersing Carbon Nanotubes in Epoxy Resin and Initial Evaluation 
of the Obtained Nanocomposite as a Matrix of Carbon Fiber Reinforced Laminate in Terms 
of Vibroacoustic Performance and Flammability. Materials. Multidisciplinary Digital 
Publishing Institute. 2019;12:2998. 

[321] Stroganov V, Sagadeev E, Ibragimov R, Potapova L. Mechanical Activation Effect on the 
Biostability of Modified Cement Compositions. Construction and Building Materials. 
Elsevier. 2020;246:118506. 

[322] Egorov AM, Putsylov IA, Smirnov SE, Fateev SA. Effect of Mechanical Activation on 
Characteristics of Electrodes Based on Fluorinated Carbon Nanotubes. Russian Journal of 
Applied Chemistry. Maik Nauka-Interperiodica Publishing. 2016;89:451–454. 

[323] Stroganov V, Sagadeev E, Ibragimov R, Potapova L. Mechanical Activation Effect on the 
Biostability of Modified Cement Compositions. Construction and Building Materials. 
Elsevier. 2020;246:118506. 

[324] Chen Y, Chadderton LT. Improved Growth of Aligned Carbon Nanotubes by Mechanical 
Activation. Journal of Materials Research. Springer. 2004;19:2791–2794. 

[325] Shchegolkov AV, Jang S-H, Shchegolkov AV, Rodionov YV, Glivenkova OA, Shchegolkov 
S-H, Rodionov AV, Glivenkova YV, Multistage OA, Bartolomeo D. Multistage Mechanical 
Activation of Multilayer Carbon Nanotubes in Creation of Electric Heaters with Self-
Regulating Temperature. Materials. Multidisciplinary Digital Publishing Institute. 
2021;14:4654. 

[326] Reva VP, Filatenkov A, Mansurov YN, Kuryavyi VG. Stages in Multilayer Carbon 
Nanotube Formation with Mechanical Activation of Amorphous Carbon. Refractories and 
Industrial Ceramics. Springer New York LLC. 2016;57:141–145. 



Vafaeva and Zegait/ Research on Engineering Structures & Materials 10(2) (2024) 559-621 

 

610 

[327] Wang Y, Xiao W, Ma K, Dai C, Wang D, Wang J. In-Situ Growth and Anticorrosion 
Mechanism of a Bilayer CaCO3/MgO Coating via Rapid Electrochemical Deposition on 
AZ41 Mg Alloy Concrete Formwork. Journal of Materials Research and Technology. 
Elsevier. 2023;25:6628–6643. 

[328] Dumore NS, Mukhopadhyay M. Development of Novel Electrochemical Sensor Based on 
PtNPs-SeNPs-FTO Nanocomposites via Electrochemical Deposition for Detection of 
Hydrogen Peroxide. Journal of Environmental Chemical Engineering. Elsevier. 
2022;10:107058. 

[329] Ata MS, Poon R, Syed AM, Milne J, Zhitomirsky I. New Developments in Non-Covalent 
Surface Modification, Dispersion and Electrophoretic Deposition of Carbon Nanotubes. 
Carbon. Pergamon. 2018;130:584–598. 

[330] Islam S, Mia MM, Shah SS, Naher S, Shaikh MN, Aziz MA, Ahammad AJS. Recent 
Advancements in Electrochemical Deposition of Metal-Based Electrode Materials for 
Electrochemical Supercapacitors. The Chemical Record. John Wiley & Sons, Ltd. 
2022;22:e202200013. 

[331] Zhou A, Bai J, Hong W, Bai H. Electrochemically Reduced Graphene Oxide: Preparation, 
Composites, and Applications. Carbon. Pergamon. 2022;191:301–332. 

[332] Lota G, Fic K, Frackowiak E. Carbon Nanotubes and Their Composites in Electrochemical 
Applications. Energy & Environmental Science. The Royal Society of Chemistry. 
2011;4:1592–1605. 

[333] Souza VHR, Husmann S, Neiva EGC, Lisboa FS, Lopes LC, Salvatierra RV, Zarbin AJG. 
Flexible, Transparent and Thin Films of Carbon Nanomaterials as Electrodes for 
Electrochemical Applications. Electrochimica Acta. Pergamon. 2016;197:200–209. 

[334] Toth PS, Rodgers ANJ, Rabiu AK, Dryfe RAW. Electrochemical Activity and Metal 
Deposition Using Few-Layer Graphene and Carbon Nanotubes Assembled at the Liquid–
Liquid Interface. Electrochemistry Communications. Elsevier. 2015;50:6–10. 

[335] Kim H, Jeong NJ, Lee SJ, Song KS. Electrochemical Deposition of Pt Nanoparticles on CNTs 
for Fuel Cell Electrode. Korean Journal of Chemical Engineering. Springer. 2008;25:443–
445. 

[336] Li SM, Wang YS, Yang SY, Liu CH, Chang KH, Tien HW, Wen NT, Ma CCM, Hu CC. 
Electrochemical Deposition of Nanostructured Manganese Oxide on Hierarchically Porous 
Graphene–Carbon Nanotube Structure for Ultrahigh-Performance Electrochemical 
Capacitors. Journal of Power Sources. Elsevier. 2013;225:347–355. 

[337] Shahrokhian S, Rastgar S. Electrochemical Deposition of Gold Nanoparticles on Carbon 
Nanotube Coated Glassy Carbon Electrode for the Improved Sensing of Tinidazole. 
Electrochimica Acta. Pergamon. 2012;78:422–429. 

[338] Tang D, Yin H, Mao X, Xiao W, Wang DH. Effects of Applied Voltage and Temperature on 
the Electrochemical Production of Carbon Powders from CO2 in Molten Salt with an Inert 
Anode. Electrochimica Acta. Pergamon. 2013;114:567–573. 

[339] Velamakanni A, Magnuson CW, Ganesh KJ, Zhu Y, An J, Ferreira PJ, Ruoff RS. Site-Specific 
Deposition of Au Nanoparticles in CNT Films by Chemical Bonding. ACS Nano. American 
Chemical Society. 2010;4:540–546. 

[340] Kim GM, Nam IW, Yang B, Yoon HN, Lee HK, Park S. Carbon Nanotube (CNT) 
Incorporated Cementitious Composites for Functional Construction Materials: The State 
of the Art. Composite Structures. Elsevier. 2019;227:111244. 

[341] Zhu F, Liu W, Liu Y, Shi W. Construction of Porous Interface on CNTs@NiCo-LDH Core-
Shell Nanotube Arrays for Supercapacitor Applications. Chemical Engineering Journal. 
Elsevier. 2020;383:123150. 

[342] Tambrallimath V, Keshavamurthy R, Koppad PG, Sethuram D. Mechanical 
Characterization of PC-ABS Reinforced with CNT Nanocomposites Developed by Fused 
Deposition Modelling. Journal of Physics: Conference Series. IOP Publishing. 
2020;1455:012003. 



Vafaeva and Zegait / Research on Engineering Structures & Materials 10(2) (2024) 559-621 

 

611 

[343] Shetty V, Patil BJ. Evaluation of the Mechanical Properties and Microstructure Analysis 
of Heat Treated LM-12 Alloy with SiO2 and CNT Hybrid Metal Matrix Composites. 
Materials Today: Proceedings. Elsevier. 2021;46:2880–2883. 

[344] Lee ER, Shin SE, Takata N, Kobashi M, Kato M. Manufacturing Aluminum/Multiwalled 
Carbon Nanotube Composites via Laser Powder Bed Fusion. Materials. Multidisciplinary 
Digital Publishing Institute. 2020;13:3927. 

[345] Upadhyay G, Saxena KK, Sehgal S, Mohammed KA, Prakash C, Dixit S, Buddhi D. 
Development of Carbon Nanotube (CNT)-Reinforced Mg Alloys: Fabrication Routes and 
Mechanical Properties. Metals. Multidisciplinary Digital Publishing Institute. 
2022;12:1392. 

[346] Pejak Simunec D, Sola A. Emerging Research in Conductive Materials for Fused Filament 
Fabrication: A Critical Review. Advanced Engineering Materials. John Wiley & Sons, Ltd. 
2022;24:2101476. 

[347] Dorigato A, Moretti V, Dul S, Unterberger SH, Pegoretti A. Electrically Conductive 
Nanocomposites for Fused Deposition Modelling. Synthetic Metals. Elsevier. 2017;226:7–
14. 

[348] Ghaemi F, Amiri A, Yunus R. Methods for Coating Solid-Phase Microextraction Fibers 
with Carbon Nanotubes. TrAC Trends in Analytical Chemistry. Elsevier. 2014;59:133–143. 

[349] Sathies T, Senthil P, Anoop MS. A Review on Advancements in Applications of Fused 
Deposition Modelling Process. Rapid Prototyping Journal. Emerald Group Holdings Ltd. 
2020;26:669–687. 

[350] Kang HH, Lee DH. Fabrication and Characterization of Cauliflower-like Silica 
Nanoparticles with Hierarchical Structure through Ion Beam Irradiation. Journal of Solid 
State Chemistry. Academic Press. 2020;289:121528. 

[351] Kim DH, Lee DH. Effect of Irradiation on the Surface Morphology of Nanostructured 
Superhydrophobic Surfaces Fabricated by Ion Beam Irradiation. Applied Surface Science. 
North-Holland. 2019;477:154–158. 

[352] Yang H, Li X, Wang G, Zheng J. Lead Selenide Polycrystalline Coatings Sensitized Using 
Diffusion and Ion Beam Methods for Uncooled Mid-Infrared Photodetection. Coatings. 
Multidisciplinary Digital Publishing Institute. 2018;8:444. 

[353] Li P, Chen S, Dai H, Yang Z, Chen Z, Wang Y, Chen Y, Peng W, Shan W, Duan H. Recent 
Advances in Focused Ion Beam Nanofabrication for Nanostructures and Devices: 
Fundamentals and Applications. Nanoscale. The Royal Society of Chemistry. 
2021;13:1529–1565. 

[354] Nesov SN, Korusenko PM, Sachkov VA, Bolotov VV, Povoroznyuk SN. Effects of 
Preliminary Ion Beam Treatment of Carbon Nanotubes on Structures of Interfaces in 
МОх/Multi-Walled Carbon Nanotube (M =Ti,Sn) Composites: Experimental and 
Theoretical Study. Journal of Physics and Chemistry of Solids. Pergamon. 
2022;169:110831. 

[355] Das P, Möller W, Elliman RG, Chatterjee S. Ion Beam Joining of Ceramic and Carbon-
Based Nanostructures. Applied Surface Science. North-Holland. 2021;554:149616. 

[356] Lee CM, Buyukkaya MA, Aghaeimeibodi S, Karasahin A, Richardson CJK, Waks E. A Fiber-
Integrated Nanobeam Single Photon Source Emitting at Telecom Wavelengths. Applied 
Physics Letters. American Institute of Physics Inc. 2019;114:171101. 

[357] Liu C, Cao Y, Wang B, Zhang Z, Lin Y, Xu L, Yang Y, Jin C, Peng LM, Zhang Z. 
Complementary Transistors Based on Aligned Semiconducting Carbon Nanotube Arrays. 
ACS Nano. American Chemical Society. 2022;16:21482–21490. 

[358] Liu X, Wu Z, Hong D, Wu W, Xue C, Cai X, Ding S, Yao F, Jin C, Wang S. Hf-Contacted High-
Performance Air-Stable n-Type Carbon Nanotube Transistors. ACS Applied Electronic 
Materials. American Chemical Society. 2021;3:4623–4629. 

[359] Kudinova ES, Vorobyeva EA, Ivanova NA, Tishkin VV, Alekseeva OK. A Magnetron 
Sputtering Method for the Application of the Ni Catalyst for the Synthesis Process of 



Vafaeva and Zegait/ Research on Engineering Structures & Materials 10(2) (2024) 559-621 

 

612 

Carbon Nanotube Arrays. Nanotechnologies in Russia. Pleiades journals. 2020;15:715–
722. 

[360] Aleksanyan M, Sayunts A, Shahkhatuni G, Simonyan Z, Kasparyan H, Kopecký D. Growth, 
Characterization, and Application of Vertically Aligned Carbon Nanotubes Using the RF-
Magnetron Sputtering Method. ACS Omega. American Chemical Society. 2023;8:20949–
20958. 

[361] Ma Y, Li L, Qian J, Qu W, Luo R, Wu F, Chen R. Materials and Structure Engineering by 
Magnetron Sputtering for Advanced Lithium Batteries. Energy Storage Materials. 
2021;39:203–224. 

[362] Luan H, Zhang Q, Cheng GA, Huang H. As(III) Removal from Drinking Water by Carbon 
Nanotube Membranes with Magnetron-Sputtered Copper: Performance and Mechanisms. 
ACS Applied Materials and Interfaces. 2018;10:20467–20477. 

[363] Yang H, Zhang L, Wang H, Huang S, Xu T, Kong D, Zhang Z, Zang J, Li X, Wang Y. Regulating 
Na Deposition by Constructing a Au Sodiophilic Interphase on CNT Modified Carbon Cloth 
for Flexible Sodium Metal Anode. Journal of Colloid and Interface Science. 2022;611:317–
326. 

[364] Zhang Y, Sun Z, Liu Y, Liu B, Luo L, Su P, Lan C, Guo S, Zhang Z, Han X, Huang W, Wu ZP, 
Wang M-S, Chen SY. Face-to-Face Conducting Mechanism Enabled by Si-C Bonds for Binder 
Free Si@CNTs Electrode. Chemical Engineering Journal. 2023;146504. 

[365] Chen Z, Lv H, Zhang Q, Wang H, Chen G. Construction of a Cement–Rebar 
Nanoarchitecture for a Solution-Processed and Flexible Film of a Bi2Te3/CNT Hybrid 
toward Low Thermal Conductivity and High Thermoelectric Performance. Carbon Energy. 
2022;4:115–128. 

[366] Ma Y, Li L, Qian J, Qu W, Luo R, Wu F, Chen R. Materials and Structure Engineering by 
Magnetron Sputtering for Advanced Lithium Batteries. Energy Storage Materials. 
2021;39:203–224. 

[367] Toma S, Asaka K, Irita M, Saito Y. Bulk Synthesis of Linear Carbon Chains Confined inside 
Single-Wall Carbon Nanotubes by Vacuum Discharge. Surface and Interface Analysis. 
2019;51:131–135. 

[368] Kolosko AG, Filippov SV, Popov EO. Vacuum Discharge Analysis of CNT Field Cathode 
Using a Computerized Field Projector. Journal of Vacuum Science & Technology B. 
2023;41. 

[369] Wei Y, Jiang K, Liu L, Chen Z, Fan S. Vacuum-Breakdown-Induced Needle-Shaped Ends 
of Multiwalled Carbon Nanotube Yarns and Their Field Emission Applications. Nano 
Letters. 2007;7:3792–3797. 

[370] Yu R, Fan W, Guo X, Dong S. Highly Ordered and Ultra-Long Carbon Nanotube Arrays as 
Air Cathodes for High-Energy-Efficiency Li-Oxygen Batteries. Journal of Power Sources. 
2016;306:402–407. 

[371] Yu YY, Park KC. Focusing Electrode on Focal Spot Size and Dose by Carbon Nanotube 
Based Cold Cathode Electron Beam (C-Beam). 36th IEEE International Vacuum 
Nanoelectronics Conference, IVNC 2023. Institute of Electrical and Electronics Engineers 
Inc. 2023;137–138. 

[372] Carpena-Núñez J, Davis B, Islam AE, Brown J, Sargent G, Murphy N, Back T, Maschmann 
MR, Maruyama B. Water-Assisted, Electron-Beam Induced Activation of Carbon Nanotube 
Catalyst Supports for Mask-Less, Resist-Free Patterning. Carbon. 2018;135:270–277. 

[373] Han SJ, Tang J, Kumar B, Falk A, Farmer D, Tulevski G, Jenkins K, Afzali A, Oida S, Ott J, 
Hannon J, Haensch W. High-Speed Logic Integrated Circuits with Solution-Processed Self-
Assembled Carbon Nanotubes. Nature Nanotechnology. 2017;12:861–865. 

[374] Busà C, Rickard JJS, Chun E, Chong Y, Navaratnam V, Goldberg Oppenheimer P. Tunable 
Superapolar Lotus-to-Rose Hierarchical Nanosurfaces via Vertical Carbon Nanotubes 
Driven Electrohydrodynamic Lithography. Nanoscale. 2017;9:1625–1636. 

[375] Wang A, Zhao J, Chen K, Li Z, Li C, Dai Q. Ultracoherent Single-Electron Emission of 
Carbon Nanotubes. Advanced Materials. 2023;35:2300185. 



Vafaeva and Zegait / Research on Engineering Structures & Materials 10(2) (2024) 559-621 

 

613 

[376] Zhang J, Wang X, Mei H, Cheng Y, Xu M. Self-Assembly of Single-Walled Carbon 
Nanotubes Arrays with Different Line Width. Ferroelectrics. 2019;549:78–86. 

[377] Kodama T, Ohnishi M, Park W, Shiga T, Park J, Shimada T, Shinohara H, Shiomi J, Goodson 
KE. Modulation of Thermal and Thermoelectric Transport in Individual Carbon Nanotubes 
by Fullerene Encapsulation. Nature Materials. 2017;16:892–897. 

[378] Kim E, Lee BJ, Maleski K, Chae Y, Lee Y, Gogotsi Y, Ahn CW. Microsupercapacitor with a 
500 Nm Gap between MXene/CNT Electrodes. Nano Energy. 2021;81:105616. 

[379] Helke C, Canpolat-Schmidt CH, Heldt G, Schermer S, Hartmann S, Voigt A, Reuter D. Intra-
Level Mix and Match Lithography with Electron Beam Lithography and i-Line Stepper 
Combined with Resolution Enhancement for Structures below the CD-Limit. Micro and 
Nano Engineering. 2023;19:100189. 

[380] Yang Y, Kulandaivel A, Mehrez S, Mahariq I, Elbadawy I, Mohanavel V, Jalil AT, Saleh MM. 
Developing a High-Performance Electromagnetic Microwave Absorber Using 
BaTiO3/CoS2/CNTs Triphase Hybrid. Ceramics International. 2023;49:2557–2569. 

[381] Gong C, Ding J, Wang C, Zhang Y, Guo Y, Song K, Shi C, He F. Defect-Induced Dipole 
Polarization Engineering of Electromagnetic Wave Absorbers: Insights and Perspectives. 
Composites Part B: Engineering. 2023;252:110479. 

[382] Zhou C, Lin F, Tang Y, Liu Y, Luo X, Qi Y, Xu S, Qiu Y, Yan H, Tong X, Neogi A, Liu Z, Zhou 
X, Wang C, Bao J, Wang Z. Highly Effective Electromagnetic Interference Shielding 
Composites with Solvent-Dispersed Uniformly Aligned Graphene Nanosheets Enabled by 
Strong Intrinsic Diamagnetism under Magnetic Field. Materials Today Physics. 
2023;31:100985. 

[383] Dubey KA, Bhardwaj YK. High-Performance Polymer-Matrix Composites: Novel Routes 
of Synthesis and Interface-Structure-Property Correlations. Springer, Singapore. 2021;1–
25. 

[384] Kazakova MA, Semikolenova NV, Korovin EY, Zhuravlev VA, Selyutin AG, Velikanov DA, 
Moseenkov SI, Andreev AS, Lapina OB, Suslyaev VI, Matsko MA, Zakharov VA, Lacaillerie 
JBdE. Co/Multi-Walled Carbon Nanotubes/Polyethylene Composites for Microwave 
Absorption: Tuning the Effectiveness of Electromagnetic Shielding by Varying the 
Components Ratio. Composites Science and Technology. 2021;207:108731. 

[385] Zhu T, Shen W, Wang X, Song YF, Wang W. Paramagnetic CoS2@MoS2 Core-Shell 
Composites Coated by Reduced Graphene Oxide as Broadband and Tunable High-
Performance Microwave Absorbers. Chemical Engineering Journal. 2019;378:122159. 

[386] Liang J, Li H, Qi L, Tian W, Li X, Chao X, Wei J. Fabrication and Mechanical Properties of 
CNTs/Mg Composites Prepared by Combining Friction Stir Processing and Ultrasonic 
Assisted Extrusion. Journal of Alloys and Compounds. 2017;728:282–288. 

[387] Kundalwal SI, Rathi A. Improved Mechanical and Viscoelastic Properties of CNT-
Composites Fabricated Using an Innovative Ultrasonic Dual Mixing Technique. Journal of 
the Mechanical Behavior of Materials. 2020;29:77–85. 

[388] Rennhofer H, Zanghellini B. Dispersion State and Damage of Carbon Nanotubes and 
Carbon Nanofibers by Ultrasonic Dispersion: A Review. Nanomaterials. 2021;11:1469. 

[389] Marcotte A, Mouterde T, Niguès A, Siria A, Bocquet L. Mechanically Activated Ionic 
Transport across Single-Digit Carbon Nanotubes. Nature Materials. 2020;19:1057–1061. 

[390] El Moumen A, Tarfaoui M, Nachtane M, Lafdi K. Carbon Nanotubes as a Player to 
Improve Mechanical Shock Wave Absorption. Composites Part B: Engineering. 
2019;164:67–71. 

[391] Domagalski Ł, Kubacka E, Marczak J, Herisanu N, Marinca B, Marinca V. Nonlinear 
Vibration of Double-Walled Carbon Nanotubes Subjected to Mechanical Impact and 
Embedded on Winkler–Pasternak Foundation. Materials. 2022;15:8599. 

[392] Schlagenhauf L, Nüesch F, Wang J. Release of Carbon Nanotubes from Polymer 
Nanocomposites. Fibers;2014;2:108–127. 



Vafaeva and Zegait/ Research on Engineering Structures & Materials 10(2) (2024) 559-621 

 

614 

[393] Ozden S, Autreto PAS, Tiwary CS, Khatiwada S, Machado L, Galvao DS, Vajtai R, Barrera 
EV, Ajayan PM. Unzipping Carbon Nanotubes at High Impact. Nano Letters. 2014;14:4131–
4137. 

[394] Tseluikin VN, Koreshkova AA. Electrochemical Deposition and Properties of Composite 
Coatings Consisting of Zinc and Carbon Nanotubes. Russian Journal of Applied Chemistry. 
2015;88:272–274. 

[395] Pei X, Zeng Y, He R, Li Z, Tian L, Wang J, Wan Q, Li X, Bao H. Single-Walled Carbon 
Nanotubes/Hydroxyapatite Coatings on Titanium Obtained by Electrochemical 
Deposition. Applied Surface Science. 2014;295:71–80. 

[396] Zeng Y, Pei X, Yang S, Qin H, Cai H, Hu S, Sui L, Wan Q, Wang J. Graphene 
Oxide/Hydroxyapatite Composite Coatings Fabricated by Electrochemical Deposition. 
Surface and Coatings Technology. 2016;286:72–79. 

[397] Mishra P, Jain R. Electrochemical Deposition of MWCNT-MnO2/PPy Nano-Composite 
Application for Microbial Fuel Cells. International Journal of Hydrogen Energy. 
2016;41:22394–22405. 

[398] Zhang R, Fan L, Fang Y, Yang S. Electrochemical Route to the Preparation of Highly 
Dispersed Composites of ZnO/Carbon Nanotubes with Significantly Enhanced 
Electrochemiluminescence from ZnO. Journal of Materials Chemistry. 2008;18:4964–
4970. 

[399] Ren C, Yan Y, Sun B, Gu B, Chou TW. Wet-Spinning Assembly and in Situ 
Electrodeposition of Carbon Nanotube-Based Composite Fibers for High Energy Density 
Wire-Shaped Asymmetric Supercapacitor. Journal of Colloid and Interface Science. 
2020;569:298–306. 

[400] Khazeni D, Saremi M, Soltani R. Development of HA-CNTs Composite Coating on AZ31 
Magnesium Alloy by Cathodic Electrodeposition. Part 1: Microstructural and Mechanical 
Characterization. Ceramics International. 2019;45:11174–11185. 

[401] Safavi MS, Walsh FC, Surmeneva MA, Surmenev RA, Khalil-Allafi J. Electrodeposited 
Hydroxyapatite-Based Biocoatings: Recent Progress and Future Challenges. Coatings 
;2021;11:110. 

[402] Song G, Sun L, Li S, Sun Y, Fu Q, Pan C. Synergistic Effect of Gr and CNTs on Preparing 
Ultrathin Cu-(CNTs+Gr) Composite Foil via Electrodeposition. Composites Part B: 
Engineering. 2020;187:107841. 

[403] Yan F, Liu L, Li M, Zhang M, Shang L, Xiao L, Ao Y. One-Step Electrodeposition of 
Cu/CNT/CF Multiscale Reinforcement with Substantially Improved Thermal/Electrical 
Conductivity and Interfacial Properties of Epoxy Composites. Composites Part A: Applied 
Science and Manufacturing. 2019;125:105530. 

[404] Zheng H, Zhang W, Li B, Zhu J, Wang C, Song G, Wu G, Yang X, Huang Y, Ma L. Recent 
Advances of Interphases in Carbon Fiber-Reinforced Polymer Composites: A Review. 
Composites Part B: Engineering. 2022;233:109639. 

[405] Guo H, Lv R, Bai S. Recent Advances on 3D Printing Graphene-Based Composites. Nano 
Materials Science. 2019;1:101–115. 

[406] Zheng M, Chi Y, Hu Q, Tang H, Jiang X, Zhang L, Zhang S, Pang H, Xu Q. Carbon Nanotube-
Based Materials for Lithium–Sulfur Batteries. Journal of Materials Chemistry A. 
2019;7:17204–17241. 

[407] Zhang Z, Kong L-L, Liu S, Li G-R, Gao X-P, Zhang Z, Kong L-L, Liu S, Li G-R.X., Gao P. A 
High-Efficiency Sulfur/Carbon Composite Based on 3D Graphene Nanosheet@Carbon 
Nanotube Matrix as Cathode for Lithium–Sulfur Battery. Advanced Energy Materials. 
2017;7:1602543. 

[408] Chai L, Hu Z, Wang X, Xu Y, Zhang L, Li T-T, Hu Y, Qian J, Huang S, Chai L.L., Hu Z.Y., Wang 
X., Xu Y.W., Hu Y., Qian J.J., Huang S.M., Zhang L.J. Stringing Bimetallic Metal–Organic 
Framework-Derived Cobalt Phosphide Composite for High-Efficiency Overall Water 
Splitting. Advanced Science. 2020;7:1903195. 



Vafaeva and Zegait / Research on Engineering Structures & Materials 10(2) (2024) 559-621 

 

615 

[409] Milowska KZ, Ghorbani-Asl M, Burda M, Wolanicka L, Ćatić N, Bristowe PD, Koziol KKK. 
Breaking the Electrical Barrier between Copper and Carbon Nanotubes. Nanoscale. 
2017;9:8458–8469. 

[410] Chu K, Wang F, Wang X. hu, Li Y. biao, Geng Z. rong, Huang D. jian, Zhang H. Interface 
Design of Graphene/Copper Composites by Matrix Alloying with Titanium. Materials & 
Design. 2018;144:290–303. 

[411] Yuan Q. hong, Zhou G. hua, Liao L, Liu Y, Luo L. Interfacial Structure in AZ91 Alloy 
Composites Reinforced by Graphene Nanosheets. Carbon. 2018;127:177–186. 

[412] Yuan M, Sun L, Lu X.W., Jiang P, Bao X.H. Enhancing the Thermoelectric Performance of 
Cu–Ni Alloys by Introducing Carbon Nanotubes. Materials Today Physics. 
2021;16:100311. 

[413] Korusenko PM, Nesov SN, Bolotov V. V., Povoroznyuk SN, Pushkarev AI, Ivlev KE, 
Smirnov DA. Formation of Tin-Tin Oxide Core–Shell Nanoparticles in the Composite 
SnO2−x/Nitrogen-Doped Carbon Nanotubes by Pulsed Ion Beam Irradiation. Nuclear 
Instruments and Methods in Physics Research Section B: Beam Interactions with Materials 
and Atoms. 2017;394:37–43. 

[414] Athanasiou CE, Zhang H, Ramirez C, Xi J, Baba T, Wang X, Zhang W, Padture NP, 
Szlufarska I, Sheldon BW. High Toughness Carbon-Nanotube-Reinforced Ceramics via Ion-
Beam Engineering of Interfaces. Carbon. 2020;163:169–177. 

[415] Chou J.S., Cheng M.Y., Hsieh Y.M., Yang I.T., Hsu H.T. Optimal Path Planning in Real Time 
for Dynamic Building Fire Rescue Operations Using Wireless Sensors and Visual Guidance. 
Automation in Construction. 2019;99:1–17. 

[416] Mazari SA, Ali E, Abro R, Khan F.S.A., Ahmed I, Ahmed M, Nizamuddin S, Siddiqui T.H., 
Hossain N, Mubarak NM, Shah A. Nanomaterials: Applications, Waste-Handling, 
Environmental Toxicities, and Future Challenges – A Review. Journal of Environmental 
Chemical Engineering. 2021;9:105028. 

[417] Sun M, Wu J, Lu P, Zhang Z, Zhang Y, Li D. Sphere-like MoS2 and Porous TiO2 Composite 
Film on Ti Foil as Lithium-Ion Battery Anode Synthesized by Plasma Electrolytic Oxidation 
and Magnetron Sputtering. Journal of Alloys and Compounds. 2022;892:162075. 

[418] Yang L, Jiang S, Chen Y, Xu Z, Ni Q. Effect of Carbon/Tantalum Hybrid Film on the 
Properties of Carbon Fiber and Its Composites Based on Magnetron Sputtering. 
Composites Science and Technology. 2023;243:110224. 

[419] Aslan N, Kurt M.Ş., Mehmet Koç M. Morpho-Structural and Optoelectronic Properties of 
Diamond like Carbon–Germanium (DLC-Ge) Composite Thin Films Produced by 
Magnetron Sputtering. Optical Materials. 2022;126:112229. 

[420] Yang L, Jiang S, Chen Y, Li C, Xu Z, Ni Q. Effect of Multi-Scale Film Interfaces on CFEP 
Composite Mechanical Properties Based on Magnetron Sputtering Technology. Diamond 
and Related Materials. 2023;139:110355. 

[421] Yang L, Xia H, Xu Z, Lihua Z, Ni Q. Influence of Surface Modification of Carbon Fiber Based 
on Magnetron Sputtering Technology on Mechanical Properties of Carbon Fiber 
Composites. Materials Research Express. 2020;7:105602. 

[422] Hussain S, Erikson H, Kongi N, Merisalu M, Ritslaid P, Sammelselg V, Tammeveski K. 
Heat-Treatment Effects on the ORR Activity of Pt Nanoparticles Deposited on Multi-Walled 
Carbon Nanotubes Using Magnetron Sputtering Technique. International Journal of 
Hydrogen Energy. 2017;42:5958–5970. 

[423] Yang P, Xi X, Huang T, Zhong Q, Jiang B, Liu R, Wu D. An Acid-Assisted Vacuum Filtration 
Approach towards Flexible PDI/SWCNT Cathodes for Highly Stable Organic Lithium Ion 
Batteries. Electrochimica Acta. 2020;338:135771. 

[424] Luo L, Shen Y, Han D, Qin X, Liang J, Li B, Zhang Y, Deng S. Study on Optimization of 
Carbon Nanotube Nano-Cold Cathode Array for an Electron Beam Pumping Ultraviolet 
Light Emitting Device. 36th IEEE International Vacuum Nanoelectronics Conference, IVNC 
2023. Institute of Electrical and Electronics Engineers Inc. 2023;169–171. 



Vafaeva and Zegait/ Research on Engineering Structures & Materials 10(2) (2024) 559-621 

 

616 

[425] Rodiansyah A, Park K.C. Functionalize of Vertically Aligned CNTs Emitter (C-Beam) for 
Surface Modification and Patterning of Self-Assembled Monolayers (SAM). 2021 34th 
International Vacuum Nanoelectronics Conference, IVNC 2021. Institute of Electrical and 
Electronics Engineers Inc. 

[426] Harito C, Bavykin D. V., Yuliarto B, Dipojono H.K., Walsh FC. Polymer Nanocomposites 
Having a High Filler Content: Synthesis, Structures, Properties, and Applications. 
Nanoscale. 2019;11:4653–4682. 

[427] Guo J, Jiang H, Teng Y, Xiong Y, Chen Z, You L, Xiao D. Recent Advances in Magnetic 
Carbon Nanotubes: Synthesis, Challenges and Highlighted Applications. Journal of 
Materials Chemistry B. 2021;9:9076–9099. 

[428] Llusar J, Climente J.I. Shell Filling and Paramagnetism in Few-Electron Colloidal 
Nanoplatelets. Physical Review Letters. 2022;129:066404. 

[429] Kozak N, Matzui L, Vovchenko L, Kosyanchuk L, Oliynyk V, Antonenko O, Nesin S, 
Gagolkina Z. Influence of Coordination Complexes of Transition Metals on EMI-Shielding 
Properties and Permeability of Polymer Blend/Carbon Nanotube/Nickel Composites. 
Composites Science and Technology. 2020;200:108420. 

[430] Datsyuk V, Trotsenko S, Trakakis G, Boden A, Vyzas-Asimakopoulos K, Parthenios J, 
Galiotis C, Reich S, Papagelis K. Thermal Properties Enhancement of Epoxy Resins by 
Incorporating Polybenzimidazole Nanofibers Filled with Graphene and Carbon Nanotubes 
as Reinforcing Material. Polymer Testing. 2020;82:106317. 

[431] Kotop MA, El-Feky MS, Alharbi YR, Abadel AA, Binyahya AS. Engineering Properties of 
Geopolymer Concrete Incorporating Hybrid Nano-Materials. Ain Shams Engineering 
Journal. 2021;12:3641–3647. 

[432] Atinafu DG, Wi S, Yun BY, Kim S. Engineering Biochar with Multiwalled Carbon Nanotube 
for Efficient Phase Change Material Encapsulation and Thermal Energy Storage. Energy. 
2021;216:119294. 

[433] Dong W, Li W, Shen L, Sun Z, Sheng D. Piezoresistivity of Smart Carbon Nanotubes 
(CNTs) Reinforced Cementitious Composite under Integrated Cyclic Compression and 
Impact. Composite Structures. 2020;241:112106. 

[434] Choi YC. Cyclic Heating and Mechanical Properties of CNT Reinforced Cement 
Composite. Composite Structures. 2021;256:113104. 

[435] Soni SK, Thomas B, Kar VR. A Comprehensive Review on CNTs and CNT-Reinforced 
Composites: Syntheses, Characteristics and Applications. Materials Today 
Communications. 2020;25:101546. 

[436] Patil SP, Shendye P, Markert B. Molecular Dynamics Simulations of Silica Aerogel 
Nanocomposites Reinforced by Glass Fibers, Graphene Sheets and Carbon Nanotubes: A 
Comparison Study on Mechanical Properties. Composites Part B: Engineering. 
2020;190:107884. 

[437] Bagherzadeh F, Shafighfard T. Ensemble Machine Learning Approach for Evaluating the 
Material Characterization of Carbon Nanotube-Reinforced Cementitious Composites. Case 
Studies in Construction Materials. 2022;17:e01537. 

[438] Mousavi MA, Sadeghi-Nik A, Bahari A, Jin C, Ahmed R, Ozbakkaloglu T, de Brito J. 
Strength Optimization of Cementitious Composites Reinforced by Carbon Nanotubes and 
Titania Nanoparticles. Construction and Building Materials. 2021;303:124510. 

[439] Shi T, Li Z, Guo J, Gong H, Gu C. Research Progress on CNTs/CNFs-Modified Cement-
Based Composites – A Review. Construction and Building Materials. 2019;202:290–307. 

[440] Jung M, Lee YS, Hong SG, Moon J. Carbon Nanotubes (CNTs) in Ultra-High Performance 
Concrete (UHPC): Dispersion, Mechanical Properties, and Electromagnetic Interference 
(EMI) Shielding Effectiveness (SE). Cement and Concrete Research. 2020;131:106017. 

[441] Thomoglou AK, Falara MG, Voutetaki ME, Fantidis JG, Tayeh BA, Chalioris CE. 
Electromechanical Properties of Multi-Reinforced Self-Sensing Cement-Based Mortar with 
MWCNTs, CFs, and PPs. Construction and Building Materials. 2023;400:132566. 



Vafaeva and Zegait / Research on Engineering Structures & Materials 10(2) (2024) 559-621 

 

617 

[442] Kumar R, Jana P. Exact Modal Analysis of Multilayered FG-CNT Plate Assemblies Using 
the Dynamic Stiffness Method. Mechanics of Advanced Materials and Structures. 
2023;30:4501–4520. 

[443] Li J, Zhao Y, Hao W, Miao L, Zhao G, Li J, Sang Y, Cheng G, Sui C, Wang C. Improvement in 
Compressive Stiffness of Graphene Aerogels by Sandwiching Carbon Nanotubes. Diamond 
and Related Materials. 2023;135:109897. 

[444] Emin ÇETİN M. Investigation of Carbon Nanotube Reinforcement to Polyurethane 
Adhesive for Improving Impact Performance of Carbon Fiber Composite Sandwich Panels. 
International Journal of Adhesion and Adhesives. 2022;112:103002. 

[445] Shanmugam L, Kazemi ME, Li Z, Luo W, Xiang Y, Yang L, Yang J. Low-Velocity Impact 
Behavior of UHMWPE Fabric/Thermoplastic Laminates with Combined Surface 
Treatments of Polydopamine and Functionalized Carbon Nanotubes. Composites 
Communications. 2020;22:100527. 

[446] Çetin ME. The Effect of Carbon Nanotubes Modified Polyurethane Adhesive on the 
Impact Behavior of Sandwich Structures. Polymer Composites. 2021;42:4353–4365. 

[447] Obradović V, Simić D, Zrilić M, Stojanović DB, Uskoković PS. Novel Hybrid 
Nanostructures of Carbon Nanotube/Fullerene-like Tungsten Disulfide as Reinforcement 
for Aramid Fabric Composites. Fibers and Polymers. 2021;22:528–539. 

[448] Naqi A, Abbas N, Zahra N, Hussain A, Shabbir SQ. Effect of Multi-Walled Carbon 
Nanotubes (MWCNTs) on the Strength Development of Cementitious Materials. Journal of 
Materials Research and Technology. 2019;8:1203–1211. 

[449] Haider MZ, Jin X, Sharma R, Pei J, Hu JW. Enhancing the Compressive Strength of 
Thermal Energy Storage Concrete Containing a Low-Temperature Phase Change Material 
Using Silica Fume and Multiwalled Carbon Nanotubes. Construction and Building 
Materials. 2022;314:125659. 

[450] Arrechea S, Guerrero-Gutiérrez EMA, Velásquez L, Cardona J, Posadas R, Callejas K, 
Torres S, Díaz R, Barrientos C, García E. Effect of Additions of Multiwall Carbon Nanotubes 
(MWCNT, MWCNT-COOH and MWCNT-Thiazol) in Mechanical Compression Properties of 
a Cement-Based Material. Materialia. 2020;11:100739. 

[451] Abdalla JA, Thomas BS, Hawileh RA, Syed Ahmed Kabeer KI. Influence of Nanomaterials 
on the Workability and Compressive Strength of Cement-Based Concrete. Materials Today: 
Proceedings. 2022;65:2073–2076. 

[452] Zhang S, Sun K, Liu H, Chen X, Zheng Y, Shi X, Zhang D, Mi L, Liu C, Shen C. Enhanced 
Piezoresistive Performance of Conductive WPU/CNT Composite Foam through 
Incorporating Brittle Cellulose Nanocrystal. Chemical Engineering Journal. 
2020;387:124045. 

[453] Silvestro L, Jean Paul Gleize P. Effect of Carbon Nanotubes on Compressive, Flexural and 
Tensile Strengths of Portland Cement-Based Materials: A Systematic Literature Review. 
Construction and Building Materials. 2020;264:120237. 

[454] Han J, Wang S, Zhu S, Huang C, Yue Y, Mei C, Xu X, Xia C. Electrospun Core-Shell 
Nanofibrous Membranes with Nanocellulose-Stabilized Carbon Nanotubes for Use as 
High-Performance Flexible Supercapacitor Electrodes with Enhanced Water Resistance, 
Thermal Stability, and Mechanical Toughness. ACS Applied Materials and Interfaces. 
2019;11:44624–44635. 

[455] Tajzad I, Ghasali E. Production Methods of CNT-Reinforced Al Matrix Composites: A 
Review. Journal of Composites and Compounds. 2020;2:1–9. 

[456] Zare Y, Rhee KY. Evaluation of the Tensile Strength in Carbon Nanotube-Reinforced 
Nanocomposites Using the Expanded Takayanagi Model. JOM. 2019;71:3980–3988. 

[457] Xiong N, Bao R, Yi J, Tao J, Liu Y, Fang D. Interface Evolution and Its Influence on 
Mechanical Properties of CNTs/Cu-Ti Composite. Materials Science and Engineering: A. 
2019;755:75–84. 



Vafaeva and Zegait/ Research on Engineering Structures & Materials 10(2) (2024) 559-621 

 

618 

[458] Taylor LW, Dewey OS, Headrick RJ, Komatsu N, Peraca NM, Wehmeyer G, Kono J, 
Pasquali M. Improved Properties, Increased Production, and the Path to Broad Adoption 
of Carbon Nanotube Fibers. Carbon. 2021;171:689–694. 

[459] Wu Y, Dong C, Yuan C, Bai X, Zhang L, Tian Y. MWCNTs Filled High-Density Polyethylene 
Composites to Improve Tribological Performance. Wear. 2021;477:203776. 

[460] Nyanor P, El-Kady O, Yehia HM, Hamada AS, Hassan MA. Effect of Bimodal-Sized Hybrid 
TiC–CNT Reinforcement on the Mechanical Properties and Coefficient of Thermal 
Expansion of Aluminium Matrix Composites. Metals and Materials International. 
2021;27:753–766. 

[461] Rimamnya ND, Samson AO, Bunmi DC, Abass GF, Olaniyan AJ, Samson IA, Moyofoluwa 
OO, Kolawole BT. Evolution of Carbon Nanotubes, Their Methods, And Application as 
Reinforcements in Polymer Nanocomposites: A Review. Journal of Advanced Mechanical 
Engineering Applications. 2023;4:49–63. 

[462] Jeon H, Kim Y, Yu WR, Lee JU. Exfoliated Graphene/Thermoplastic Elastomer 
Nanocomposites with Improved Wear Properties for 3D Printing. Composites Part B: 
Engineering. 2020;189:107912. 

[463] Kalangi C. Carbon Nanotubes Enhance the Mechanical and Corrosion Properties of 
Thermally Sprayed Ceramic Coatings. 

[464] Han D, Yan G, Wang C. Influence of Multi-Walled Carbon Nanotubes (MWCNTs) Content 
on Metal Friction and Wear in Thermally Cracked Carbon Black (CBp) Formulation System 
during Mixing. Polymer Testing. 2022;113:107674. 

[465] Nayak C, Balani K. Effects of Reinforcements and Gamma-Irradiation on Wear 
Performance of Ultra-High Molecular Weight Polyethylene as Acetabular Cup Liner in Hip-
Joint Arthroplasty: A Review. Journal of Applied Polymer Science. 2021;138:51275. 

[466] Lv C, Wang H, Liu Z, Wang C, Zhang W, Li M, Zhu Y. Fabrication of Durable Fluorine-Free 
Polyphenylene Sulfide/Silicone Resin Composite Superhydrophobic Coating Enhanced by 
Carbon Nanotubes/Graphene Fillers. Progress in Organic Coatings. 2019;134:1–10. 

[467] Hussain AK, Seetharamaiah N, Pichumani M, Chakra CS. Research Progress in Organic 
Zinc Rich Primer Coatings for Cathodic Protection of Metals – A Comprehensive Review. 
Progress in Organic Coatings. 2021;153:106040. 

[468] Wang Z, Yu J, Li G, Zhang M, Leung CKY. Corrosion Behavior of Steel Rebar Embedded in 
Hybrid CNTs-OH/Polyvinyl Alcohol Modified Concrete under Accelerated Chloride Attack. 
Cement and Concrete Composites. 2019;100:120–129. 

[469] Nayak SR, Mohana KNS, Hegde MB, Rajitha K, Madhusudhana AM, Naik SR. 
Functionalized Multi-Walled Carbon Nanotube/Polyindole Incorporated Epoxy: An 
Effective Anti-Corrosion Coating Material for Mild Steel. Journal of Alloys and Compounds. 
2021;856:158057. 

[470] Rui M, Jiang Y, Zhu A. Sub-Micron Calcium Carbonate as a Template for the Preparation 
of Dendrite-like PANI/CNT Nanocomposites and Its Corrosion Protection Properties. 
Chemical Engineering Journal. 2020;385:123396. 

[471] Zhou B, Li Y, Li Z, Ma J, Zhou K, Liu C, Shen C, Feng Y. Fire/Heat-Resistant, Anti-Corrosion 
and Folding Ti2C3Tx MXene/Single-Walled Carbon Nanotube Films for Extreme-
Environmental EMI Shielding and Solar-Thermal Conversion Applications. Journal of 
Materials Chemistry C. 2021;9:10425–10434. 

[472] Rui M, Zhu A. The Synthesis and Corrosion Protection Mechanisms of PANI/CNT 
Nanocomposite Doped with Organic Phosphoric Acid. Progress in Organic Coatings. 
2021;153:106134. 

[473] Sivaraj D, Vijayalakshmi K. Enhanced Antibacterial and Corrosion Resistance Properties 
of Ag Substituted Hydroxyapatite/Functionalized Multiwall Carbon Nanotube 
Nanocomposite Coating on 316L Stainless Steel for Biomedical Application. Ultrasonics 
Sonochemistry. 2019;59:104730. 

[474] Sharma V, Goyat MS, Hooda A, Pandey JK, Kumar A, Gupta R, Upadhyay AK, Prakash R, 
Kirabira JB, Mandal P, Bhargav PK. Recent Progress in Nano-Oxides and CNTs Based 



Vafaeva and Zegait / Research on Engineering Structures & Materials 10(2) (2024) 559-621 

 

619 

Corrosion Resistant Superhydrophobic Coatings: A Critical Review. Progress in Organic 
Coatings. 2020;140:105512. 

[475] Say Y, Guler O, Dikici B. Carbon Nanotube (CNT) Reinforced Magnesium Matrix 
Composites: The Effect of CNT Ratio on Their Mechanical Properties and Corrosion 
Resistance. Materials Science and Engineering: A. 2020;798:139636. 

[476] Shin B, Mondal S, Lee M, Kim S, Huh YI, Nah C. Flexible Thermoplastic Polyurethane-
Carbon Nanotube Composites for Electromagnetic Interference Shielding and Thermal 
Management. Chemical Engineering Journal. 2021;418:129282. 

[477] Jin X, Wang J, Dai L, Wang W, Wu H. Largely Enhanced Thermal Conductive, Dielectric, 
Mechanical and Anti-Dripping Performance in Polycarbonate/Boron Nitride Composites 
with Graphene Nanoplatelet and Carbon Nanotube. Composites Science and Technology. 
2019;184:107862. 

[478] Wei J, Liao M, Ma A, Chen Y, Duan Z, Hou X, Li M, Jiang N, Yu J. Enhanced Thermal 
Conductivity of Polydimethylsiloxane Composites with Carbon Fiber. Composites 
Communications. 2020;17:141–146. 

[479] Wentao he, Gao J, Liao S, Wang X, Qin S, Song P. A Facile Method to Improve Thermal 
Stability and Flame Retardancy of Polyamide 6. Composites Communications. 
2019;13:143–150. 

[480] Liu Z, Chen Z, Yu F. Enhanced Thermal Conductivity of Microencapsulated Phase Change 
Materials Based on Graphene Oxide and Carbon Nanotube Hybrid Filler. Solar Energy 
Materials and Solar Cells. 2019;192:72–80. 

[481] An D, Cheng S, Zhang Z, Jiang C, Fang H, Li J, Liu Y, Wong CP. A Polymer-Based Thermal 
Management Material with Enhanced Thermal Conductivity by Introducing Three-
Dimensional Networks and Covalent Bond Connections. Carbon. 2019;155:258–267. 

[482] Guo Y, Ruan K, Shi X, Yang X, Gu J. Factors Affecting Thermal Conductivities of the 
Polymers and Polymer Composites: A Review. Composites Science and Technology. 
2020;193:108134. 

[483] Zhang F, Feng Y, Feng W. Three-Dimensional Interconnected Networks for Thermally 
Conductive Polymer Composites: Design, Preparation, Properties, and Mechanisms. 
Materials Science and Engineering: R: Reports. 2020;142:100580. 

[484] Ding D, Wang J, Yu X, Xiao G, Feng C, Xu W, Bai B, Yang N, Gao Y, Hou X, He G. Dispersing 
of Functionalized CNTs in Si–O–C Ceramics and Electromagnetic Wave Absorbing and 
Mechanical Properties of CNTs/Si–O–C Nanocomposites. Ceramics International. 
2020;46:5407–5419. 

[485] Fang X, Jiang L, Pan L, Yin S, Qiu T, Yang J. High-Thermally Conductive AlN-Based 
Microwave Attenuating Composite Ceramics with Spherical Graphite as Attenuating 
Agent. Journal of Advanced Ceramics. 2021;10:301–319. 

[486] Vajdi M, Sadegh Moghanlou F, Nekahi S, Ahmadi Z, Motallebzadeh A, Jafarzadeh H, 
Shahedi Asl M. Role of Graphene Nano-Platelets on Thermal Conductivity and 
Microstructure of TiB2–SiC Ceramics. Ceramics International. 2020;46:21775–21783. 

[487] Liao N, Jia D, Yang Z, Zhou Y. Enhanced Mechanical Properties and Thermal Shock 
Resistance of Si2BC3N Ceramics with SiC Coated MWCNTs. Journal of Advanced Ceramics. 
2019;8:121–132. 

[488] Wei H, Yin X, Jiang F, Hou Z, Cheng L, Zhang L. Optimized Design of High-Temperature 
Microwave Absorption Properties of CNTs/Sc2Si2O7 Ceramics. Journal of Alloys and 
Compounds. 2020;823:153864. 

[489] Wang S, Gong H, Zhang Y, Ashfaq MZ. Microwave Absorption Properties of Polymer-
Derived SiCN(CNTs) Composite Ceramics. Ceramics International. 2021;47:1294–1302. 

[490] Dai W, Ma T, Yan Q, Gao J, Tan X, Lv L, Hou H, Wei Q, Yu J, Wu J, Yao Y, Du S, Sun R, Jiang 
N, Wang Y, Kong J, Wong C, Maruyama S, Lin C Te. Metal-Level Thermally Conductive yet 
Soft Graphene Thermal Interface Materials. ACS Nano. 2019;13:11561–11571. 



Vafaeva and Zegait/ Research on Engineering Structures & Materials 10(2) (2024) 559-621 

 

620 

[491] Park YG, Min H, Kim H, Zhexembekova A, Lee CY, Park JU. Three-Dimensional, High-
Resolution Printing of Carbon Nanotube/Liquid Metal Composites with Mechanical and 
Electrical Reinforcement. Nano Letters. 2019;19:4866–4872. 

[492] Sun X, Liu L, Mo Y, Li J, Li C. Enhanced Thermal Energy Storage of a Paraffin-Based Phase 
Change Material (PCM) Using Nano Carbons. Applied Thermal Engineering. 
2020;181:115992. 

[493] Jin C, Wu Q, Yang G, Zhang H, Zhong Y. Investigation on Hybrid Nanofluids Based on 
Carbon Nanotubes Filled with Metal Nanoparticles: Stability, Thermal Conductivity, and 
Viscosity. Powder Technology. 2021;389:1–10. 

[494] Aodkeng S, Sinthupinyo S, Chamnankid B, Hanpongpun W, Chaipanich A. Effect of 
Carbon Nanotubes/Clay Hybrid Composite on Mechanical Properties, Hydration Heat and 
Thermal Analysis of Cement-Based Materials. Construction and Building Materials. 
2022;320:126212. 

[495] Viana TM, Bacelar BA, Coelho ID, Ludvig P, Santos WJ. Behaviour of Ultra-High 
Performance Concretes Incorporating Carbon Nanotubes under Thermal Load. 
Construction and Building Materials. 2020;263:120556. 

[496] Yang Z, Yang J, Shuai B, Niu Y, Yong Z, Wu K, Zhang C, Qiao X, Zhang Y. Superflexible yet 
Robust Functionalized Carbon Nanotube Fiber Reinforced Sulphoaluminate Cement-
Based Grouting Materials with Excellent Mechanical, Electrical and Thermal Properties. 
Construction and Building Materials. 2022;328:126999. 

[497] Irshidat MR, Al-Nuaimi N, Rabie M. Hybrid Effect of Carbon Nanotubes and 
Polypropylene Microfibers on Fire Resistance, Thermal Characteristics and 
Microstructure of Cementitious Composites. Construction and Building Materials. 
2021;266:121154. 

[498] Gu X, Peng L, Liu P, Bian L, Wei B. Enhanced Thermal Properties and Lab-Scale Thermal 
Performance of Polyethylene Glycol/Modified Halloysite Nanotube Form-Stable Phase 
Change Material Cement Panel. Construction and Building Materials. 2022;323:126550. 

[499] Zhu Y, Qian Y, Zhang L, Bai B, Wang X, Li J, Bi S, Kong L, Liu W, Zhang L. Enhanced 
Thermal Conductivity of Geopolymer Nanocomposites by Incorporating Interface 
Engineered Carbon Nanotubes. Composites Communications. 2021;24:100691. 

[500] Shahpari M, Bamonte P, Jalali Mosallam S. An Experimental Study on Mechanical and 
Thermal Properties of Structural Lightweight Concrete Using Carbon Nanotubes (CNTs) 
and LECA Aggregates after Exposure to Elevated Temperature. Construction and Building 
Materials. 2022;346:128376. 

[501] Hadipeykani M, Aghadavoudi F, Toghraie D. A Molecular Dynamics Simulation of the 
Glass Transition Temperature and Volumetric Thermal Expansion Coefficient of 
Thermoset Polymer Based Epoxy Nanocomposite Reinforced by CNT: A Statistical Study. 
Physica A: Statistical Mechanics and its Applications. 2020;546:123995. 

[502] Wang G, Zhang D, Wan G, Li B, Zhao G. Glass Fiber Reinforced PLA Composite with 
Enhanced Mechanical Properties, Thermal Behavior, and Foaming Ability. Polymer. 
2019;181:121803. 

[503] Papageorgiou DG, Terzopoulou Z, Fina A, Cuttica F, Papageorgiou GZ, Bikiaris DN, 
Chrissafis K, Young RJ, Kinloch IA. Enhanced Thermal and Fire Retardancy Properties of 
Polypropylene Reinforced with a Hybrid Graphene/Glass-Fibre Filler. Composites Science 
and Technology. 2018;156:95–102. 

[504] Rafiee M, Nitzsche F, Laliberte J, Hind S, Robitaille F, Labrosse MR. Thermal Properties 
of Doubly Reinforced Fiberglass/Epoxy Composites with Graphene Nanoplatelets, 
Graphene Oxide and Reduced-Graphene Oxide. Composites Part B: Engineering. 
2019;164:1–9. 

[505] Shen Z, Bateman S, Wu DY, McMahon P, Dell’Olio M, Gotama J. The Effects of Carbon 
Nanotubes on Mechanical and Thermal Properties of Woven Glass Fibre Reinforced 
Polyamide-6 Nanocomposites. Composites Science and Technology. 2009;69:239–244. 



Vafaeva and Zegait / Research on Engineering Structures & Materials 10(2) (2024) 559-621 

 

621 

[506] Sharma S, Tiwari SK, Shakya S. Mechanical Properties and Thermal Conductivity of 
Pristine and Functionalized Carbon Nanotube Reinforced Metallic Glass Composites: A 
Molecular Dynamics Approach. Defence Technology. 2021;17:234–244. 

[507] Safari Tarbozagh A, Rezaifar O, Gholhaki M, Abavisani I. Magnetic Enhancement of 
Carbon Nanotube Concrete Compressive Behavior. Construction and Building Materials. 
2020;262:120772. 

[508] Liu Y, Cheng X. Effect of Carbon Nanotube Size on Electrical Properties of Cement Mortar 
under Different Temperatures and Water Content. Geofluids. 2022. 

[509] Shen X, Mao T, Li C, Mao F, Xue Z, Xu G, Amirfazli A. Durable Superhydrophobic Coatings 
Based on CNTs-SiO2gel Hybrids for Anti-Corrosion and Thermal Insulation. Progress in 
Organic Coatings. 2023;181:107602. 

[510] Chousidis N, Zacharopoulou A, Zeris C, Batis G. Corrosion Resistance and Physical-
Mechanical Properties of Reinforced Mortars with and without Carbon Nanotubes. Journal 
of Materials Science and Chemical Engineering. 2022;10:1–23. 

[511] Lan Y, Zheng B, Shi T, Ma C, Liu Y, Zhao Z. Crack Resistance Properties of Carbon 
Nanotube-Modified Concrete. Thomas Telford Ltd. 2022;74:1165–1175. 

[512] Mohsen MO, Al Ansari MS, Taha R, Al Nuaimi N, Taqa AA. Carbon Nanotube Effect on the 
Ductility, Flexural Strength, and Permeability of Concrete. Journal of Nanomaterials. 2019. 

[513] Mohsen MO, Alansari M, Taha R, Senouci A, Abutaqa A. Impact of CNTs’ Treatment, 
Length and Weight Fraction on Ordinary Concrete Mechanical Properties. Construction 
and Building Materials. 2020;264:120698. 

[514] Hawreen A, Bogas JA, Kurda R. Mechanical Characterization of Concrete Reinforced with 
Different Types of Carbon Nanotubes. Arabian Journal for Science and Engineering. 
2019;44:8361–8376. 

[515] Hassan A, Elkady H, Shaaban IG. Effect of Adding Carbon Nanotubes on Corrosion Rates 
and Steel-Concrete Bond. Scientific Reports. 2019;9:1–12. 

[516] Vikulova M, Nikityuk T, Artyukhov D, Tsyganov A, Bainyashev A, Burmistrov I, Gorshkov 
N. High-k Three-Phase Epoxy/K1.6(Ni0.8Ti7.2)O16/CNT Composites with Synergetic 
Effect. Polymers 2022. 2022;14:448. 

[517] Dehrooyeh S, Vaseghi M, Sohrabian M, Sameezadeh M. Glass Fiber/Carbon 
Nanotube/Epoxy Hybrid Composites: Achieving Superior Mechanical Properties. 
Mechanics of Materials. 2021;161:104025. 

[518] Kundalwal SI, Rathi A. Improved Mechanical and Viscoelastic Properties of CNT-
Composites Fabricated Using an Innovative Ultrasonic Dual Mixing Technique. Journal of 
the Mechanical Behavior of Materials. 2020;29:77–85. 

[519] David ME, Ion RM, Grigorescu RM, Iancu L, Constantin M, Stirbescu RM, Gheboianu AI. 
Wood Surface Modification with Hybrid Materials Based on Multi-Walled Carbon 
Nanotubes. Nanomaterials 2022. 2022;12:1990. 

[520] Mei S, Wang J, Wan J, Wu X. Preparation Methods and Properties of CNT/CF/G Carbon-
Based Nano-Conductive Silicone Rubber. Applied Sciences 2023. 2023;13:6726. 

[521] Kumar A, Sinha S. Performance of Multiwalled Carbon Nanotube Doped Fired Clay 
Bricks. Journal of Materials in Civil Engineering. 2022;34:04022349. 

[522] Tijjani Y. High Temperature Applications of Carbon Nanotubes (CNTs) [v]: Thermal 
Conductivity of CNTs Reinforced Silica Nanocomposite. Bayero Journal of Pure and 
Applied Sciences. 2022;15:136–140. 

[523] Abdeen DH, Atieh MA, Merzougui B, Khalfaoui W. Corrosion Evaluation of 316L Stainless 
Steel in CNT-Water Nanofluid: Effect of CNTs Loading. Materials 2019. 2019;12:1634. 

[524] Radhamani AV, Lau HC, Kamaraj M, Ramakrishna S. Structural, Mechanical and 
Tribological Investigations of CNT-316 Stainless Steel Nanocomposites Processed via 
Spark Plasma Sintering. Tribology International. 2020;152:106524. 

[525] Eisa MS, Mohamady A, Basiouny ME, Abdulhamid A, Kim JR. Mechanical Properties of 
Asphalt Concrete Modified with Carbon Nanotubes (CNTs). Case Studies in Construction 
Materials. 2022;16:e00930. 


	cover
	resm2023.42ma0818rv

