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Article Info. Abstract

Helical carbon nanofibers (HCNFs), a novel class of nanocarbon materials with a unique three-dimensional helical
morphology, inherit many of the intrinsic properties of conventional carbon nanofibers while exhibiting additional
characteristics such as superelasticity, unique electromagnetic response behavior, and a highly textured surface topology.
These properties make HCNFs highly valuable for applications in electromagnetic shielding, nanosprings, and sensing
technologies. Among the various fabrication techniques, chemical vapor deposition remains the most widely used and
effective method for producing HCNFs, with structural regulation achieved by controlling parameters such as catalyst type
and reaction temperature. Alternative methods such as flame synthesis, electrospinning, and templating have also
demonstrated potential in growing HCNFs. Regarding growth mechanisms, the asymmetric carbon deposition and
diffusion on catalyst surfaces are considered the primary drivers of the periodic curling behavior observed in HCNFs.
Several models, including the three-dimensional growth mechanism, the vapor-liquid-solid-solid mechanism, and the
coordination polymerization mechanism, have been proposed to elucidate the formation of helical structures. This review
provides a comprehensive overview of recent advancements in HCNF growth mechanisms, emphasizing the roles of
precursor materials, catalyst properties, and reaction conditions in achieving precise and controllable synthesis.
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1. Introduction

Helical carbon nanofibers (HCNFs) are a distinctive form of carbon nanostructure characterized by a unique three-dimensional coiled geometry.
Since their initial observation in 1953 during the catalytic decomposition of carbon monoxide, these nanomaterials have attracted considerable
research attention due to their spatial complexity, outstanding physicochemical properties, and broad application prospects [1]. With advances
in nanotechnology, diverse morphologies of HCNFs have been synthesized, including kinked-twisted [2], single-helical [3], double-helical [4],
flattened [5], and carbon nanotubes (CNTs) with embedded helical segments [6]. Carbon nanofibers (CNFs) are known for their low density,
high tensile strength, excellent thermal conductivity, and electromagnetic shielding capabilities, with anisotropic mechanical, thermal, and
electrical properties [7, 8]. HCNFs retain most of these attributes while gaining additional features from their helical structure. Mechanically,
the coiled structure imparts superelasticity and reversible extensibility [9]. Physically, it enables distinct electromagnetic interactions, such as
enhanced wave scattering and absorption. Structurally, the three-dimensional morphology increases the specific surface area and exposes
abundant topological features, providing more active sites for molecular adsorption and functionalization [10, 11]. As a result, HCNFs have
demonstrated promising applications in electromagnetic shielding, nanoactuators, flexible electronics, and biomedicine [12]. Recent studies
have explored their use in electrochemical sensing [13], as reinforcing fillers in rubber composites [14], in electromagnetic wave absorption
[15], and as conductive frameworks for lithium-ion battery electrodes [16]. Despite these advances, the growth mechanism of HCNFs remains
a topic of ongoing investigation. Understanding their formation involves multiscale and multidisciplinary challenges, including catalyst
evolution, gas adsorption and decomposition, atomic diffusion, and helical nucleation dynamics. This review aims to comprehensively
summarize recent progress on the growth mechanisms of HCNFs, with an emphasis on the role of catalyst properties, carbon precursors, and
reaction parameters in controlling their structure.
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Nomenclature & Symbols

HCNFs Helical Carbon Nanofibers CNTs Carbon Nanotubes

CVD Chemical Vapor Deposition VLS Vapor-Solid-Liquid

VLSS Vapor-Liquid-Solid-Solid DFT Density Functional Theory

2. Typical Preparation Methods of HCNFs

2.1. Chemical Vapor Deposition (CVD)

Chemical vapor deposition (CVD) is the most commonly adopted and effective technique for the synthesis of HCNFs. By regulating factors
such as catalyst composition, morphology, particle size, carbon source, reaction temperature, gas flow rate, and growth time, researchers can
tailor the resulting fiber morphology and helical characteristics. The CVD growth process typically involves three stages: (1) decomposition of
the carbon source, (2) diffusion of carbon atoms, and (3) nucleation and precipitation into fiber structures [17].

As early as 2004, Qin et al. [18] reported the formation of symmetrically grown HCNFs using copper tartrate as a catalyst precursor, and
attributed the fiber morphology to the shape evolution of Cu nanoparticles. Tang et al. [19] synthesized symmetric double-helical CNFs using
Fe nanoparticles, observing nearly identical coil parameters (diameter, pitch, length) but opposite chirality (Fig. 1). Their structural analysis
revealed a (110) crystal plane as the symmetry center, suggesting that differential deposition on specific crystal facets drives helical growth. Yu
et al. [20] extended this approach using Cu-Ni alloy nanoparticles synthesized via hydrogen arc plasma. The polyhedral catalyst morphology
facilitated dual active sites, promoting symmetric carbon diffusion and resulting in HCNFs with matching periodicity but opposite chirality.
Their findings also indicated that surface reconstruction of alloy catalysts at low temperature plays a crucial role in symmetric helical growth.
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Fig. 1. Microstructure of a catalyst nanoparticle located at the node of coiled nanofibers; (a) TEM image, (b, d, and e) magnified images of
areas marked in Fig. (c), respectively, (¢c) HRTEM image, Copyright 2025 Elsevier Ltd. [19]

As shown in Fig. 2a, the study [21] reported research on the successful growth of helical carbon nanofibers (HCNFs) on a Cu-foil substrate at
980 °C, using ethanol as the carbon precursor. The key mechanism involves the thermal decomposition of ethanol into ethylene and water. The
generated water acts as an etchant, removing amorphous carbon that accumulates on the surface of Cu nanoparticles (Cu-NPs), thereby
preserving their catalytic activity. At elevated temperatures, Cu-NPs adopt irregular morphologies with sharp edges and corners, which induce
uneven carbon precipitation rates across different surface regions. Additionally, the inherently low surface energy of copper inhibits random
stacking of carbon layers and facilitates the orderly growth of helical structures. In a related study, Cui et al. [22] grew HCNTs by using Fe3O4
nanoparticles, which were reduced to Fe active sites via hydrogen reduction at 425°C. Priscillal et al. [23] investigated that the growth of
HCNTs is driven by the synergistic effect of carbon source deposition, catalyst morphology, and catalytic properties. At 600°C, when the carbon
source generated from acetylene decomposition diffuses on the surface of the LaNisPto.s catalyst, pentagon-heptagon structures are easily
introduced into the graphite framework due to the low diffusion rate, inducing molecular strain. Meanwhile, the sharp edges of catalyst particles
result in an irregular surface, leading to uneven carbon precipitation rates at different positions. Additionally, there is a strong catalytic
anisotropy in carbon deposition on different crystal planes of the catalyst. These three factors together promote the coiling of carbon tubes to
form a helical structure, with the morphology shown in Fig. 2c. Fig. 2 (f-h) systematically explains the mechanism of how changes in catalyst
morphology induced by different reaction temperatures affect the growth of CNTs and the causes of morphological differences.

Radnia et al. [24] proposed that the morphology of CNFs is regulated by the interaction between metal loading and reaction temperature, which
macroscopically provides a new parameter dimension for the regulation of helical structures. Jin et al. [25] pointed out that different synthesis
temperatures affect the nucleation modes of Cu-based catalysts, which ultimately influence the content and morphology of HCNFs. As shown
in Fig. 3(a-d), Jian et al. [26] found that when Cu nanoparticles agglomerate, they cannot expose sufficient crystal planes, making it difficult to
induce helical growth. In contrast, uniformly dispersed Cu particles expose more active crystal planes, ultimately generating high-purity HCNFs.
Meanwhile, Fig. 3e reveals that the interaction between the gas-induced effect, thermal effect, and size effect regulates the size of Cu
nanoparticles, causing the morphology of CNFs to gradually transform from curved fibers to helical fibers and then to straight fibers as the size
of the nanoparticles increases.
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Nanocoils

Fig. 2. (a) Experimental Mechanism Diagram, Copyright 2019 Elsevier Ltd. [21], (b-d) TEM micrographs, (¢) SAED pattern, (f-h) Schematic
illustration of growth mechanism for the CNTs grown at different reaction temperatures from 600°C to 800°C, Copyright 2023 Elsevier B.V.
(23]
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Fig. 3. Catalyst particles; (a, b) and their morphologies, (c, d) of two different types of carbon fibers, (e) Interplay among gas-inducing,
thermal, and size effects on the formation of carbon fibers, Copyright 2012 American Chemical Society [26]

Suda et al. [27] used the spin-coating method to reduce the particle size of Fe:Os to the nanoscale, thereby inhibiting the formation of non-
helical carbon layers. They also proposed the effects of two catalyst structure growth models on the growth of HCNFs. As shown in Fig. 4, in
the Fe:03/SnO: model, C:H: directly contacts Fe2Os. Fe-Os forms nanoparticles to absorb carbon atoms, and part of C-H: reduces SnO: to
generate liquid Sn, which diffuses to form Fe-Sn alloys. HCNFs grow on these alloys; however, since Fe-Os directly contacts the carbon source,
Fe in it provides strong carbon segregation ability, leading to the formation of a relatively thick carbon layer without a helical structure. As a
result, the purity of HCNFs is only 69%+2%. In the SnO2/Fe203/SnO: model, the upper SnO: limits the amount of C-H: reaching the intermediate
Fe:0s. After Fe>Os absorbs carbon, Fe-Sn alloys are formed on its upper and lower surfaces, and HCNFs grow from these alloys. Due to the
regulated supply of carbon sources, the carbon layer without a helical structure becomes thinner, and more carbon is used for the growth of
HCNFs, thus increasing the purity of HCNFs to 81%+2%.
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Fig. 4. Growth models of (a) Fe203/SnO2, and (b) SnO2/Fe203/SnO; catalyst structures [27]
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In a recent study, Li et al. [28] used the CVD method, with acetylene as the carbon source and copper nanoparticles as the catalyst, to achieve
the controllable preparation of kinked and spring-like helical carbon nanofibers by regulating the synthesis temperature and heating rate, as
shown in Fig. 5a. They found that when the temperature was uniformly raised to 280°C at a slow heating rate of 1°C/min, the copper
nanoparticles maintained a small and uniform size. At this time, the asymmetric deposition of the carbon source on the catalyst surface and the
defect-induced effect promoted the twisted growth of the fibers, forming kinked helical carbon nanofibers. When the heating temperature was
increased to 380°C, the carbon diffusion rate of copper particles increased, and the periodic deposition behavior of carbon on their surface
dominated fiber growth, resulting in spring-like helical carbon nanofibers with a helix size of 40-380 nm and a diameter of 1.75-2.9 um. Under
a fast-heating rate, copper particles were prone to agglomeration, and only CNFs could be grown, with their morphology shown in Fig. 5(b-d).
The above results indicate that a slow heating rate is a fundamental prerequisite for the formation of helical structures, while the heating
temperature further determines the specific morphology of the helix through carbon deposition.
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Fig. 5. (a) The synthesis process diagram of CNFs, TCNFs and SCNFs, (b-d) The SEM images of CNFs, TCNFs and SCNFs, Copyright 2024
Elsevier Ltd. [28]

2.2. Other preparation methods

Besides CVD, researchers have also successfully prepared HCNFs using the flame method, spinning method, and template method. In the flame
method, Xiong et al. [29] can control the size and morphology of the generated nanoparticles or nanofibers by precisely adjusting parameters
such as flame temperature, gas flow rate, and reactant concentration. Zhang et al. [30] demonstrated that Sn-MOF converts into a stable catalytic
phase of SnO: in an ethanol flame. Subsequently, carbon species undergo adsorption, diffusion, and deposition on its surface via the carbon
source in the flame and the organic ligands of Sn-MOF itself. Due to the crystal plane anisotropy of SnO-, periodic offsets occur during carbon
chain growth, leading to the formation of helical structures. Moreover, residual SnO: can still generate HCNFs, which confirms its sustained
catalytic ability. Meanwhile, prolonging the combustion time increases the length and diameter of HCNFs and makes the helical structure more
compact. The preparation process is shown in Fig. 6.
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Fig. 6. Schematic illustration of the formation processes of HCNFs (route 1) and Sn-HCNFs (route 2), Copyright 2021 Elsevier B.V. [30]

Electrospun HCNFs have attracted much attention due to their flexibility and ease of fabrication. Dutta et al. [31] used a mixed solution of PAN
and nickel acetate as the spinning precursor to prepare CNFs via the electrospinning method. After subsequent stabilization treatment in air at
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280°C and carbonization in an inert gas at 700°C, PAN was converted into CNFs, and nickel acetate was synchronously decomposed into Ni
nanoparticles, which were anchored on the surface of CNFs. Then, acetylene was introduced at 750°C. The steric hindrance effect caused by
the non-streamlined morphology of Ni nanoparticles and the defect-induced curvature from pentagonal/heptagonal carbon ring defects during
carbon deposition acted together, leading to the formation of helical structures in CNFs. The supra-templating method, relying on the chiral
directional transfer ability of supramolecular templates, can precisely prepare HCNFs with single chirality and high purity, and exhibits unique
advantages in terms of structural controllability [32]. Zeli et al. [33] enabled chiral low-molecular-weight gelators to self-assemble into single-
chiral helical supramolecular templates through hydrophobic association, hydrogen bonding, and stacking interactions of carbonyl n-m bonds.
1,4-phenylene-bridged silsesquioxane undergoes hydrolysis and condensation under acidic conditions, and directionally deposits on the surface
of the template to replicate the helical morphology. After extracting and removing the template, helical polysilsesquioxane fibers are obtained.
These fibers form carbon/silicon composite helical fibers after carbonization at 700°C. Finally, SiO: is removed while retaining the carbon
skeleton to form single-chiral HCNFs, with the helical direction determined and transferred by the chirality of the template.

Other scholars have used naturally occurring helical structures in nature as biological templates, opening up a new path for the large-scale and
reproducible preparation of HCNFs [34]. Fig. 7a shows high-purity spiral vessels (SVs) in waste tea leaves. Wang et al. [35] retained their
natural helical morphology after carbonization at 500°C to form SV-CFs (HCNFs). A large number of 1-3 nm micropores were generated in
the carbon skeleton via KOH etching, resulting in porous SV-ACFs (HCNFs). The helical structure is still determined by the helical morphology
of the original template and is stably transferred through the carbonization and pore-forming processes, with the morphology shown in Fig. 7(b-
d).
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Fig. 7. (a) Schematic extraction of SVs, (b-d) SEM images of SVs, SV-CFs (HCNFs) and SV-ACFs (HCNFs), Copyright 2020 Elsevier Inc.
[35]

3. Growth Mechanism of HCNFs

The formation of the above-mentioned helical morphology is attributed to structural regulatory factors such as the anisotropy of each crystal
plane of the catalyst and the structural induction of supramolecular or biological templates. Regarding their specific growth mechanisms and
growth dynamic mechanisms, scholars have proposed various explanatory models based on different experimental phenomena. It is worth
noting that all mechanisms take carbon deposition/diffusion rate differences as the core, and the scope of application of each model essentially
reflects the constraint on "whether the rate differences can be stably maintained; deviation from any condition may lead to the failure of the
helical structure. Initially, researchers proposed the "vapor-solid-liquid (VLS) growth mechanism" to explain the growth of regularly curled
carbon fibers. However, it is difficult to account for the differences in catalytic activity and growth rates among different crystal planes, nor can
it explain the formation of other carbon fibers with special shapes [36-38]. As shown in Fig. 8a, based on the 8 fiber loops existing at the growth
initiation end of the prepared double-helical carbon fibers and combined with the " VLS mechanism", Chen et al. [39-41] proposed a "three-
dimensional growth mechanism system" to describe the growth mode of double-helical carbon fibers. In Fig. 8b, it is assumed that six carbon
fibers first grow from the six crystal planes of Ni catalytic grains, and then A, B, and C fuse with A', B', and C', respectively, to form two carbon
fibers. Due to the anisotropy of carbon deposition on different crystal planes of the grains, the catalytic activity is assumed in the study to follow
the order A>B>C. Finally, the two fibers will curl into a helical structure due to the difference in growth rates, as shown in Fig. 8c. This
mechanism can effectively explain the growth phenomenon of helical structures and has guiding significance for the controllable preparation
of HCNFs helical structures. With the deepening of research, Chen et al. [42] argued that the three-dimensional growth mechanism cannot
explain how carbon atoms enter catalyst particles, and the original solid-phase catalytic mechanism also fails to account for the role of thiophene
in the synthesis of carbon microcoils. Based on their research, they proposed the vapor-liquid-solid-solid (VLSS) growth mechanism, which
can explain the influence of sulfur content in the catalyst on the helical structure.
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Fig. 8. (a) An enlarged view (arrow indicates a Ni catalyst grain), (b) Postulated Ni catalyst grain (a—h) Cubic-shaped Ni grain embedded in
the node of six fibers, (¢) Schematic image of growth mechanism of the carbon fibers, Copyright 2002 Elsevier Science B.V. [39-41]

Differences in carbon deposition and diffusion rates on the catalyst are the core driving force for the formation of helical structures. Coville et
al. [43], from the perspective of carbon sources, found that unsaturated hydrocarbons are the preferred carbon sources for the efficient growth
of helical structures. They easily decompose to produce highly active intermediates containing sp?/sp hybridized carbon, which enhances the
difference in carbon deposition rates on the catalyst surface and provides a material basis for the formation of helical structures. Nitze et al.
[44], from the perspective of kinetics and catalyst properties, achieved the controllable growth from HCNFs to CNFs by utilizing the "coupling
effect of diffusion rate and geometric constraint", and found that their high periodicity is directly related to the morphology of catalyst particles
and carbon diffusion kinetics. TEM images in Fig. 9(a-d) show that at 550°C, Pd catalyst particles are triangular or hemispherical with rounded
edges, and only contact the fibers on one side. Combined with the growth model in Fig. 9e, partial carbon diffusion paths on their surface are
locally blocked, resulting in differences in carbon diffusion rates on both sides of the particles. Moreover, the bidirectional growth characteristic
of carbon precipitating symmetrically from both sides of Pd particles causes the fibers to curl periodically, eventually forming HCNFs with
uniform pitch and diameter. During the growth process, water can remove obstructions on the catalyst surface through oxidation to regulate the
opening of diffusion paths. As the temperature increases, the catalyst particles gradually evolve into symmetric biconical shapes corresponding
to straight fibers in the Fig. 9. This transformation can be clearly observed in Fig. 9(f-g): HCNFs transform into straight fibers within dozens
of nanometers, and the catalyst particles at the transformation point in the Fig. 9 have begun to evolve into a symmetric morphology, ultimately
leading to the transformation of HCNFs into straight fibers.

Fig. 9. TEM of catalyst morphologies: rhombic for hollow CNFs; (a, b) edged-hemispherical for helical CNFs, (c, d) (scale bars: averages,
shape> size), (e) 2D growth model schematic: go/g: (inhomogeneous growth), ro/r: (coil radii), three fibers in different growth states, (f)
Helical-to-straight transition bend, (f”) Post-transition fiber bend & catalyst morphology (digitally zoomed, showing symmetry), (g) Near-
perfect periodicity, ro/11 as inner/outer coil radii, Copyright 2010 Elsevier Ltd. [44]

The above mechanism is a pure carbon growth process based on differences in carbon deposition or diffusion at medium and high temperatures.
Building on this, Jian et al. [45] proposed a coordination polymerization growth mechanism and verified its rationality through experiments
and density functional theory (DFT). The researchers prepared HCNFs at low temperatures using copper tartrate as the catalyst precursor. As
shown in Fig. 10a, during the coordination polymerization process, the unoccupied 3d and 4f orbitals of Cu nanoparticles first form coordinate
bonds with the 7 electrons of acetylene. After electron rearrangement, these coordinate bonds are converted into covalent bonds, and at the
same time, Cu nanoparticles regenerate empty orbitals to adsorb new acetylene molecules, thereby achieving continuous adsorption, activation,
and polymerization of acetylene molecules. Meanwhile, the selective adsorption of acetylene on Cu crystal planes, as shown in Fig. 10b, triggers
the reconstruction of the catalyst from a quasi-spherical shape to a polyhedral shape, and the proportion of (100) and (111) crystal planes
decrease during the reconstruction process. The density functional theory calculation results related to Fig. 11b show that there are differences
in the adsorption energy of acetylene on Cu crystal planes, with (110) > (111) > (110). This difference in adsorption energy makes the
polymerization rate of acetylene on (100) and (111) crystal planes significantly higher than that on the (110) crystal plane. The difference in
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coordination polymerization rates among different Cu crystal planes forces the fibers to extend along a kinked path, thereby forming a symmetric
double-helical structure.
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Fig. 10. (a) The diagram of the polymerization process of acetylene on copper catalyst (the small squares symbolize the unoccupied orbital of
copper), (b) Optimal adsorption sites of acetylene on Cu (100), (110) and (111) surfaces. Cu atoms are denoted by large blue (the first layer)
and red (internal layers) balls, C and H atoms of C2Hz are shown in grey and white, respectively, Copyright 2010 Elsevier Ltd. [45]

Meng et al. [46] synthesized HCNTs at 450°C using ethylene as the carbon source and a-Fe.Os nanoparticles as the catalyst precursor via a
trace water-assisted chemical vapor deposition method, with the growth mechanism shown in Fig. 11. Specifically, a-Fe2Os is first reduced by
hydrogen to form Fe, which then combines with carbon to generate Fe;C. With Fes;C as the catalytic core, HCNTs are efficiently synthesized
with a purity close to 100%. In this growth mechanism, trace water plays a key regulatory role: on one hand, water molecules react with carbon
dangling bonds to inhibit the formation of amorphous carbon; on the other hand, the addition of water enhances the anisotropy of the catalyst
surface—acetylene is preferentially adsorbed on the Fe(110) crystal plane, while water is preferentially adsorbed on the Fe(111) crystal plane.
This leads to differences in the precipitation rate and direction of carbon atoms on different FesC crystal planes: the inner side of the graphite
layer is perpendicular to the FesC (020) crystal plane, while the outer side grows at a 38° angle relative to the FesC (020) crystal plane, causing
periodic mismatching of the graphite layers and ultimately forming HCNTs.

Fe,C (020)

- Fe(il) o & 4

(a)

0 min

Carbon segregation

Fig. 11. Schematic of the growth process of trace-water-assisted HCNTs; (a) shape change of trace-water-induced catalyst nanoparticle, (b)
process of carbon atom diffusion and segregation, (c)generation of graphite layers with helical structure, and (d) growth of HCNTSs, Copyright
2018, Tsinghua University Press and Springer-Verlag GmbH Germany, part of Springer Nature [46]
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The authors further verified this mechanism through DFT calculations. As shown in Fig. 12(a-b), they simulated the adsorption behaviors of
C:H: and H20 on Fe (100), (110), and (111) crystal planes. It was found in the study that C.H: adopts a hollow adsorption configuration on the
Fe (110) crystal plane with more favorable adsorption energy, while H2O is more stably adsorbed on the Fe (111) crystal plane. The electronic
state analysis (PDOS) in Fig. 12(c-d) shows that the C atomic orbitals of C:H> overlap with the 3d and 4s orbitals of Fe, and the O atomic
orbitals of H.O overlap with Fe orbitals, which respectively weaken the C=C bond of C:H: and the O-H bond of Hz20. This confirms that the
adsorption effect promotes the reaction and also provides theoretical support for the enhancement of surface anisotropy and subsequent growth
differences.
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Fig. 12. Optimal adsorption sites of C2Hz (a) and H20 (b) molecules on Fe (100), (110) and (111) facets, respectively. Fe atoms are denoted
as red (the first layer) and purple (internal layers) spheres, and C, H, and O atoms are shown in black, white and orange spheres, respectively.
The PDOS of C and Fe atoms (c) and O and Fe atoms (d). The dotted line represents "before adsorption" and the solid line represents "after
adsorption", Copyright 2018, Tsinghua University Press and Springer-Verlag GmbH Germany, part of Springer Nature [46]

4. Conclusion

This paper provides a comprehensive review of the structure, preparation methods, and synthesis mechanisms of helical carbon nanofibers
(HCNFs). It emphasizes that the selection of catalysts, carbon sources, and reaction conditions can effectively influence the structure of HCNFs,
including their morphology. A series of catalysts, carbon sources, and different strategies can be used to synthesize HCNFs with different
morphologies and coil parameters. Although certain progress has been made in the research on the preparation and mechanisms of HCNFs,
there is still a need to improve the yield and uniformity of HCNFs. During the preparation process, the growth mechanisms of HCNFs with
different morphologies have not been fully clarified, and clarifying the growth mechanisms is of great significance for the precise and
controllable preparation of HCNFs. In addition, there is insufficient cost control and greenness level in the preparation process. In the existing
preparation of HCNFs, some methods rely on noble metal catalysts or high-temperature and high-energy-consuming reaction conditions, and
some carbon sources and catalyst precursors have the problem of insufficient environmental friendliness. Moreover, there is a lack of cost
accounting and green optimization schemes for the entire preparation process, such as the systematic design of catalyst recovery, waste gas
treatment, template recycling, and other links. This has formed a practical constraint on the transition of HCNFs from small-batch laboratory
preparation to large-scale industrial application.
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