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Abstract: Single-walled carbon nanotubes (SWNTs) have gained worldwide attention because of their 

exceptional electronic, optical, and mechanical properties, which are contingent on their structures denoted by 

chiral indices (n, m). To fully harness the extraordinary properties and advance SWNT-based technology, large 

scale synthesis of SWNTs with a narrow chirality distribution or even a specific (n, m) is highly demanded. 

Among various SWNT preparation techniques, chemical vapor deposition growth from solid supported 

heterogeneous catalysts has emerged as a promising approach in terms of large yield and (n, m) structure control. 

In this review, we provide an overview of the progress in developing heterogeneous catalysts for bulk synthesis 

of SWNTs. Firstly, the advantages and disadvantages of using solid supported catalysts for chemical vapor 

deposition growth of SWNTs are discussed. Secondly, the key components in supported catalysts, including the 

metallic component and the nature of support material, as well as their respective roles in affecting the catalyst 

performances and SWNT chirality distribution, are highlighted. Finally, the current challenges and future 

directions in the field of SWNT synthesis from solid supported catalysts are proposed. 

 

Keywords: single-walled carbon nanotubes (SWNTs); solid supported catalysts; catalyst performance; chemical 

vapor deposition; chirality control 

 

 

1. Introduction 
 

Single-walled carbon nanotubes (SWNTs) are an allotrope of sp2 hybridized carbon comprised of 6-

membered carbon rings[1]. They can be envisioned as one-dimensional hollow cylinders made from wrapping 

monolayer graphene with one atom thick wall[2]. The SWNTs generally have diameters smaller than 5.0 nm and 

most of them are in the diameter range of 0.7-2.0 nm[3, 4]. Based on the differences in rolling vector and lattice 

orientation, SWNTs are discriminated with different chiral indices (n, m). Figure 1a&1b presents the chiral vector 

and the structure of a (6, 5) nanotube, the diameter and chiral angle of which could be deduced from the vector. 

Depending on the vector directions or the chiral angles (Figure 1c), SWNTs could be classified into zigzag ones 

(m = 0, α = 0o), chiral ones (n≠m, 0o < α < 30o), and armchair ones (n = m, α = 30o)[5]. Because of the dimensional 

constraints and unique chemical structure, SWNTs exhibit exceptional mechanical, electronic and optical 

properties, which render them attractive for a wide range of applications, including electronics[6], energy 

storage[7], sensors[8], and composites[9]. However, most of the intrinsic properties of SWNTs are sensitive to 

the SWNT chirality. For example, SWNTs demonstrate metallic properties if (n-m) could be divided by 3. 

Otherwise, SWNTs exhibit semiconducting properties, and the energy bandgap is inversely proportional to the 
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SWNT diameter. Therefore, to realize their irreplaceable killer applications, it is of great importance to prepare 

SWNTs with desirable structures and properties. 

 

 
 

Figure 1. (a) Chiral vector and (b) structure of a (6, 5) nanotube. (c) Periodic table of SWNTs 

 

Over the past 30 years, various methods, including arc discharge[10, 11], laser ablation[12], and chemical 

vapor deposition (CVD)[13], have been applied for synthesizing SWNTs. As the oldest technique for producing 

carbon nanomaterials, CVD has become the most widely used method for efficient growth of SWNTs with 

controlled properties[2, 14, 15]. A CVD process involves complex chemistry, and consists of both gas-phase and 

surface reactions. Volatile carbon precursor molecules transport into the reaction zone, and decompose or react 

with other reaction gases to form active carbon atoms, which subsequently absorb on the catalyst surfaces to form 

SWNT nuclei[16]. Further incorporation of carbon atoms to the SWNT-catalyst interface leads to the growth of 

SWNTs. In this process, the catalyst not only facilitates the dissociation and diffusion of carbon atoms, but also 

serves as the template for SWNT growth[17]. Therefore, the choice of catalyst and its interaction with the carbon 

atoms play crucial roles in determining the SWNT structure.  

According to the way the catalyst particle is introduced into the reaction zone for SWNT growth, CVD 

systems are classified into three types: floating catalyst CVD, surface growth, and solid supported catalyst CVD. 

Figure 2a shows the scheme of floating CVD for SWNT synthesis. In the process, both the catalyst and carbon 

precursors are fed continuously to a reactor with the assistance of carrier gas[4, 18, 19]. Upon heating, the catalyst 

precursors are decomposed into metal atoms and subsequently aggregate into nanoparticles in the gas phase. 

Together with carbon source decomposition, carbon absorption and diffusion on catalyst particles, SWNT 

nucleation and growth all take place at the reaction zone. After floating out of the hot reaction zone, SWNT growth 

terminates, and the synthesized SWNTs can be collected at the gas outlet. For a typical floating CVD, the SWNT 

growth duration only lasts a few seconds, as it is shorter than the residence time for all the abovementioned 

processes to occur. Floating catalyst CVD is a promising technique for scalable synthesis of SWNTs and possesses 

several advantages. First of all, as the SWNTs are generated in gas phase, they are free of support materials; 

Secondly, the SWNTs float out of the hot zone after reaction, and therefore could be deposited onto various 

targeted substrates at low temperature zone, facilitating the subsequent applications of SWNT thin films in 

different fields[20]. Thirdly, the reaction temperature could be high enough to guarantee a high graphitization 

degree of SWNTs. For instance, the well-known commercial HiPco SWNTs, which have been widely used for 

fundamental research, are produced by the floating catalyst CVD method at a reaction temperature of 1050 oC[4]. 

The produced SWNTs exhibit an intensity ratio between G mode and D mode higher than 20.0 in the Raman 

spectra, indicative of well crystallized SWNTs[21]. However, the approach also suffers some drawbacks, such as 

the low catalyst efficiency, and the SWNT surface contamination by inactive catalyst particles. More importantly, 

as the catalyst is formed randomly in the gas phase during the precursor decomposition process, little control 

could be exerted over the size or structure of the catalyst particles. Consequently, the generated catalysts usually 

demonstrate a wide diameter distribution, and report on the diameter- or structure-controlled synthesis of SWNTs 

by the floating catalyst CVD is scarce[22]. 

Surface growth, which involves the dispersion/deposition of discrete nanoparticles or thin film catalyst on 

flat substrate[23, 24], affords the growth of SWNTs from the catalyst by CVD (Figure 2b). Initially, discrete 

SWNTs, the diameters of which are correlated with those of catalyst particles, are synthesized on different planar 

substrates, such as silica (SiO2)[23, 25], magnesia (MgO)[26] and sapphire surfaces[27]. Owing to the negligible 

interference from neighboring carbon nanotubes during SWNT elongation process on surfaces, the quality of 

SWNTs is rather high, and field effect transistors made from semiconducting SWNTs demonstrate fascinating 

characteristics[28, 29]. In addition, the orientations of discrete SWNTs could be guided by the underlying 

substrate[30, 31] or the gas flow[32, 33], favoring the synthesis of horizontally aligned products. More importantly, 
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the chirality of SWNTs could be well tuned by the catalyst or molecular template, resulting in SWNTs with a 

single-chirality purity higher than 90%[34, 35]. Nevertheless, the poor SWNT yield and the SWNT nonuniformity 

on the whole substrate surface are the major hurdles for their practical applications. To improve the SWNT yield, 

highly dense nanoparticles or thin catalyst films are sputtered on the flat substrates for CVD synthesis. Under 

optimal reaction conditions, vertically aligned SWNT forests longer than several millimeters could be 

synthesized[24]. Although the SWNT growth efficiency is very high, the random cracking of metal film poses no 

constrains on the sizes of generated nanoparticles, leading to the synthesis of SWNTs with a broad diameter 

distribution. Moreover, owing to the interferences of elongating SWNTs with different growth rates during the 

growth process, most SWNTs are very defective, which deteriorates their intrinsic optical and electrical 

properties[24].  

Solid supported catalyst CVD could bridge the precise control over (n, m) structure and bulk synthesis of 

SWNTs[36, 37]. The supported heterogeneous catalyst consists of oxide carriers and active catalyst components. 

Besides high thermal and mechanical stability, the mesoporous support carriers have large surface area, which 

provides sufficient sites for stabilizing the dispersed metal and regulating the catalyst performances, as 

schematically illustrated in Figure 2c. Similar to surface growth of SWNTs with high chirality selectivity, the 

solid supported catalyst could regulate SWNT (n, m) structures by controlling the catalyst-SWNT interface 

properties[38], which sheds light on large quantity synthesis of SWNTs with a narrow chirality distribution, thus 

paving the way towards single chirality SWNT preparation through post-growth separation approaches for high-

tech applications. Although there are several reviews dedicated to the controlled growth and sorting of SWNTs[2, 

39-41], a comprehensive summary of SWNT growth from solid-supported heterogeneous catalysts is currently 

lacking. 

 

 
 

Figure 2. (a) Scheme of SWNT synthesis from floating catalyst CVD. (b) Schematic illustration of surface growth of SWNTs from discrete 

nanoparticles or metal thin films deposited on flat surfaces. (c) Scheme of growing SWNTs from solid supported catalyst CVD 

 

In this review, the development history of solid support catalyst CVD for SWNT growth is firstly described. 

Pioneer reports on chirality selective synthesis of SWNTs from solid supported heterogenous catalysts are 

addressed. Secondly, the key roles of the catalyst in determining SWNT nucleation and growth kinetics are briefly 

discussed. Thirdly, different catalysts, classified by active components and support materials, are respectively 

discussed. Finally, the challenges and prospects in synthesizing SWNTs from solid support catalysts are proposed. 

 

2. History of solid supported catalysts in SWNT synthesis 
 

The discovery and development of carbon nanotubes have a rich history. While credit for the formal 

discovery in 1991 is given to Sumio Iijima, who observed carbon nanotubes as byproducts during electric arc 

experiments for fullerenes deposition[42], it is also important to acknowledge the work of Radushkevich and 

Lukyanovich[43], who published transmission electron microscopy (TEM) images clearly showing carbon fibers 

with a continuous inner cavity in 1952[44]. To synthesize SWNTs, catalyst particles with suitable diameters are 

required during the reaction process. The first growth of SWNTs using electric arc experiments involved filling 

of graphite rods with Fe or Co metal, resulting in independent syntheses by two research groups in 1993[10, 11]. 

In 1996, Dai and co-workers made an important advancement by developing a molybdenum (Mo) catalyst 

supported by fumed alumina nanoparticles for CVD synthesis by disproportionation of carbon monoxide (CO)[45]. 
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The reaction temperature was high (1200 °C), and the produced SWNTs exhibited diameters ranging from 1 to 5 

nm. Subsequent work by Kong et al.[46] systematically investigated the synthesis of SWNTs on a variety of silica 

and alumina supported Fe-family metal catalysts by methane (CH4) CVD. They discovered that the type of support 

controlled the bundle size of the produced SWNTs. Amorphous silica supported catalyst yielded bundled SWNTs, 

while crystalline alumina nanoparticle supported catalysts produced only individual SWNTs or small bundles. 

This research highlighted the critical roles of both the supported catalyst and the CH4 carbon source in synthesizing 

SWNTs[43]. Compared with SiO2 and alumina, MgO support could be removed more easily by mild acid 

treatment after reaction, therefore, great efforts have been made in designing MgO supported catalysts for SWNT 

synthesis[47, 48]. By reducing Co0.1Mg0.9O solid solution in hydrogen-CH4 atmosphere, Flahaut et al.[47] 

prepared carbon nanotubes with diameters of 0.5-5.0 nm, which are mixture of SWNTs and double-walled carbon 

nanotubes. High purity SWNTs grown from MgO supported 3d transition metals were reported by Li et al. in 

2001[48]. In their work, five kinds of oxide support were systematically investigated and only porous MgO was 

revealed to be suitable for metal incorporation to grow SWNTs. On a typical MgO-supported Fe catalyst, the 

choice of hydrocarbons was revealed to play an important role in CVD synthesis, with different hydrocarbons 

resulting in variations in the structure of the carbon deposits[49]. Specifically, aromatic molecules such as benzene 

and naphthalene tended to favor the synthesis of SWNTs. However, most of the synthesized SWNTs exhibited 

wide diameter distributions at this stage of research. 

With the simultaneous advancements in SWNT characterizations by optical techniques, like UV-vis-NIR 

absorption spectroscopy and photoluminescence (PL) spectroscopy[50, 51], chirality selective synthesis of 

SWNTs with enrichment of specific (n, m) species began to flourish. Bachilo et al.[36] employed PL spectroscopy 

to analyze the SWNTs produced by the disproportionation of CO on a silica supported CoMo catalyst. They 

revealed that more than half of the semiconducting SWNTs synthesized were the (6, 5) and (7, 5) chirality. 

Compared with HiPco SWNTs generated by floating CVD[4], the SWNTs synthesized on the CoMo/silica 

catalyst exhibited a much narrower chirality distribution. Similarly, Maruyama et al.[52] used fluorescence 

spectroscopy to characterize SWNTs synthesized on a zeolite supported FeCo catalyst. The SWNTs grown via 

alcohol CVD demonstrated enrichment of (7, 5) and (7, 6) species, and their chirality distribution was also 

narrower than that of HiPco SWNTs. These pioneer works marked the beginning of chirality-selective synthesis 

of SWNTs using solid support catalyst. The exploration of key factors influencing SWNT chirality distribution 

will be detailed in the following sections.  

 

3. SWNT chirality distribution dependence on CVD parameters 
 

In theory, all the parameters related to CVD growth process, including reaction temperature, pressure, carbon 

source, catalyst size and component, can influence the structures of synthesized SWNTs. 

 

3.1 Reaction temperature 
 

The typical reaction temperature for CVD growth of SWNTs ranges from 400 to 1200 oC. Generally, higher 

reaction temperature tends to increase the graphitization degree of the SWNTs, thus promoting the synthesis of 

high quality SWNTs with excellent properties. However, elevated reaction temperature can also lead to the 

coalescence and sintering of reduced metal particles[53], resulting in the formation of large diameter SWNTs or 

even multi-walled carbon nanotubes. Another factor contributing to temperature-dependent chirality distribution 

is the entropy-driven stability of chiral SWNTs on the catalyst surface[54], and high reaction temperature is 

generally unfavorable for controlling SWNT chirality. Therefore, to narrow the SWNT chirality distribution, most 

reactions are constrained to low temperature CVD growth[37, 53]. For example, the reaction temperature for 

producing commercial CoMoCAT SWNTs, enriched in (6, 5) SWNTs, is set below 750 oC[55]. Similarly, the 

predominant synthesis of (6, 5) SWNTs has been achieved at about 600 oC in various studies[37, 53, 56, 57]. For 

example, an MgO supported FeCu catalyst facilitated the growth of SWNTs with higher yield than monometallic 

Fe catalyst. In the bimetallic catalyst, the presence of Cu promoted the reduction and activation of Fe at low 

reaction temperature, partially contributing to the dominant synthesis of (6, 5) SWNTs[37, 58]. The findings are 

consistent with numerous other reports[52, 54, 55], which disclosed that decreasing reaction temperature leads to 

a narrower SWNT chirality distribution. 

In typical CVD process, synthesizing SWNTs at temperatures lower than 600 oC is challenging due to the 

presence of the energy barriers for carbon source dissociation and nanotube nucleation. However, for 

compatibility with the CMOS technology, which permits a maximum temperature of 450 oC, it is imperative to 

minimize the growth temperature as much as possible[59]. In 2011, He et al.[60] introduced a silica supported Ni 

catalyst for low temperature growth of SWNTs. The H2-temperature programmed reduction (H2-TPR) profile of 
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the catalyst suggested that reduction commenced at about 400 oC, correlated to the activation of the Ni particles. 

As a result, SWNTs could grow on the Ni/SiO2 catalyst at 450 oC, and high quality ones were synthesized at 500 
oC, as indicated by the relatively low intensity of D mode in the Raman spectra[60]. 

On the contrary, a higher reaction temperature is preferred for synthesizing SWNTs with elevated 

graphitization degree. To achieve this while maintaining the narrow SWNT chirality distribution, it becomes 

essential to prepare supported catalysts with robust metal-support interaction. A strong metal-support interaction 

not only aids in anchoring the reduced metal nanoparticles but also minimizes the nonuniformity of active catalysts, 

thus favoring chirality selection during high-temperature CVD. In 2022, Wu et al.[61] designed an MgO supported 

Co catalyst using a simple impregnation technique. Environmental transmission electron microscopy (ETEM) 

revealed that metallic Co nanoparticles were generated on the MgO surface at 700 oC in a reducing CO atmosphere. 

No particle coalescence was observed with prolonging the reaction time. The ETEM analysis indicated a strong 

metal-support interaction between the reduced Co and the underlying MgO support. This is because the surface 

vacancies on the MgO surface act as the anchoring sites for stabilizing reduced Co nanoparticles. As a result, high 

quality SWNTs with a narrow chirality distribution were synthesized at a high temperature of 800 oC, with only 

a few major species, like (6, 5), (7, 5), (8, 3) and (8, 4) detected by PL. Moreover, thermogravimetric analysis 

(TGA) of the purified SWNTs revealed an oxidation peak of approximately 476 oC[61], higher than that of 

SWNTs grown at lower temperatures. This work shows the potential of high temperature growth of SWNTs with 

a narrow chirality distribution. 

 

3.2 Carbon precursor 
 

The type of carbon precursor is coherently related to the chirality distribution of SWNTs. Although various 

hydrocarbons were initially explored for growing SWNTs in early reports[49], the prevalent carbon sources for 

chiral-selective synthesis of SWNTs have been mainly limited to ethanol[52], CH4[57] and CO[62]. Among them, 

ethanol stands out as an environmentally friendly carbon source, characterized by its non-toxic nature and minimal 

environmental impact even in the event of spillage. Alcohol CVD (ACCVD) was initially developed and 

extensively investigated by Maruyama’s research group at the University of Tokyo[52, 63, 64]. In the ACCVD 

process, the heterogeneous catalyst adopted is a USY-zeolite supported FeCo catalyst[52]. Owing to the presence 

of OH radicals, which result from the decomposition of ethanol, the formation of impurities such as amorphous 

carbon and carbon nanoparticles is effectively suppressed, leading to the growth of high purity SWNTs. The 

suppression effect is attributed to the etching effect of the OH radicals, which tend to attack carbon atoms with 

dangling bonds. By using isotopically labeled ethanol (12CH3–13CH2–OH), researchers were able to track the 

carbon atoms during SWNT formation process[65]. In addition to producing ethylene by gas-phase decomposition, 

ethanol molecules themselves interact with the catalyst surface and participate in SWNT growth. Interestingly, 

carbon atoms located away from the hydroxyl group are preferentially incorporated into the SWNT structure, and 

this process is sensitive to the reaction temperature and the catalyst component. Consequently, by tuning the 

catalyst composition, it is possible to regulate ethanol dissociation and consequently control the chirality 

distribution of SWNTs. 

As ethanol is in a liquid state under ambient conditions, carrier gases are usually required to transport ethanol 

molecules into the reaction zone. From this point of view, gaseous carbon precursors offer more convenience for 

introduction into the CVD reactor. CH4, the primary component of natural gas, has been widely adopted as the 

carbon source in bulk synthesis of SWNTs, which usually exhibit a broad diameter distribution[48, 55]. In 2007, 

Li et al.[57] demonstrated CH4 CVD for selective synthesis of (6, 5) SWNTs on a silica supported bimetallic FeRu 

catalyst at 600 oC. In comparison to CoMoCAT SWNTs exhibiting a high preference for (6, 5) tubes, the CH4 

grown SWNTs exhibited a similar concentration of (6, 5) species. In 2017, Xu et al.[66] reported the preferential 

synthesis of (6, 4) SWNTs by finely controlling the oxidation degree of zeolite supported Co catalyst through CH4 

CVD. It is worth noting that in this work, plasma irradiation was supplied using radiofrequency-powered coils, 

leading to the dissociation of CH4 in a manner distinct from thermal CVD. The wide availability and cost-

effectiveness render CH4 an ideal carbon source for chiral-selective synthesis of SWNTs. Additionally, the high 

H/C ratio of CH4 leads to the generation of H2 by thermal decomposition, which can serve as etching agents for 

removing the amorphous carbon coating on catalyst surface. This, in turn, extends the lifetime of the catalyst 

particle and increases SWNT growth efficiency[49, 67]. However, the presence of reducing H2 at reaction 

temperature inevitably causes the coalescence of metal catalyst, potentially degrading SWNT diameter and 

chirality control.  

Similar to CH4, CO is thermodynamically stable in the absence of catalyst under reaction conditions. The 

disproportionation of CO is known as the Boudouard reaction, which is exothermic at all temperatures and leads 

to the formation of carbon dioxide (CO2) and graphite. At temperatures higher than 700 oC, the forward reaction 
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is thermodynamically unfavored[68]. In addition, the CO2 generated from CO disproportionation is a weak 

oxidizing gas[69], and could help etch excessive carbon atoms on the catalyst surface. Consequently, adopting 

CO as the carbon precursor facilitates the growth of high purity SWNTs. In fact, commercially available SWNTs, 

such as CoMoCAT, HiPco and CANATU SWNTs[36, 70, 71], all deploy CO as the carbon source during their 

synthesis procedures. The comparison between CO and CH4 was initially made by Lolli et al.[55], who 

investigated the SWNT growth on the CoMoCAT catalyst through varying the gas feed. Figure 3a presents UV-

vis-NIR absorption spectra of the SWNTs produced at 800 oC. Obviously, CO-grown SWNTs exhibit a high 

selectivity for (6, 5) SWNTs, while SWNTs grown from CH4 could not afford a narrow (n, m) distribution. 

Different kinetics, which are related to the byproducts of CH4 dissociation (H2) and CO disproportionation (CO2), 

were proposed to be responsible for the different chirality distributions[55]. Using TEM and nanobeam electron 

diffraction, He et al.[72] examined SWNTs grown from discrete Fe nanoparticles using different carbon feeds. At 

a reaction temperature of 800 oC, thin SWNTs with a diameter range of 0.7-1.6 nm were produced by using CO 

as the carbon precursor. In contrast, large diameter SWNTs ranging from 1.0 to 4.7 nm were synthesized from 

CH4. Moreover, the CO-grown SWNTs demonstrated a preference for large chiral angle SWNTs, while CH4-

grown SWNTs exhibited a randomly distributed chiral angle, likely due to the large structural diversity of the 

products. Further studies revealed that CO and CH4 respectively facilitated the nucleation of SWNTs in 

perpendicular mode and tangential mode[73, 74], classified by the diameter ratio between the SWNT and the 

catalyst particle (Figure 3b, 3c). The SWNT/catalyst diameter ratio was found to be determined by the carbon 

concentration inside the metal catalyst. When the carbon content within the metal particle is low, the catalyst 

particle tends to wet the inner surface of nanotube, and the tangential configuration is thermodynamically 

stable[74]. At high carbon content, the metal particle dewets the inner tube wall. Consequently, a perpendicular 

mode, where the SWNT has a smaller diameter than the catalyst particle, is favored. Experimentally, the rate 

constant for Fe carburization originating from CO disproportionation at 800 oC is about 1.5 × 10-4 mol·cm-2·s-

1·bar-1, which is about two orders of magnitude larger than the CH4 carburization rate (1.9 × 10-6 mol·cm-2·s-1·bar-

1)[75]. As a result, the carbon content inside metal nanoparticles delivered by Boudouard reaction is relatively 

high, accounting for the perpendicular mode and narrow diameter distribution of SWNTs grown from CO carbon 

precursor. The preference to grow SWNTs by the perpendicular mode explains the extensive use of CO for 

growing small diameter SWNTs.  

 

 
Figure 3. (a) UV-vis-NIR absorption spectra of the SWNTs produced on the CoMoCAT catalyst at 800 oC respectively using CO and CH4 

as the carbon source[55]. Copyright 2006 American Chemical Society. TEM images of SWNTs grown in (b) tangential mode from CH4 and 

(c) perpendicular mode from CO[74]. Copyright 2018 Royal Society of Chemistry 

 

3.3 Reaction pressure 
 

The pressure of the carbon precursor significantly influences the nucleation and growth kinetics of SWNTs, 

and should be discussed in the context of carbon feed and reaction temperature. In typical ACCVD experiments, 

a constant pressure around 1 kPa is usually used to efficiently grow SWNTs within the temperature range of 600-

800 oC[52]. In 2017, Hou et al.[64] investigated an extended pressure range for ACCVD on a zeolite-supported 

Fe-Co catalyst. They varied the partial pressure of ethanol within the temperature range of 350-900 oC, ranging 

from 0.02 Pa to 15 kPa. Figure 4a shows the comprehensive exploration on CVD conditions, with different colors 

and shapes denoting the G/D ratio deduced from Raman spectra. As identified by red crosses, there are two SWNT 

growth boundaries in the map. These boundaries showed a positive correlation between temperature and pressure. 

At an ethanol pressure of 0.02 Pa, SWNT growth was possible at a lower temperature of 430 oC (Figure 4b). 

However, such a low ethanol pressure could not support SWNT growth at temperatures higher than 700 oC. In 



Volume 1 Issue 2|2023| 7 Universal Journal of Carbon Research 

contrast, at an ethanol pressure of 104 Pa, high quality SWNTs could be synthesized at 900 oC. Furthermore, 

increasing the ethanol pressure resulted in a narrower SWNT diameter distribution (Figure 4c). This was 

interpreted by carbon overfeeding, selectively poisoning some catalyst through carbon encapsulation. The strategy 

of selective poisoning by excessive ethanol supply was also applied in the surface growth of (2n, n) SWNTs on 

solid catalysts[35], which have the most available kinks at the SWNT-catalyst interface[38]. As a result, increasing 

carbon supply could deactivate other SWNTs with fewer kinks and improve the chirality selectivity towards (2n, 

n) nanotubes[76].  

 

 
 

Figure 4. (a) A contour plot of ACCVD experimental map including all reaction information. (b) Raman spectra of samples grown 

from 370 oC to 700 oC at an ethanol pressure of 0.02 Pa. (c) Normalized Raman spectra of SWNTs grown from 0.1 Pa to 5 Pa ethanol at 480 
oC. The spectra were acquired with four excitation laser wavelengths [64]. Copyright 2018 Royal Society of Chemistry 

 

The influence of CO pressure on the SWNT synthesis from an MCM-41 supported Co catalyst was 

investigated by characterizing the synthesized SWNTs and Co nanoclusters[77]. Figure 5a presents Raman 

spectra recorded from SWNTs grown at 800 oC with different CO pressure. The intensities of radial breathing 

modes (RBMs) with higher frequencies, corresponding to SWNTs of smaller diameters, increase as the CO 

pressure rises. An absorption spectrum of SWNTs grown at a high CO pressure of 6 atm confirms a narrow 

chirality distribution. Figure 5b plots the total carbon yield as a function of the CO pressure, demonstrating that 

larger amounts of carbon deposits are produced at higher CO pressures. The results indicate strong correlations 

between CO pressure and SWNT selectivity and yield. Similar results were also reported by Wang et al.[78], who 

studied the selective growth of SWNTs by adjusting CO pressure in the range of 2 to 18 bar on a silica supported 

CoMo catalyst. Figure 5c illustrates PL emission maps of SWNTs synthesized at different CO pressure. In all the 

maps, dominant SWNT species are (6, 5), (7, 5), and (7, 6) with large chiral angles. Increasing CO pressure from 

2 to 18 bar leads to the enrichment of small diameter (6, 5) tube, and a concentration of about 50% could be 

reached at 18 bar CO pressure. The increased abundance of (6, 5) tube is accompanied by the decreased 

concentration of large diameter (7, 6) type. The observations suggest that increasing the reaction pressure 

promotes the growth of (6, 5) SWNTs with a small diameter of 0.75 nm. It is speculated that increasing CO 

pressure increases the CO striking coefficient on Co nanoparticles, thus shortening the incubation time for SWNT 

nucleation, which minimizes the possibilities for Co nanoparticle sintering and nucleation of large diameter 

SWNTs[78]. Consequently, high pressure CO is widely adopted for selectively growing small diameter 

SWNTs[36, 55]. Nevertheless, considering the cost and safety issue of high-pressure reaction, CVD growth of 

SWNTs using ambient CO is highly desirable. 
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Figure 5. (a) Raman spectra recorded from SWNTs grown on MCM-41 supported Co catalyst at 800 oC with different CO pressure. (b) 

Total carbon yield as a function of the CO pressure[77]. Copyright 2004 Elsevier. (c) PL emission maps of SWNTs synthesized at different 

CO pressure from a CoMo/SiO2 catalyst at 800 oC[78]. Copyright 2007 American Chemical Society 

 

4. Heterogeneous catalysts for chiral selective synthesis of SWNTs 
 

Based on the above discussions, it is summarized that the optimization of CVD parameters significantly 

influences the SWNT chirality distribution. Since SWNT growth takes place on the catalyst surface, the interface 

between SWNT and catalyst is pivotal for achieving selective synthesis. In solid supported heterogenous catalyst, 

the properties of both the support materials and the active metal components play crucial roles in regulating the 

catalyst performances. This section will begin by exploring how the catalyst influences SWNT growth results, 

followed by a discussion of various solid-supported catalyst systems categorized based on their active metal 

components. 

 

4.1 Effects of catalyst on SWNT synthesis 
 

4.1.1 Effect of catalyst size 
 

While SWNT nucleation can occur through various modes, the size of the catalyst particle significantly 

influences the number of nanotube walls and diameters. Initial efforts in synthesizing SWNTs on flat substrate 

surfaces are mainly focused on the preparation of monodisperse nanoparticles. In 2001, Li et al.[79] reported the 

growth of SWNTs from Fe nanoparticles with diameters in the range of 1-2 nm and 3-5 nm, respectively. Using 

TEM, the authors, for the first time, presented both ends of an isolated SWNT, which revealed a diameter 

correlation between the SWNT and the catalyst particle. Consequently, controlling catalyst diameters enables the 

control of SWNT diameters. Similarly, by preparing nanoparticles with different average diameters, Cheung et 

al.[80] demonstrated the growth of carbon nanotubes with average diameters of 3, 7, and 12 nm, respectively. As 

the nanotube diameter increased, the number of walls increased from one to two or three. Subsequent efforts have 

been focused on designing uniform metal nanoparticles for growing SWNTs with consistent size and even 

chirality. For instance, An et al.[81] utilized molecular nanoclusters containing 84 Mo atoms and 30 Fe atoms as 

catalysts for CVD synthesis of SWNTs. Although the resulting SWNTs exhibited an average diameter of 1.0 nm, 

close to the original cluster diameter of 1.3 nm, they still possessed a wide diameter distribution (0.7 to 1.5 nm), 

due to the aggregation of a small number of nanoclusters. In 2022, Lv et al.[82] characterized the SWNTs 

synthesized from 1.4 nm Au clusters. Despite the uniform diameter of the Au clusters (1.4 nm), the diameters of 

CO-grown SWNTs ranged from 0.75 to 1.8 nm. Additionally, large-chiral-angle SWNTs were enriched in the 

products, explained by their fast kinetics on the basis of vapor-liquid-solid growth mechanism[82]. Ostwald 

ripening, driven by the low melting temperature of the catalyst particle in the reaction environment, led to diverse 

diameter distributions of SWNTs.  

 

4.1.2 Physical state of catalyst 
 

To control the diameter and chirality of SWNTs, it is imperative to develop solid templates with a uniform 

structure that enables the synthesis of SWNTs by the vapor-solid-solid mechanism. Solid templates applied for 

SWNT synthesis could be classified into two types: one involves utilizing various carbon segments that act as 

seeds for subsequent elongation of SWNTs during CVD, a process known as nanotube cloning. The pioneering 

example of SWNT amplification was reported by Smalley et al.[83]. In their work, SWNTs were initially cut into 

short segments with open ends, which were then functionalized to dock FeO nanoparticles. Upon reduction, the 

docked particles at the SWNT ends could be converted into active metal, catalyzing amplified growth through 

carbon feeding at high reaction temperatures. Using AFM, a long and straight bidirectionally grown SWNT, 

identical in diameter to the original SWNT, was traced, confirming the amplified growth from short SWNTs. 

Subsequently, Yao et al.[84] suggested using open ended SWNTs for continued SWNT growth without the 

addition of new catalyst. Raman characterizations revealed that the newly grown segment had the same diameter 

and chirality as the parent SWNTs. Other carbon segments, such as opened fullerene caps[85], sorted SWNTs[86], 

carbon nanorings[87], and ultrashort nanotube seeds[88] can also serve as seeds for SWNT cloning by vapor 

phase epitaxy. However, most of the processes suffer from low yields, limiting their practical application in the 

bulk synthesis of SWNTs. 

Alternatively, a variety of catalyst nanoparticles with high melting temperatures, capable of preserving their 

solid state at reaction conditions, has been applied for the template growth of SWNTs with specific (n, m) 

structures. In 2014, Yang et al.[34] designed W6Co7 alloy nanoparticles for selectively growing (12, 6) SWNTs. 
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The presence of refractory W in the alloy imparts a high melting temperature to the catalyst particles, enabling 

the synthesis of SWNTs by vapor-solid-solid mechanism. Density functional theory (DFT) calculations showed 

that (12, 6) nanotube demonstrates a perfect geometrical match with the (0 0 12) plane of W6Co7 nanoparticle, 

and the thermodynamic ascendancy accounts for the chirality specific growth of SWNTs. As a results, it becomes 

feasible to control the SWNT (n, m) structure by regulating the crystalline plane for nucleating SWNTs[34]. 

However, the reconstruction of alloy nanoparticles was revealed to be complex under CVD reaction 

environment[89], making precise control of specific crystalline plane for growing nanotube extremely difficult. 

In 2017, Zhang et al.[35] designed several carbides for catalyzing the growth of horizontal arrays of (2n, n) 

SWNTs. Using Mo2C (100) with a 6-fold symmetry as a catalyst, (12, 6) SWNTs with the same symmetry are 

favored to grow. Similarly, the WC(100) plane with a 4-fold symmetry facilitates the synthesis of (8, 4) tubes. In 

addition to symmetry matching, the fast growth kinetics of (2n, n) SWNTs also contribute to their enrichment, as 

later addressed by He et al.[90]. Despite the progress, the approaches are only applicable to the surface growth of 

SWNTs, which suffers from very low SWNT yield and is unsuitable for large quantity synthesis of SWNTs with 

high chirality selectivity. 

 

4.1.3 Composition of catalyst 
 

The catalyst composition has been identified as a significant factor influencing SWNT synthesis[91, 92]. 

Using DFT, Ding et al.[91] proposed that the adhesion between SWNTs and metal nanoparticle must be 

sufficiently strong to support the growth of nanotubes. Commonly used catalysts, such as Fe, Co and Ni, possess 

strong adhesion to SWNTs, stabilizing the open end and preventing the nanotube closure during growth. In 

contrast, late transition metals, like Cu, Pd, and Au, exhibit weak metal-SWNT adhesion, rendering theme 

unsuitable for efficient SWNT growth. Yazyev et al.[92] also investigated the impact of metal elements on the 

catalytic growth of carbon nanotubes through first-principles calculations. They revealed that the choice of catalyst 

could affect the carbon diffusion pathways and the stability of growing nanotubes. Although the binding of 

SWNTs through armchair edges are more energetically favorable, the stability varies significantly among the 

metals investigated, including Ni, Pd, Pt, Cu, Ag, and Au. Notably, Cu exhibits the lowest energy barrier for 

carbon diffusion, indicating that SWNT growth could occur at much lower reaction temperatures. Additionally, 

Cu was also suggested as the most promising catalyst for growing SWNTs of defined chirality. 

However, experimental results often deviate from theoretical predictions[93, 94]. For example, Takagi et 

al.[93] demonstrated that metal particles within the size range of 1-3 nm, including Cu, Ag and Au, can act as 

catalysts for synthesizing SWNTs in CVD. The essential role of catalyst is believed to provide a platform for the 

self-assembled formation of a hemispherical cap. In 2008, Yuan et al.[94] demonstrated the growth of horizontally 

aligned SWNTs on quartz substrates from a large variety of metals, including Fe, Co, Ni, Cu, Pt, Pd, Mn, Mo, Cr, 

Sn, Au, Mg, and Al. To date, various nanoparticles containing metals, oxides, or carbides, have been employed 

for catalytic CVD growth of SWNTs on flat surfaces[34, 35, 57]. Unfortunately, systematic characterizations on 

SWNTs synthesized on different catalysts have been lacking, primarily due to the limited yield of SWNTs grown 

on flat surfaces.   

 

4.2 Solid supported heterogeneous catalysts for SWNT growth 
 

In contrast to flat substrates with smaller surface areas for catalyst anchoring and SWNT growth, solid 

supported heterogeneous catalysts offer the advantages of large surface area and high metal loading. These 

features facilitate large-scale synthesis of SWNTs, providing ample material for comprehensive characterizations. 

In the following sections, we will discuss solid supported heterogeneous catalysts applied for growing SWNTs, 

categorizing them based on the active catalyst components. 

 

4.2.1 Co-based catalysts 
 

One of the most successful catalyst systems for growing SWNTs with narrowly distributed chirality is the 

CoMoCAT[36], which consists of a silica support and CoMo metallic components. In the CoMoCAT process, 

SWNTs are produced at 700-950 oC with pure CO flow at a pressure range of 1-10 bar[95]. During the CVD 

process, the synergistic effect between Mo and Co is essential for determining catalyst performance, which is 

sensitive to the Mo:Co atomic ratio[96]. The catalyst is very active and selective for growing SWNTs only when 

there is sufficient Mo present. Figure 6a illustrates the evolutions of the respective metals. The interaction 

between Co and Mo improves the Co dispersion and hinders the sintering of reduced Co clusters. The stabilized 

Co nanoparticles act as active components for growing SWNTs. Excessive Co in the catalyst forms large particles, 

which produce undesirable carbon forms, such as multi-walled carbon nanotubes and graphitic layers[96]. Along 
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with the regulation of the reaction temperature and CO pressure, it is possible to respectively synthesize enriched 

(6, 5) or (7, 6) nanotubes on the CoMoCAT catalyst (Figure 6b, 6c). 

 

 
 

Figure 6. (a) Schematic representation of the state of the catalyst components before and during the production of SWNTs[95]. Copyright 

2002 Kluwer Academic Publishers. (b-c) UV-vis-NIR absorption spectra of CoMoCAT SWNTs with enriched (6, 5) or (7, 5) 

 

In the CoMoCAT process, the stabilization effect is derived from the surface CoMo-like structure. Disrupting 

this structure leads to the formation of molybdenum carbide and the release of small Co clusters. However, 

postgrowth removal of molybdenum carbide is challenging and typically requires the use of harsh hydrofluoric 

acid. To eliminate the need for Mo in the catalyst, several strategies have been proposed to stabilize reduced Co 

nanoclusters. One approach is to use a porous support with nanochannels, such as zeolite or MCM-41[97, 98], for 

incorporating Co ions. In 2003, Haller’s group reported the synthesis of uniform SWNTs from Co-substituted 

MCM-41 molecular sieves with nanopores[97]. The Co ions were incorporated into the siliceous MCM-41 

framework through a hydrothermal method. Figures 7a and 7b show the nitrogen physisorption results of Co-

MCM-41 using alkyl templates with different carbon chain lengths. The core size and corresponding pore volume 

increased linearly with the alkyl chain length C12-C18. After prereduction with H2, SWNT growth was performed 

at 750 oC using 5 atm CO. Figure 7c presents UV-vis-NIR absorption spectra of SWNTs grown in C12 and C16 

templates[98]. The inset is a TEM image of uniform SWNTs grown in the C12 template. All the SWNT diameters 

are smaller than the template pore diameters. The characterization results suggested that uniform SWNTs with 

narrow chirality distribution were synthesized from the monometallic Co-MCM-41. By analyzing extended X-

ray absorption fine structure (EXAFS) spectra recorded for C12 and C16 samples after exposure to reaction 

conditions, the average coordination number and diameters of Co clusters were determined (Figure 7d)[98]. The 

Co clusters from reducing C12 and C16 samples contained fewer than 20 and 30 Co atoms, respectively. The 

uniform Co cluster size accounted for the growth of SWNTs with uniform diameters, demonstrating the potential 

of controlling SWNT structures by using mesoporous materials. 
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Figure 7. (a-b) Nitrogen physisorption results of Co-MCM-41 using alkyl templates with different carbon chain lengths[97]. Copyright 

2003 American Chemical Society. (c) UV-vis-NIR absorption spectra of SWNTs grown in C12 and C16 templates. (d) Upper diameter limit 

of the Co clusters determined from the analysis of the EXAFS spectra [98]. Copyright 2004 American Chemical Society 

 

However, practical applications of MCM-41 supported catalysts for synthesizing SWNTs are hampered by 

several drawbacks. Firstly, SWNTs grown from the MCM-41 supported catalyst do not exhibit a narrower 

chirality distribution compared to those from catalysts prepared by chemically grafting Co2+ ions on the silica 

outer surface[99-102]. Secondly, the MCM-41 mesoporous support is prohibitively expensive for real applications. 

An alternative approach involves anchoring reduced Co metal nanoparticles using metal cations in supported 

catalysts was thus proposed for the chiral selective synthesis of SWNTs. He et al.[99] employed ALD technique 

to create a silica supported Co catalyst. The catalyst starts to reduce at about 500 oC in H2, with complete reduction 

only achievable at temperatures exceeding 800 oC (Figure 8a). For CVD reaction performed in the temperature 

range of 500-700 oC (Figure 8b), only a portion of Co2+ cations could be reduced to form Co nanoclusters, while 

the remaining Co2+ ions serve as anchoring sites, preventing the sintering of reduced Co particles, thus promoting 

the growth of small diameter SWNTs from CO carbon source, as schematically illustrated in Figure 8c[99]. 
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Figure 8. (a) H2-TPR pattern of Co/SiO2 catalyst prepared by ALD. (b) Raman spectra of SWNTs grown on Co/SiO2 catalyst at various 

temperatures. (c) Schematic illustration of SWNT growth on a partially reduced Co/SiO2 catalyst[99]. Copyright 2011 Royal Society of 

Chemistry 

 

In addition to using unreduced Co2+ as anchors, reduced Co nanoparticles can be also stabilized on the 

support surface through regulating metal-support interactions. Due to their same crystal structures and similar 

lattice parameters, CoO could dissolve in the MgO matrix and form an ideal CoxMg1-xO solid solution after 

annealing at 1000 oC for 20 h[103], as revealed by the uniform face-centered cubic (200) lattice fringes of single 

crystal structure (Figure 9a). Using in situ ETEM, the reduction of surface Co2+ upon CO reduction was monitored 

at 600 oC. Figure 9b presents a TEM image of homogeneous Co nanoparticles formed on the MgO surface. The 

calculated fast Fourier transformation (FFT) pattern (Figure 9c) exhibits an epitaxial relationship between the Co 

nanoparticles and the MgO support. Lattice-mismatched epitaxy was also confirmed by a zoomed-in view of a 

Co nanoparticle (Figure 9d). Owing to the significant lattice constant mismatch between the Co and MgO (~16%), 

the misfit strain at the Co/MgO interface causes apparent deformation of the Co lattice, which minimizes the 

interface area and limits the formation of large diameter Co nanoparticles. The epitaxially formed Co nanoparticles 

not only exhibit uniform size and crystal structure, but also are well anchored by the underlying MgO support. 

Consequently, the CoxMg1-xO solid solution affords the predominant growth of (6, 5) SWNTs using CO CVD at 

500 oC (Figure 9e-f). For comparison, SWNTs grown from an ALD prepared MgO supported Co catalyst, which 

does not exhibit such metal-support epitaxy under reaction conditions, display a much wider chirality 

distribution[104]. 
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Figure 9. (a) TEM image of a representative cube particle of the CoxMg1-xO catalyst. (b) An in situ HRTEM lattice image of Co 

nanoparticles formed from reducing the CoxMg1-xO solid solution and (c) the calculated FFT digital diffractogram. (d) Atomic arrangement 

of the epitaxial structure. A high chiral selectivity growth of (6, 5) nanotubes determined by (e) PL and (f) nanobeam electron 

diffraction[103]. Copyright 2013 Nature Publishing Group 

 

However, the epitaxy between Co and the MgO support could be destroyed when increasing the reaction 

temperature to 700 oC[53], where severe particle coalescence occurs. An alternative strategy to stabilize the 

supported Co catalyst involves using a support material with abundant anchoring sites. For example, Wu et al.[61] 

prepared an MgO supported Co catalyst that was mildly annealed at 450 oC for 1 h prior to use. The surface of the 

mildly treated MgO contains many vacancies, such as the vacancies arising from the lack of O2– and the neutral 

vacancy site, which possess unsaturated valence and a large electron affinity. These characteristics tend to promote 

ionization and stabilize the reduced Co nanoparticle. As a result, the supported Co nanoparticles are well anchored 

on the surface and can resist sintering even at 800 oC. Using ambient CO CVD, preferential synthesis of (6, 5) or 

(7, 5) SWNTs was respectively realized at 700 oC and 800 oC (Figure 10). 
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Figure 10. (a) UV-vis-NIR absorption spectrum and (b) PL emission map of SWNTs synthesized at 700 oC. (c) UV-vis-NIR absorption 

spectrum and (d) PL emission map of SWNTs synthesized at 800 oC[61]. Copyright 2022 Elsevier 

 

In contrast to the common growth of (6, 5), (7, 5) and (7, 6) SWNTs with small diameters, selective growth 

of (9, 8) SWNTs was reported by Chen’s group[105-107]. In their work, a mesoporous silica matrix, named TUD-

1 was chosen as the support, and 1 wt% Co was incorporated at tetrahedral sites of the silica matrix using a 

hydrothermal approach[105]. The catalyst was initially reduced in 1 bar H2 at 500 oC for 1 h, and CVD growth 

was performed at 800 oC using high pressure CO as the carbon precursor. Figure 11a shows the PL map of 

SWNTs sonicated in a sodium dodecyl benzene sulfonate D2O solution. Grounded on PL emission intensities, the 

selectivity of (9, 8) SWNTs was calculated to be about 59.1% among the semiconducting nanotubes. The 

prereduction temperature was revealed to be crucial in selectively growing (9, 8) nanotubes of 1.17 nm. Figure 

11b compares UV-vis-NIR absorption of SWNTs synthesized from the Co-TUD-1 catalyst pre-reduced at 

different temperatures. At a lower reduction temperature (400 oC), there is less reduced Co atoms, leading to the 

formation of small diameter Co nanoparticles for growing small diameter (6, 5) SWNTs. On the contrary, a higher 

reduction temperature (600 oC) causes the formation of nanoparticles with different sizes, leading to a loss of 

control over the SWNT (n, m) selectivity. Later, Wang et al.[106] designed a sulfate-promoted CoSO4/SiO2 

catalyst, which exhibited a narrow H2 reduction peak at 470 oC, for selectively growing (9, 8) SWNTs (Figure 

11c). After reduction at 540 oC in H2, the highly dispersed CoSO4 evolved into uniform Co nanoparticles with an 

average diameter 1.23 nm, matching the diameter of (9, 8) nanotube. Catalysts reduced under different conditions 

exhibited different sulfur content, correlated with the change in (n, m) selectivity. The presence of sulfur in the 

catalyst could inhibit the aggregation of Co atoms by forming Co-S compounds, which demonstrates the potential 

of tuning SWNT chirality distribution by promoting the catalyst with a main group element. 

 

 
 

Figure 11. (a) PL emission map of SWNTs synthesized from Co-TUD-1 catalyst at different temperatures. (b) UV-vis-NIR spectra and Raman 

spectra of as-synthesized SWNTs[105]. Copyright 2010 American Chemical Society. (c) Relative abundance of (n, m) SWNTs produced from 

the CoSO4/SiO2 catalyst and two-dimensional projected chirality map of SWNTs[106]. Copyright 2012 American Chemical Society 

 

In addition to main group element, other transition metals, like Cr and Mn, have been added into Co-

containing heterogeneous catalysts to enable the growth of SWNTs with narrow (n, m) distributions[108, 109]. In 

2009, Loebick et al.[109] studied the growth of SWNTs using Cr-promoted Co-MCM-41 catalysts with varying 

Co:Cr atomic ratios. Figure 12a-c shows the contour plot of normalized PL spectra intensities for SWNTs grown 

on the monometallic Co catalyst, bimetallic CoCr with 3:1, and 1:1 ratios. The most abundant species in all the 

products were (6, 5), (7, 5) and (7, 6). With an increasing proportion of Cr, the relative abundance of small 

diameter (6, 5) increased. The shift in (n, m) was correlated with the development of oxide in the MCM-41 

framework. The less reducible chromium oxide not only influenced the reducibility of the cobalt ions, but also 

aided in anchoring reduced Co clusters for engineering the SWNT diameters. Later, the authors reported the 

selective growth of subnanometer semiconducting SWNTs from an MCM-41 silica supported CoMn bimetallic 

catalyst with a Co: Mn molar ratio of 1:3[56]. TEM characterizations revealed that most of SWNTs synthesized 

at 600 oC fell within the diameter range of 0.5-0.7 nm. By combining PL and Raman characterizations, they 
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concluded that semiconducting SWNTs (93%) were favored to grow at such a low reaction temperature (Figure 

12d). From the catalyst perspective, the size and shape of the catalyst particles played a role in enriching 

semiconducting nanotubes. 

 

 
 

Figure 12. (a-c) PL emission map of SWNTs grown on the monometallic Co catalyst, bimetallic CoCr 3:1, and 1:1 catalyst, 

respectively[109]. Copyright 2009 Elsevier. (d) Number of metallic and semiconducting sub-nanometer SWNTs as determined by (n, m) 

indices[56]. Copyright 2010 American Chemical Society 

 

Without adding promoters, it is also possible to modify the chirality distribution of SWNTs. In 2017, Xu et 

al.[66] proposed to control the SWNT chirality by tuning the oxidation degree of a zeolite supported Co catalyst. 

Using plasma CVD with CH4 as the carbon feed, dominant synthesis of (6, 5) SWNTs was achieved on a non-

pretreated catalyst. However, the catalyst was pretreated with optimized contents of N2, H2 and H2O at 

temperatures over 700 oC, leading to controlled surface oxidation of Co nanoparticles, which catalyzed the 

selective growth of (6, 4) tube with a concentration up to 57%. First-principles calculations demonstrated that the 

surface oxidation degree affected the binding energies of nanotube cap and edge on the catalyst surface, thus 

driving the formation of SWNTs with smaller diameter and larger chiral angle. This work provides another 

promising strategy for regulating SWNT chirality distribution when using solid supported Co as the catalyst. 

  

4.2.2 Fe-based catalysts 
 

Similar to Co catalysts, solid supported Fe catalysts have also aroused significant interests in selectively 

growing SWNTs due to their cost-effectiveness. Although Li et al. reported the highly efficient growth of SWNTs 

from MgO supported Fe catalyst as early as 2001[45], the efficiency of monometallic Fe catalysts in synthesizing 

SWNTs at low reaction temperatures, which are preferred for achieving a narrow chirality distribution, has been 

limited. This is because the complete reduction of supported iron oxide, which takes place gradually from Fe2O3 

to Fe4O3, FeO and Fe(0), can only be achieved at temperatures exceeding 700 oC. As a result, at reaction 

temperatures below 700 oC, only a trace amount of large diameter iron oxide nanoparticles, which have weak 

interactions with the underlying oxide support, could be activated for growing mainly multi-walled carbon 

nanotubes[37]. While SWNTs can be grown on monometallic Fe catalyst at temperatures higher than 700 oC, the 

products usually exhibit a relatively wide diameter distribution. In a study conducted by Ago et al.[110] in 2005, 

they studied chirality distribution of SWNTs synthesized by CH4 CVD over MgO supported Fe catalyst at 750 oC. 

Figure 13a presents Raman spectra of SWNTs grown from catalysts with varying Fe loadings. At a 3 wt% Fe 

loading in the catalyst, the strongest RBM was centered at 182 cm-1, which corresponds to SWNTs with diameter 
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of 1.32 nm. Decreasing the Fe loading to 0.6 wt% shifted the strongest RBM peaks to a higher frequency of 265 

cm-1, corresponding to 0.9 nm SWNTs. A further decrease in Fe content resulted in no SWNT growth, suggesting 

that the Fe concentration was too low to form viable particles. The absorption and PL spectra of SWNTs grown 

from 0.6 wt% Fe loading confirmed that SWNTs with diameters close to 0.9 nm, such as (7, 5) and (7, 6) nanotubes, 

were the major species in the product (Figure 13b-c). However, the use of CH4 as carbon source led to the 

presence of various (n, m) species in the product. Using CO as the carbon precursor, an ALD prepared Fe/MgO 

catalyst afforded the synthesis of SWNTs with a relatively narrow (n, m) distribution[62]. Figure 13d compares 

the Raman spectra of SWNTs grown on the Fe/MgO catalyst at 700 oC and 800 oC. Obviously, mainly high 

frequency RBMs were observed for the SWNTs grown at 700 oC, indicating the preferential synthesis of small 

diameter SWNTs. The PL emission intensity map verified the dominance of (6, 5) nanotubes (Figure 13e). The 

schematic illustration of Fe catalyst activation and carbon nanotube growth on the MgO supported monometallic 

Fe catalyst is presented in Figure 13f.  

 

 
 

Figure 13. (a) Raman spectra of SWNTs grown from catalysts with different Fe loadings. (b-c) UV-vis-NIR spectra and PL emission map of 

SWNTs grown from 0.6 wt% Fe loading[110]. Copyright 2005 American Chemical Society. (d) Raman spectra of carbon nanotubes grown 

on Fe/MgO catalyst by CO CVD. (e) PL emission map of SWNTs synthesized on Fe/MgO catalyst at 700 oC. (f) Schematic illustration of 

carbon nanotube growth at different reaction temperatures on Fe/MgO catalyst[62]. Copyright 2016 Elsevier 

 

To achieve a narrower SWNT chirality distribution while operating at lower reaction temperatures, numerous 

strategies have been explored over the past two decades to enhance the reducibility and activating supported iron 

oxide. One commonly employed approach involves introducing a second metal, such as Ru[57], Cu[37, 58], or 

Mn[62], to promote the low temperature reduction of iron oxide. In 2007, Li et al.[57] reported a silica supported 

FeRu catalyst for CH4 CVD growth of SWNTs. Owing to the presence of Ru, the bimetallic catalyst predominantly 

grows (6, 5) SWNTs at 600 oC, which was attributed to the low eutectic temperature of Fe and Ru. The intimate 

alloying of FeRu affords the formation of small diameter catalyst particles that resist high temperature sintering, 

consequently catalyzing the growth of small diameter SWNTs. Compared with CoMoCAT (6, 5) SWNTs, the 

FeRu-grown SWNTs exhibit a similarly narrow chirality distribution. Even narrower (n, m) distribution and 

higher selectivity to (6, 5) SWNTs were achieved on an MgO supported FeCu catalyst[37]. In the catalyst system, 

CuO is readily reduced at 600 oC in the presence of CO, aiding in the reduction of adjacent iron oxide through a 

“spillover” mechanism. As a result, small diameter FeOx particles are reduced with the assistance of Cu, enabling 

low temperature growth of SWNTs. Compared with previously reported (6, 5) SWNTs[55, 57], this approach 

exhibited significantly higher selectivity to (6, 5) tube, as confirmed through nanobeam electron diffraction 

characterizations of individual SWNTs[58]. Two key factors contribute to this narrow chirality distribution. One 

is the use of CO, which demonstrates a high carburization potential for metal nanoparticle carburization. The other 

is the high carbon solubility of Fe[68, 111], which facilitates the growth of SWNTs with diameters much smaller 

than the catalyst particle. 

Building upon the insights mentioned above, an MgO supported FeMn catalyst was developed for chiral 

selective growth of SWNTs[62]. In comparison to the H2-TPR profiles of monometallic Fe and Mn, the presence 

of Mn significantly enhances the reducibility of Fe. Like other catalysts designed for low-temperature growth[57, 

58, 60, 99], the FeMn catalyst produced mainly (6, 5) SWNTs at 600 oC by CO CVD, where the synergistic effects 
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between Fe and Mn come into play. Moreover, the chirality distribution of SWNTs grown at 800 oC is comparable 

to that of nanotubes synthesized on monometallic Fe catalyst, indicating that the role of Mn is primarily to 

facilitate the dispersion and reduction of the Fe catalyst, with minimal impact on modifying the (n, m) distribution 

of synthesized SWNTs. 

In addition to regulating the metal composition, it is possible to enhance the reducibility of FeOx by using 

composite supports[112, 113]. In 2022, Han et al.[112] reported the growth of SWNTs using a porous MgO 

promoted Fe/SiC catalyst at 650 oC. SiC with high thermal conductivity, preventing the formation of local hot 

spots during the reaction, serves as a catalyst support. However, SiC support Fe catalyst alone could not grow 

SWNTs by CO CVD at 850 oC. The H2-TPR profile of the Fe/SiC catalyst reveals that FeOx is difficult to reduce, 

possibly due to the covering of SixOy layer that induces a strong iron oxide-support interaction. In contrast, when 

the Fe/SiC catalyst is mixed with porous MgO, it can be activated for growing SWNTs. Figure 14a depicts the 

Raman spectra of carbon nanotubes grown on the MgO promoted Fe/SiC catalyst at different temperatures. 

Clearly, SWNTs could be grown at a reaction temperature as low as 650 oC. The success in growing SWNTs at 

low temperatures is reflected by the H2-TPR patten of the promoted catalyst (Figure 14b). Due to the presence of 

MgO, the Fe/SiC catalyst could be effectively reduced at temperatures below 650 oC, corresponding to the 

catalyst’s activation at 650 oC. Remarkably, Raman spectra of SWNTs grown at 650 oC only exhibit RBMs with 

frequencies higher than 280 cm-1, indicating the formation of SWNTs thinner than 0.9 nm. UV-vis-NIR absorption 

spectroscopy (Figure 14c) and PL spectroscopy (Figure 14d) characterizations suggest the SWNTs possess a 

very narrow chirality distribution with highly enriched (6, 5) tubes, even comparable to those grown from 

FeCu/MgO[37] and FeRu/SiO2[57] catalysts. The high chirality selection is attributed to the high thermal 

conductivity of SiC, which minimizes the temperature difference between different regions in the catalyst during 

the growth process. Furthermore, the active composition of Fe and the use of CO carbon precursor are of equally 

importance in determining such an (n, m) distribution. This work introduces a novel strategy for activating catalyst 

particles and provides guidance for designing oxide promoted heterogeneous catalysts for chiral-selective growth 

of SWNTs. 

 

 
 

Figure 14. (a) Raman spectra of SWNTs grown at different temperatures from Fe/SiC catalyst. (b) H2-TPR pattern of MgO promoted 

Fe/SiC catalyst. (c) UV-vis-NIR absorption spectra of dispersed SWNTs grown at 650 oC and 750 oC. (d) PL emission map of SWNTs 

synthesized at 650 oC[112]. Copyright 2022 Elsevier 

 

4.2.3 Ni-based catalysts 
 

Compared with extensive studies on solid supported monometallic Co or Fe catalysts for CVD growth of 

SWNTs, there is a scarcity of reports on the development of supported Ni catalysts. In 2005, Yang et al.[114] 

reported the preparation of highly ordered Ni-MCM-41 with nearly atomically dispersed nickel ions using a 
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hydrothermal method. By varying the chain length of the surfactant, the porosity and pore size could be well 

controlled. Similar to the Co-MCM-41 catalyst[98], the Ni-MCM-41 catalyst was physically stable at high 

reaction temperatures and afforded the growth of SWNTs through CO disproportionation. Although it had a lower 

reduction temperature than Co-MCM-41, detailed investigations of SWNTs grown from the Ni-MCM-41 catalyst 

were lacking in the work. Taking the advantage of the easy reduction of monometallic Ni catalyst, Chiang et 

al.[115] reported gas phase formation of SWNTs using Ni catalyst introduced from a micro-plasma reactor. 

However, the prepared SWNTs from gas phase demonstrated a broad chirality distribution, with the 0.9 nm (7, 6) 

and (9, 4) tubes exhibiting the strongest PL emission intensities.  

In 2012, He et al.[60] designed a silica supported Ni catalyst (Ni/SiO2) using ALD technique for the low 

temperature growth of SWNTs. H2-TPR profile revealed that the catalyst began reducing at 400 oC and the 

reduction continued until exceeding 700 oC (Figure 15a). This behavior suggested the possible formation of 

Ni2SiO4 during catalyst preparation process. CO CVD growth of carbon nanotubes was tested in the temperature 

range of 450-800 oC. Figure 15b presents the Raman spectra of SWNTs grown at different temperatures. RBMs 

were observed from the Raman spectra acquired from the samples grown at 450 oC, although the quality and 

purity of SWNTs were poor, as indicated by the relatively large D mode intensity. High quality SWNTs were 

successfully synthesized at a temperature as low as 500 oC. The intensity ratio between G to D mode was about 

28, comparable to that of SWNTs grown at 800 oC. Figure 15c shows the PL map of the dispersion of SWNTs 

grown at 500 oC, which demonstrates that (6, 5) SWNTs are the major species in the products, even though the 

chirality distribution is not as narrow as those grown from Fe catalyst[45, 110]. This could be attributed to the 

lower carbon solubility of Ni than Fe. During the CVD process, the Ni catalyst is partially reduced, and the 

unreduced Ni2+ species constrain the mobility of reduced Ni nanoparticles, facilitating the formation of small 

diameter Ni nanoparticles for growing small diameter SWNTs[60]. This work paves the way towards low 

temperature growth of SWNTs using supported Ni catalyst.  

 

 
 

Figure 15. (a) H2-TPR pattern of the Ni/SiO2 catalyst. (b) Raman spectra of carbon nanotubes grown on a Ni/SiO2 catalyst at different 

temperatures. (c) PL emission map of SWNTs grown on a Ni/SiO2 catalyst[60]. Copyright 2010 Tsinghua University Press and Springer-

Verlag Berlin Heidelberg 

 

To gain a deeper understanding of the metal particle anchoring mechanism and to improve the SWNT 

chirality selectivity, an MgO supported Ni catalyst (Ni/MgO) was developed for the low temperature growth of 

SWNTs[116]. Similar to CoO, NiO also shares a similar lattice parameter as MgO, thus favoring the formation of 

uniform solid solution upon calcination. The authors studied the effect of catalyst calcination temperature on the 

performance of Ni/MgO catalyst. Catalyst heated at a low temperature of 450 oC resulted in supported Ni 

predominantly existing as unreacted and surface NiO. These species had weak interaction with the underlying 

MgO surface, and were prone to aggregation, forming large Ni particles under reaction conditions, which were 

unfavorable for the growth of SWNTs. Conversely, Ni/MgO calcined at a high temperature of 800 oC caused the 

migration of Ni2+ into the MgO matrix and difficulty in Ni2+ reduction. Consequently, only a small amount of 

SWNTs were produced from the 800 oC-annealed catalyst by CO CVD. The optimized calcination temperature 

was determined to be 600 oC, at which enriched (6, 5) tubes were obtained at a CVD reaction temperature of 600 
oC. Using DFT calculations, the binding energies between reduced Ni(0) and the support were calculated[116]. 

The results revealed that the presence of underlying Ni2+ significantly enhanced the binding energy between Ni(0) 

and the support. The anchoring effect of subsurface Ni2+, the use of CO carbon precursor, and the low reaction 

temperature collectively contributed to the narrow chirality distribution of Ni-grown SWNTs. This work 

highlights the importance of anchoring effect in achieving chiral-selective growth of SWNTs. 

 

4.2.4 Mixed metal catalysts 
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Different from bimetallic catalyst systems where only one element is actively involved in SWNT growth, 

the mixed catalyst category defined here encompasses a class of catalyst in which at least two different metals can 

independently catalyze SWNT growth or form alloy nanoparticles that participate in the process. An illustrative 

example of this is a zeolite supported FeCo catalyst, which is employed as the catalyst for alcohol CVD[52, 63, 

117]. The binary phase diagram of FeCo suggests that no alloy phase forms under the reaction conditions. 

Consequently, it is hypothesized that a synergistic effect occurs in which the activities of both the Fe and Co 

nanoparticles are enhanced when using such mixed metal catalysts. 

In 2022, Hao et al. developed an FeCo/layered double hydroxide (LDH) catalyst for selectively growing 

subnanometer SWNTs [118]. The LDHs containing mixed metals were prepared by a coprecipitation technique, 

and the molar ratio of Fe: Co: Mg: Al was 0.2:0.2:2:1. Before CVD growth, the catalyst underwent annealing at 

1000 oC for 6 h. Figure 16a shows the XRD pattern of the prepared catalyst. Except for diffraction peaks 

corresponding to MgO and MgAl2O4, peaks assigned to iron oxide or cobalt oxide were not detected, indicating 

the well dispersion of Fe and Co. Compared with monometallic Fe/LDHs, the FeCo/LDH catalyst allowed for the 

synthesis of SWNTs with a narrower chirality distribution and enriched (6, 5) nanotubes at a lower reaction 

temperature (Figure 16b). Moreover, the SWNT density grown from the mixed metal catalyst was much higher 

than that grown from Fe/LDHs[118], highlighting the importance of the synergistic effect in selectively growing 

SWNTs. This research extends the applications of LDH supported mixed metals for synthesizing SWNTs with a 

narrowly distributed chirality distribution. 

 

 
 

Figure 16. (a) XRD pattern of FeMgAl/LDHs. (b) PL emission map of SWNTs grown from on FeMgAl/LDHs at 700 oC[118]. Copyright 

2022 Elsevier 

 

4.3 Noble metal catalysts 
 

The catalytic performance of supported metal catalyst is sensitive to the electron filling state of the outmost 

d orbits[119-121], which governs the carbon source absorption and dissociation. Noble metals, typically having a 

high electron filling degree in their d orbits, are not very active for growing SWNTs. Although almost all metals 

have been demonstrated to be capable of growing SWNTs on flat surfaces[95, 122], such as quartz and sapphire, 

the poor yield of the surface-grown SWNTs hinderers their systematic investigations. The yield limitation makes 

it challenging to establish a direct link between the catalyst element and SWNT chirality distribution. 

Aiming at the bulk synthesis of SWNTs from noble metal catalysts, Zhang et al.[123] introduced an MgO 

supported Ru catalyst for growing SWNTs with CO as the carbon precursor. The Ru/MgO prepared by 

impregnation exhibited atomically dispersed Ru on the porous MgO support. Upon exposure to CO at reaction 

temperatures, Ru atoms were reduced and migrated to form small Ru clusters, which subsequently catalyzed the 

growth of SWNTs. The bulk synthesis of SWNTs was achieved through the activation of Ru nanoparticles, which 

was addressed with the assistance of DFT calculations. Figure 17a indicates that the Ru activation begins with 

CO absorption and dissociation. On a free Ru8 cluster, CO molecules absorb weakly (0.4 eV) and can easily desorb. 

Furthermore, the dissociation barrier for CO on the free Ru8 cluster is too high (2.6 eV) to be overcome during 

the CVD reaction process (Figure 17b). The calculation results are consistent with previous report that Ru, located 

out of the Goldilocks zone and is unsuitable for SWNT growth[104]. However, an MgO supported Ru8 cluster 

exhibited superior CO dissociation properties. The electronic structure analysis revealed orbital hybridization 

between the d orbitals of Ru atoms and the p orbitals of O atoms in MgO, indicating electron transfer from MgO 
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to Ru8 (Figure 17c). The excessive electrons of Ru8 are donated from the d orbits to the antibonding π* molecular 

orbits of CO molecules, thus enhancing the absorption and dissociation of CO (Figure 17d), and moving the 

supported Ru catalyst into the “Goldilocks zone” for SWNT synthesis. The activation mechanisms were also 

found to be applicable to MgO supported Re and Pd catalysts[124, 125]. Similar DFT calculations revealed that 

electron accumulation at Pd/MgO interface upshifted the d band center of Pd towards to the Fermi energy, leading 

to a strong metal-carbon interaction and the activation of the MgO supported Pd catalyst.  

 

 
 

Figure 17. (a) Schematic diagram of the CO dissociation processes on Ru8/MgO. Energy profile of the dissociation processes of CO on (b) 

free Ru8 and (d) Ru8/MgO. (c) Partial density of states of Ru8/MgO. Inset is the charge density difference plot of Ru8/MgO[123]. Copyright 

2022 Elsevier 

 

The (n, m) distributions of SWNTs synthesized on various MgO supported noble metals were presented in 

Figure 18[123-125]. It was observed that the Ru catalyst allowed for the preferential synthesis of (6, 5) nanotubes 

even at a high reaction temperature of 850 °C. Additionally, other small-diameter SWNTs, such as (6, 4), (8, 3), 

(7, 5), and (8, 4), were found to be less abundant in the Ru-grown SWNTs. The chirality distribution in Ru-

catalyzed SWNTs was similar to those grown on Fe-family metals, with larger chiral angle SWNTs typically 

being enriched[126]. Notably, supported noble metal catalysts typically require higher reaction temperatures for 

activation. For instance, the lowest temperature for SWNT growth from MgO supported Re catalyst was 800 
oC[124]. This higher reaction temperature led to a wide chirality distribution. However, the yield of SWNTs grown 

on the catalyst was high enough to enable subsequent separation based on diameters using gel chromatography. 

SWNTs with diameter ranges of 0.65-1.1 nm and 1.1-1.7 nm were successfully separated, offering potential 

applications in various fields where SWNT diameter matters. In contrast, the threshold for SWNT synthesis on an 

MgO supported Pd catalyst was even higher, requiring temperatures greater than 900 °C[125]. In the products, 

near armchair and (2n, n) nanotubes were enriched, a result attributed to SWNT growth kinetics and the interfacial 

energy between the metal catalyst and SWNTs[38]. These studies shed light on bulk synthesis of SWNTs using 

supported noble metals, and the chemical composition and crystal structure of the catalysts may hold the key to 

achieving enriched SWNTs with specific (n, m) chirality. 
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Figure 18. PL emission map of SWNTs grown from (a) Ru/MgO catalyst at 850 oC, (b) Re/MgO catalyst at 800 oC, and (c) Pd/MgO 

catalyst at 900 °C[123-125]. Figure (a) adapted with permission from ref [123]. Copyright 2022 Elsevier. Figure (b) adapted from ref [124] 

Copyright 2022 Tsinghua Press. Figure (c) adapted with permission from ref [125]. Copyright Springer-Verlag GmbH 

 

5. Challenges and Prospects  
 

Indeed, the scientific community has made significant strides in the chiral-selective growth of SWNTs. 

However, there remain many challenges in the field of SWNT synthesis. Some of these challenges include:  

1. Understanding Catalyst Behavior: The connections between SWNT chirality distribution and 

heterogeneous catalyst have not been firmly established. Catalyst performance is highly sensitive to the catalyst 

preparation procedure, and even minor change can lead to significant variations in catalytic behaviors and SWNT 

growth outcomes. Therefore, a deeper understanding of the catalytic mechanisms is required, relying on more in 

situ characterization techniques and theoretical calculations.  

2. Diversifying Catalysts: While certain supported noble metals have been developed for synthesizing 

SWNTs, the range of supported metal catalysts is still limited compared to the metal catalysts used in surface 

growth of SWNTs. More efforts should be directed towards designing and developing supported metal catalysts 

beyond those that already existed. 

3. High-Temperature Growth: Achieving narrow SWNT chirality distributions is typically feasible at 

relatively low reaction temperatures, but this might result in synthesized SWNTs with a lower degree of 

graphitization. Consequently, the challenge lies in how to selectively grow specific (n, m) SWNTs at high reaction 

temperatures. While catalysts with high melting temperatures have shown promise in surface growth of SWNTs, 

the SWNT growth window remains quite narrow. In the future, researches could focus on designing supported 

refractory catalysts for bulk growth of SWNTs. 

4. Balancing Purity and Yield: The growth of high-purity SWNTs with specific (n, m) is often achieved at 

the expense of SWNT yield. In other words, only a very small proportion of catalyst particles is activated for 

growing SWNTs, while other particles that could potentially grow different nanotube species are deactivated 

intentionally. As a result, selectively grown SWNTs usually have a low yield. This issue might be addressed by 

designing industrial scale CVD reactors, which could comprise the low growth efficiency. 

5. Sustainable Purification: The purification of SWNTs grown from heterogeneous catalysts is a crucial step 

before their application. Traditional methods often involve harsh acid treatments, which can lead to 

functionalization of SWNT surfaces. In the quest for more environmentally friendly processes, there is a growing 

demand for green purification methods that can effectively remove support materials and metal catalysts while 

preserving the pristine structure of SWNTs. Developing such green purification techniques is essential for 

ensuring the high quality and integrity of SWNTs for various applications. 

6. Characterization Techniques: Developing more reliable techniques for characterizing SWNTs is indeed 

essential for advancing research in this field. While optical techniques and electron microscopy have been widely 

used to analyze SWNT products, each of these methods has its own set of advantages and limitations. A 

comprehensive approach that can provide detailed information about SWNT purity, quality, diameter, and 

chirality would be highly valuable. Establishing a standardized procedure for SWNT characterizations could 

significantly enhance the accuracy and consistency of research in this area. 

7. Expanding Chirality Control: The selected SWNT chiralities achieved so far are mainly limited to (6, 5) 

or (9, 8) SWNTs with large chiral angles. Growing SWNTs with smaller chiral angles remains difficult. Although 

surface growth of (2n, n)[34, 35, 127] or near zigzag SWNTs[128, 129] with high purity has been reported, bulk 

synthesis of SWNTs with such chiralities have not been realized. To fully harness the extraordinary properties of 

SWNTs with specific (n, m), further efforts are needed to optimize both supported catalyst and CVD reaction 

parameters. 

The prospects for SWNT applications are intricately tied to the quality and quantity of the SWNT materials. 

Achieving bulk synthesis of SWNTs with narrow chirality distributions using heterogeneous catalysts is crucial 

for providing a sufficient supply of materials for their potential cutting-edge applications. Coupled with recent 

advancements in chirality separation[130, 131], ordered assembly[132], and high-performance field-effect 

transistor fabrication[133, 134], it is anticipated that we are on the cusp of a burgeoning era in SWNT-based 

technology. The potential for SWNTs to revolutionize various fields is promising, and ongoing research efforts 

are poised to unlock their full potential. 
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