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Abstract: In this work, I reveal the state of catalyst during the growth of single-walled carbon nano-

tubes (SWCNTs) inside metallocene-filled SWCNTs. I use high resolution transmission electron mi-

croscopy, Raman spectroscopy to study the kinetics of nanotube growth. I use Raman spectroscopy, 

and X-ray photoelectron spectroscopy to study the chemical state of catalyst inside carbon nano-

tubes. I showed that catalyst present in carbidic form in the beginning of nanotube growth, and it is 

present in metallic state in the continuation of the growth process. The growth process is character-

ized by two growth rates α, β, two activation energies Eα, Eβ. 
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1. Introduction 

Chemical, physical state of catalyst defines the growth process of material. The cata-

lyst can be in the form of metal, or metal carbide during the growth of carbon nanotubes. 

The physical state of catalyst is liquid, or solid. The chemical, and physical state of catalyst 

can change in the process of growth. This is defined by the synthesis parameters. In liter-

ature, it is known that single-walled carbon nanotubes (SWCNTs), and multi-walled car-

bon nanotubes (MWCNTs) can grow at metallic, or metal carbide catalytic nanoparticles 

[1,2], which present in molten, or solid state [3,4]. In Ref. [5], the chemical transformation 

of catalytic particles during the nanotube growth was studied by in situ X-ray photoelec-

tron spectroscopy (XPS), and it was shown that surface carbide layer is formed on the 

metallic particles. There are other works dedicated to chemical transformation of catalysts 

[6–9]. The aim of my work is to reveal the state of catalyst during the growth of SWCNTs 

inside metallocene-filled SWCNTs. I use high resolution transmission electron micros-

copy, Raman spectroscopy to study the kinetics of nanotube growth. I use Raman spec-

troscopy, and XPS to study the chemical state of catalyst inside carbon nanotubes. I 

showed that catalyst present in carbidic form in the beginning of nanotube growth, and it 

is present in metallic state in the continuation of the growth process. The growth process 

is characterized by two growth rates α, β, two activation energies Eα, Eβ. 

2. Experimental 

The SWCNTs were filled with nickelocene, and cobaltocene molecules by the gas 

phase method. The SWCNTs were placed inside a glass ampoule where metallocene pow-

der was located. The ampoule was sealed under vacuum. A half ampoule was heated at 

the low temperatures, and then it was flipped, so that other half of ampoule was heated. 

The process of synthesis was performed for about one week. The kinetics of growth of 
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inner nanotubes was studied by Raman spectroscopy during annealings at different tem-

peratures for 2–4094 min. The annealing temperatures were 480, 500, 520, 540, 560, 580, 

600 °C for nickelocene-filled SWCNTs, and temperatures equaled 540, 560, 580, 600, 620, 

640 °C for cobaltocene inside carbon nanotubes [10–12]. The Raman spectroscopy was per-

formed at different laser wavelengths. Different lasers excite different chirality nanotubes. 

The XPS was used to study the chemical transformation of catalyst. The SWCNTs were 

annealed at different temperatures for 2 h, and studied by XPS. Nickelocene-filled 

SWCNTs were annealed at 250–1200 °C for 2 h. SWCNTs included nanotubes of three 

samples: semiconducting, metallic, and mixed SWCNTs. Metallicity-sorted SWCNTs were 

annealed at temperatures between 340–1200 °C for 2 h for XPS analysis. 

3. Results 

The annealing of metallocene-filled SWCNTs leads to the decomposition of metallo-

cene with the formation of metal, and metal carbide inside nanotubes (Figure 1). Using 

Raman spectroscopy, and XPS, it was shown that metal carbide catalyzes the growth of 

carbon nanotubes in the beginning, and metallic catalyst particle catalyzes continuation 

of growth of carbon nanotubes. The first stage is characterized by the growth rate α, and 

activation energy Eα. The second stage is characterized by the growth rate β, and Eβ. Thus, 

four stages of chemical transformation of catalyst inside SWCNTs can be defined. At the 

first stage, metallocene molecules decompose inside SWCNTs. At the second stage, carbu-

rized metal nanoparticles surrounded by excess carbon are formed. At the third stage, they 

act as a catalyst for the inner tube growth. At the fourth stage, the growth of the inner tube 

continues on the metallic catalyst nanoparticle. 

 

Figure 1. Illustration of the growth model of the inner tubes inside the metallocene-filled SWCNTs. 

MCp2 (M = Ni, Co) molecules encapsulated into the channel of SWCNT. Copyright 2021 by the 

authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under 

the terms and conditions of the Creative Commons Attribution (CC BY) license [12]. 
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4. Conclusions 

I studied the chemical transformation of catalyst inside SWCNTs during the growth 

of carbon nanotubes. It was shows that catalyst has carbidic nature in the beginning of 

growth process, and the catalyst has metallic nature in the continuation of growth of car-

bon nanotubes. These differences in chemical state reveal different stages of growth kinet-

ics of carbon nanotubes. 

Funding: These studies were partly performed during the implementation of the project Building-

up Centre for advanced materials application of the Slovak Academy of Sciences, ITMS project code 

313021T081 supported by Research & Innovation Operational Programme funded by the ERDF. 

Institutional Review Board Statement: Not applicable. 

Informed Consent Statement: Not applicable. 

Data Availability Statement: The data are available on request of Marianna V. Kharlamova. 

Acknowledgments: Marianna V. Kharlamova thanks Christian Kramberger-Kaplan (University of 

Vienna, Austria), Kazu Suenaga (National Institute of Advanced Industrial Science and Technology 

(AIST), Japan), Yuta Sato (National Institute of Advanced Industrial Science and Technology (AIST), 

Japan), Hidetsugu Shiozawa (University of Vienna, Austria). 

Conflicts of Interest: Author may have the conflict of interest with Andrei Eliseev (Lomonosov Mos-

cow State University). The funders had no role in the design of the study; in the collection, analyses, 

or interpretation of data; in the writing of the manuscript; or in the decision to publish the results. 

References 

1. Emmenegger, C.; Bonard, J.-M.; Mauron, P.; Sudan, P.; Lepora, A.; Grobety, B.; Züttel, A.; Schlapbach, L. Atomic-Scale Analysis 

on the Role of Molybdenum in Iron-Catalyzed Carbon Nanotube Growth. Carbon 2003, 41, 539–547. 

2. Nishimura, K.; Okazaki, N.; Pan, L.J.; Nakayama, Y. In Situ Study of Iron Catalysts for Carbon Nanotube Growth Using X-Ray 

Diffraction Analysis. Jpn. J. Appl. Phys. 2004, 43, L471–L474. 

3. Ago, H.; Ohshima, S.; Uchida, K.; Yumura, M.J. Gas-Phase Synthesis of Single-wall Carbon Nanotubes from Colloidal Solution 

of Metal Nanoparticles. Phys. Chem. B 2001, 105, 10453–10456. 

4. Saito, T.; Ohshima, S.; Xu, W.-C.; Ago, H.; Yumura, M.; Iijima, S.J. Size Control of Metal Nanoparticle Catalysts for the Gas-

Phase Synthesis of Single-Walled Carbon Nanotubes. Phys. Chem. B 2005, 109, 10647–10652. 

5. Mattevi, C.; Hofmann, S.; Cantoro, M.; Ferrari, A.C.; Robertson, J.; Castellarin-Cudia, C.; Dolafi, S.; Goldoni, A.; Cepek, C. Sur-

face-bound chemical vapour deposition of carbon nanotubes: In situ study of catalyst activation. Phys. E 2008, 40, 2238–2242. 

6. Yoshida, H.; Takeda, S.; Uchiyama, T.; Kohno, H.; Homma, Y. Atomic-Scale In-situ Observation of Carbon Nanotube Growth 

from Solid State Iron Carbide Nanoparticles. Nano Lett. 2008, 8, 2082–2086. 

7. Yoshida, H.; Shimizu, T.; Uchiyama, T.; Kohno, H.; Homma, Y.; Takeda, S. Atomic-Scale Analysis on the Role of Molybdenum 

in Iron-Catalyzed Carbon Nanotube Growth. Nano Lett. 2009, 9, 3810–3815. 

8. Schaper, A.K.; Hou, H.Q.; Greiner, A.; Phillipp, F. The role of iron carbide in multiwalled carbon nanotube growth. J. Catal. 2004, 

222, 250–254. 

9. Wirth, C.T.; Bayer, B.C.; Gamalski, A.D.; Esconjauregui, S.; Weatherup, R.S.; Ducati, C.; Baehtz, C.; Robertson, J.; Hofmann, S. 

The phase of iron catalyst nanoparticles during carbon nanotube growth. Chem. Mater. 2012, 24, 4633–4640. 

10. Kharlamova, M.V.; Kramberger, C.; Sato, Y.; Saito, T.; Suenaga, K.; Pichler, T.; Shiozawa, H. Chiral vector and metal catalyst-

dependent growth kinetics of single-wall carbon nanotubes. Carbon 2018, 133, 283–292. 

11. Kharlamova, M.V.; Kramberger, C.; Saito, T.; Sato, Y.; Suenaga, K.; Pichler, T.; Shiozawa, H. Chirality-dependent growth of 

single-wall carbon nanotubes as revealed inside nano-test tubes. Nanoscale 2017, 9, 7998–8006. 

12. Kharlamova, M.V.; Kramberger, C. Metal Cluster Size-Dependent Activation Energies of Growth of Single-Chirality Single-

Walled Carbon Nanotubes inside Metallocene-Filled Single-Walled Carbon Nanotubes. Nanomaterials 2021, 11, 2649. 

https://doi.org/10.3390/nano11102649. 

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual au-

thor(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to 

people or property resulting from any ideas, methods, instructions or products referred to in the content. 


