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Abstract

:

Twisted van der Waals heterostructures were recently found to possess unique physical properties, such as superconductivity in magic angle bilayer graphene. Owing to the nonhomogeneous stacking, the energy of twisted van der Waals heterostructures are often higher than their AA or AB stacking counterpart, therefore, fabricating such structures remains a great challenge in experiments. On the other hand, one dimensional (1D) coaxial van der Waals structures has less freedom to undergo phase transition, thus offer opportunity for fabricating the 1D cousin of twisted bilayer graphene. In this work, we show by molecular dynamic simulations that graphene nanoribbons can self-assemble onto the surface of carbon nanotubes driven by van der Waals interactions. By modifying the size of the carbon nanotubes or graphene nanoribbons, the resultant configurations can be controlled. Of particular interest is the formation of twisted double walled carbon nanotubes whose chiral angle difference can be tuned, including the 1.1° magic angle. Upon the longitudinal unzipping of such structures, twisted bilayer graphene nanoribbons can be obtained. As the longitudinal unzipping of carbon nanotubes is a mature technique, we expect the strategy proposed in this study to stimulate experimental efforts and promote the fast growing research in twistronics.
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1. Introduction


Carbon nanotubes (CNTs) and graphene are among the most exciting low dimensional materials that possess extraordinary properties, such as ultrahigh strength, unique configuration dependent electronical conductivity and magnetic properties, etc. Such unusual properties make CNTs and graphene promising for applications in a wide range of areas [1,2,3,4,5,6,7,8,9]. For example, CNTs have been used for next generation high performance field effect transistors, ultrastrong artificial muscles, gigahertz (GHz) oscillators and so on, while graphene has been designed for solid lubricants, sea water desalination, and drug delivery, etc. [10,11,12,13,14].



Recent progress shows that by stacking one layer of graphene on top of another, the formed bilayer graphene exhibits more distinct properties than its monolayer counterpart, e.g., the open up of an electronic band gap [15]. Similarly, stacking two layers of different two-dimensional (2D) materials can form the so-called van der Waals (vdW) heterostructures, which host superior electronic properties that are promising for advanced devices [16,17,18,19,20,21]. Most strikingly, Cao et al. [18,19] showed that via twisting one layer of graphene by a certain angle (1.1°), called the magic angle, exotic electron correlation behavior occurs and the magic angle bilayer graphene exhibits superconducting property. This surprising finding has significantly boosted research interests of twistronics [20,21].



On the other hand, although twisted bilayer vdW heterostructures have shown great promise in electronic devices, their mechanical and thermal stability remains a pressing issue [22,23,24]. This is because commensurate stacking in 2D materials has the lowest total energy, while twisting naturally leads to an incommensurate state. For example, when subjected to sliding lateral forces, twisted graphene exhibits lower frictional responses, while untwisted graphene layers have the highest friction, meaning a weak external stimulus may easily cause the twisted vdW structures to restore to their original low energy state [25].



Interestingly, as graphene’s 1D counterpart, CNTs are generally regarded as rolled up of graphene layers and multi-walled CNTs (MWCNTs), and can be composed of co-axial single-walled CNTs (SWCNT) of different chiralities. The different combination of chiralities among inner and outer CNTs can also result in rich electronic states. Furthermore, several groups have shown that MWCNTs can be unzipped or partially unzipped to 1D graphene nanoribbons (GNRs) or GNR-CNT junctions [26,27,28,29,30,31,32,33,34,35,36]. Once unzipped, particularly when partially unzipped, the relative orientations of the different layers of the resultant nanostructures could be well controlled and consistent with the original 1D counterpart.



Motivated by this scenario, in this work we propose a strategy to fabricate 1D vdW heterostructure via self-assembly of GNR onto the surface of SWCNT. The size of the GNR and SWCNT can be used to tune the resultant heterostructure with the desired orientation, i.e., with a particular twist angle between the inner and outer layer. Upon partially unzipping the 1D vdW heterostructure, the resultant GNR bilayer is shown to exhibit a twisted moire pattern. This strategy is expected to provide new alternatives to synthesizing magic angle bilayer graphene, or other twisted phases of 2D materials.




2. Materials and Methods


The molecular dynamics (MD) simulations are performed using the Large-scale Atomic/Molecular Massively Parallel Simulator (LAMMPS) [37]. The general procedure in this package is to solve Newton’s equation of motion for atoms at particular conditions, using numerical methods. This technique has been widely used to study mechanical behavior of nanomaterials or structures. The Airebo potential [38] is used to describe interactions for hydrocarbon and it is well accepted that this potential is accurate for studying low dimensional carbon systems, and the Lennard-Jones (LJ) potential [39] is used to study the vdW interactions. We note that we have also tested the Kolmogorov-Crespi (KC) potential [40] and the interlayer potential (ILP) [41] to validate our results obtained via LJ potential and found the conclusions in this work remain unchanged. A constant temperature ensemble (NVT) is used in the simulations with Nose-Hoover thermostat, and the time step for the simulation is 1 femtosecond (fs). SWCNTs of various chirality and GNRs of various sizes are chosen to study the self-assemble process. The structures are visualized via the Open Visualization Tool (OVITO) for analysis [42].




3. Results


To validate the feasibility of the proposed fabrication process, we have run simulations by placing GNR of various sizes to the vicinity of SWCNTs to examine the dynamical behavior. Typical results are shown in Figure 1, a (44,6) SWCNT is chosen as the template, a GNR of size 13.6 × 10.0 nm2 is placed next to the SWCNT. After a few picoseconds (ps), the potential energy of the system displays a notable decreasing trend (see Figure 1d), due to the contact of the GNR with the SWCNT that generates strong vdW interaction. Next, the GNR bends around the SWCNT, thereby the potential energy shows slight increasement. Afterwards, owing to the increasing vdW interaction, the GNR completely wraps over the SWCNT outer wall, forming one dimensional vdW heterostructures, and the potential energy soon decreases to its minimum value at around 30 ps.



The wrapping behavior is observed in all the models we simulated, and the mechanism can be primarily attributed to the vdW interaction that overcomes the bending energy induced by wrapping. Interestingly, we find that the resultant configuration varies, however, depending on the size of the models we constructed, this opens up spaces to fine tune the resultant configurations. Taking the (44,6) SWCNT template as an example, three phases are observed, when the length of the GNR is as large as 70 nm, a longitudinal (L) wrapping is observed, forming multi-layered nanoscrolls. When the length is small, in-between 5 nm and 10 nm for example, helical (H) wrapping is achieved. Meanwhile, for an intermediate sized GNR, the edges of the helical structure attract to each other, and then make contact to form a tubular (T) structure. A widthwise (W) wrapping is also observed for the (49,0) SWCNT template, which has a similar size as the (44,6) SWCNT, the reason can be attributed to the fact that commensurate stacking between SWCNT and GNR can reduce the total potential energy of the system. Therefore, for chiral SWCNTs, H phases are preferred for small GNR, while for zigzag or armchair SWCNT templates, W phases are preferred. The observed phases are summarized in Figure 1e,f. It is worth noting that with experimental tools being quickly improved in recent decades, the assembly process described here can be achieved using various approaches. For example, experimental work by Tang et al. [27,31] has shown that by dispersing CNTs and GNRs separately in solutions, and then ejecting them simultaneously using coaxial syringes, they connect to the two solution sources. The assemble process can be achieved as the solution evaporates quickly. Although the length of the CNTs in the experiment is much larger than that used in simulations, the observed structures have been confirmed to agree well with MD predictions, indicating that the MD simulations have captured the main underlying mechanism. The functionality of such structures has also been tested in real devices.



One interesting feature observed in the T phase is that the size of the GNR does not have to be exactly 2πR, here R = r + 0.34 and r is the radius of the SWCNT, as depicted in Figure 2. This is because when L is somewhat smaller than 2πR, an H phase or W phase firstly form, afterwards the vdW interaction between the edges drives the GNR twisting around to approach each other as a path to reduce the potential energy. Once a bare edge GNR is utilized, the dangling atoms pair to their counterparts of the opposite edge, a seamless CNT can be formed and a double walled CNT (DWCNT) is therefore fabricated. Recent experimental works by Xiang et al. [43] reported that one dimensional vdW heterostructures can be formed via the CVD growth of BN or MoS2 nanotubes on SWCNT template; this process shares some similarities with ours, but the temperature is much higher in the experiment. More progress has also been recently made towards producing various 1D structures, such as the scrolls or ribbons in CNTs [44,45,46]. Simulation studies have also been reported by several groups [47,48,49], but the purpose and the design principles are different from our work here. Furthermore, as has been discussed above, if the size of the GNR is smaller than 2πR, a twisted outer wall of the SWCNT can be formed. This offers an exciting opportunity to fabricate 1D vdW heterostructures with the desired twisting, providing both the orientation of the inner and outer wall can be controlled. It is worth noting that not all the configurations from our simulations yield the perfect seamless DWCNTs, but the overall structural feature and twisting angle remain similar.



For the chirality of the inner wall, the synthesis of SWCNT with the desired chirality has shown enormous progress, while for the orientation of the outer wall, according to the model presented in Figure 2, a simple geometrical relationship can be found as:


  L = 2 π R · cos θ  



(1)




here θ is the twist angle of the GNR after wrapping. We have run simulations with GNRs of different length to wrap a template SWCNT, the resultant twist angle is plotted as a function of L in Figure 2, and the results agree well with the above relationship.



This relationship means that the chirality of the outer wall can be controlled by the size of the GNR. For example, to obtain the magic angle between the inner and outer wall of the DWCNT, one can take a zigzag SWCNT as the template, then, according to the size of the SWCNT and the relationship in Equation (1), a particular sized GNR can be chosen to wrap around the SWCNT to form a 1.1° twist angle. We demonstrate this scenario in our simulations, as a representative example shown in Figure 3, here the zigzag SWCNTs of different radius are chosen as a template and the GNRs of particular size that ensures θ in Equation (1) equal to 1.1° are used to wrap the SWCNTs. The resultant twisting angles are found to agree well with predictions. Shown in Figure 4 are alternative choices of SWCNT models that have a chiral angle of 1.1°; in this situation, the GNR size of exact values are needed to form perfect zigzag outer CNTs. Our simulation results in all yielded structures being well within expectation. It is worth noting, however, that when performing real experiments, it is not yet practical to differentiate zigzag and armchair edges of the GNR, therefore, either the armchair edges or the zigzag edges could move around to make contacts; thus, portions of the ultimate products could be a non-magical angle one dimensional vdW heterostructures.



We next proceed to study the stability of the as-formed structures under various temperature conditions, as representative results shown in Figure 5. The (44,6) SWCNT wrapped by the GNR of L = 13.4 nm is chosen for examination. In Figure 5a, the system is simulated at a temperature of 5 K, within 18 ps of simulation, the GNR wrapped around the SWCNT and then the bare edge atoms bond to each other, leading to the two-stage drop of the potential energy. At 40 ps, we steadily raise the temperature of the system to 300 K, and the potential energy follows a linear increment trend, indicating the structure does not experience dramatic phase transition or ductile failure. From 90 ps, the system is kept at 300 K, and no apparent change in potential energy and structural feature is observed, indicating the robustness of the as-formed 1D vdW heterostructure. A different temperature scheme is applied in Figure 5b, where the system is initially subjected to a temperature environment of 300 K and then steadily decreased to 5 K; interestingly, the assembled structure remains the same and temperature modulation does not influence the orientation of both walls of the DWCNT. In other words, the 1.1° magic angle is well preserved whether the assemble process is performed at 5 K or room temperature, as long as the size of the GNR and the SWCNT is well tailored. Considering that the fabrication of the magic angle bilayer graphene often occurs at higher temperature than the critical superconducting temperature, our results may provide promising routes to synthesizing the heterostructures of intriguing properties.



As mentioned above, several groups have experimentally demonstrated the fabrications of layered GNRs via the unzipping of MWCNTs; a recent work by Chen et al. [50] showed that the radial compression of large size MWCNTs can also break the chemical bonds of carbon at the highly stressed edges, leading to high quality GNRs for exotic electronic devices. We have conducted further simulations to mimic such experimental procedure and examine the structures of the unzipped twisted DWCNTs, as typical snapshots shown in Figure 6. After etching the top side of the (91,18)/(97,22) DWCNT, the structure starts to unfold and collapse on to the substrate, owing to the vdW interaction, full contact is finally achieved after 190 ps of simulation. The resultant bilayer graphene is shown in Figure 6e, where a clear moire pattern is observed and the twisting angle is 1.16°, slightly different from the chiral angle difference of the DWCNT (1.144°). We have also simulated partially unzipped DWCNTs and the conclusions remain unchanged.




4. Conclusions


In conclusion, we show by molecular dynamic simulations that graphene nanoribbons can be self-assembled to the surface of SWCNTs to form various heterostructures. If the size of the SWCNT and the GNR is well designed, the DWCNTs of particular twisting can be obtained; this offers a plausible platform for unzipping towards twisted bilayer graphene, including magic angle bilayer graphene. Upon unzipping, the twist angle for the resultant bilayer graphene remains almost unchanged. The obtained 1D vdW heterostructures is demonstrated to exhibit good structural stability under temperatures from 5 K to 300 K. This strategy can also be used to fabricate 1D vdW heterostructures composed of other elements, such as BN and MoS2. Future work towards fabricating multilayered vdW structures with precise twist should also be of high interest to this field, as recent experimental work has shown that such structures are also host interesting [51]. We expect our work to stimulate further experimental efforts in fabricating precisely controlled nanostructures towards high performance electronic devices.







Author Contributions


Conceptualization, C.T.; Methodology, K.Z.; Software, K.Z. and R.W.; Formal analysis, R.W.; Investigation, C.W.; Data curation, K.Z.; Writing—original draft, L.W.; Supervision, C.W. and C.T. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by the National Natural Science Foundation of China (Grant Nos. 12072134, 12102151), NJ2022002(INMD-2022M03), Jiangsu Province Postdoctoral Foundation (Grant No. 2021K113B).




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Iijima, S. Helical Microtubules of Graphitic Carbon. Nature 1991, 354, 56–58. [Google Scholar] [CrossRef]

	



Novoselov, K.; Geim, A.; Morozov, S.; Jiang, D. Electric Field Effect in Atomically Thin Carbon Films. Science 2004, 306, 666–669. [Google Scholar] [CrossRef] [PubMed]

	



Tsoukleri, G.; Parthenios, J.; Papagelis, K.; Jalil, R.; Ferrari, A.C.; Geim, A.K.; Novoselov, K.S.; Galiotis, C. Subjecting a Graphene Monolayer to Tension and Compression. Small 2009, 5, 2397–2402. [Google Scholar] [CrossRef] [PubMed]

	



Lee, C.; Wei, X.; Kysar, J.W.; Hone, J. Measurement of the Elastic Properties and Intrinsic Strength of Monolayer Graphene. Science 2008, 321, 385–388. [Google Scholar] [CrossRef] [PubMed]

	



Li, X.L.; Wang, X.R.; Zhang, L.; Lee, S.W.; Dai, H.J. Chemically Derived, Ultrasmooth Graphene Nanoribbon Semiconductors. Science 2008, 319, 1229–1232. [Google Scholar] [CrossRef]

	



Liao, A.D.; Wu, J.Z.; Wang, X.R.; Tahy, K.; Jena, D.; Dai, H.J. Thermally Limited Current Carrying Ability of Graphene Nanoribbons. Phys. Rev. Lett. 2011, 106, 256801–256804. [Google Scholar] [CrossRef]

	



Liu, X.H.; Wang, J.W.; Liu, Y.; Zheng, H.; Kushima, A.; Huang, S. In situ transmission electron microscopy of electrochemical lithiation, delithiation and deformation of individual graphene nanoribbons. Carbon 2012, 50, 3836–3844. [Google Scholar] [CrossRef]

	



Ouyang, Y.J.; Dai, H.J.; Guo, J. Projected performance advantage of multilayer graphene nanoribbons as a transistor channel material. Nano Res. 2010, 3, 8–15. [Google Scholar] [CrossRef]

	



Liu, J.; Wright, A.R.; Zhang, C.; Ma, Z. Strong Terahertz Conductance of Graphene Nanoribbons under a Magnetic Field. Appl. Phys. Lett. 2008, 93, 041106. [Google Scholar] [CrossRef]

	



Dresselhaus, M.S. NT10: Recent Advances in Carbon Nanotube Science and Applications. ACS Nano 2010, 4, 4344–4349. [Google Scholar] [CrossRef]

	



Bunch, J.S.; Zande, A.M.; Verbridge, S.S.; Frank, I.W.; Tanenbaum, D.M.; Parpia, J.M.; Craighead, H.G.; McEuen, P.L. Electromechanical Resonators from Graphene Sheets. Science 2007, 315, 490–493. [Google Scholar] [CrossRef]

	



Geim, A.K.; Novoselov, K.S. The Rise of Graphene. Nat. Mater. 2007, 6, 183–191. [Google Scholar] [CrossRef]

	



Chen, C.; Rosenblatt, S.; Bolotin, K.I.; Kalb, W.; Kim, P.; Kymissis, I.; Stormer, H.L.; Heinz, T.F.; Hone, J. Performance of Monolayer Graphene Nanomechanical Resonators with Electrical Readout. Nat. Nanotechnol. 2009, 4, 861–867. [Google Scholar] [CrossRef]

	



Endo, M.; Strano, M.; Ajayan, P. Potential Applications of Carbon Nanotubes. Carbon Nanotub. 2008, 62, 13–62. [Google Scholar]

	



Zhang, Y.B.; Tang, T.; Girit, C.; Hao, Z.; Martin, M.C.; Zettl, A.; Crommie, M.F.; Shen, Y.R.; Wang, F. Direct observation of a widely tunable bandgap in bilayer graphene. Nature 2009, 459, 820–823. [Google Scholar] [CrossRef]

	



dos Santos, J.; Peres, N.M.R.; Castro Neto, A.H. Continuum model of the twisted graphene bilayer. Phys. Rev. B 2012, 86, 12. [Google Scholar] [CrossRef]

	



Bistritzer, R.; MacDonald, A.H. Moire bands in twisted double-layer graphene. Proc. Natl. Acad. Sci. USA 2011, 108, 12233–12237. [Google Scholar] [CrossRef]

	



Cao, Y.; Fatemi, V.; Demir, A.; Fang, S.; Watanabe, K.; Taniguchi, T.; Kaxiras, E.; Jarillo-Herrero, P. Unconventional superconductivity in magic-angle graphene superlattices. Nature 2018, 556, 43. [Google Scholar] [CrossRef]

	



Cao, Y.; Fatemi, V.; Demir, A.; Fang, S.; Tomarken, S.L.; Luo, J.Y.; Jarillo-Herrero, P. Correlated insulator behaviour at half-filling in magic-angle graphene superlattices. Nature 2018, 556, 80. [Google Scholar] [CrossRef]

	



Mogera, U.; Walia, S.; Bannur, B.; Gedda, M.; Kulkarni, G.U. Intrinsic nature of graphene revealed in temperature-dependent transport of twisted multilayer graphene. J. Phys. Chem. C 2017, 121, 13938–13943. [Google Scholar] [CrossRef]

	



Yu, Z.W.; Song, A.; Sun, L.Z.; Li, Y.; Gao, L. Under-standing interlayer contact conductance in twisted bilayer graphene. Small 2019, 16, 1902844. [Google Scholar]

	



Deng, B.; Wang, B.B.; Li, N.; Li, R.; Wang, Y. Interlayer decoupling in 30° twisted bilayer graphene quasicrystal. ACS Nano 2020, 14, 1656–1664. [Google Scholar] [CrossRef] [PubMed]

	



Kim, K.; DaSilva, A.; Huang, S.Q.; Fallahazad, B.; Larentis, S. Tunable moiré bands and strong correlations in small-twist-angle bilayer graphene. Proc. Natl. Acad. Sci. USA 2017, 114, 3364–3369. [Google Scholar] [CrossRef] [PubMed]

	



Chen, X.D.; Xin, W.; Jiang, W.S.; Liu, Z.B.; Chen, Y.S.; Tian, J.G. High-precision twist-controlled bilayer and trilayer graphene. Adv. Mater. 2016, 28, 2563–2570. [Google Scholar] [CrossRef] [PubMed]

	



Ouyang, W.G.; Mandelli, D.; Urbakh, M.; Hod, O. Nanoserpents: Graphene Nanoribbon Motion on Two-Dimensional Hexagonal Materials. Nano Lett. 2018, 18, 6009–6016. [Google Scholar] [CrossRef]

	



Wang, B.; Huang, M.; Kim, N.Y.; Cunning, B.V.; Huang, Y. Controlled folding of single crystal graphene. Nano Lett. 2017, 17, 1467–1473. [Google Scholar] [CrossRef]

	



Tang, C.; Guo, W.L.; Chen, C.F. Structural and mechanical properties of partially unzipped carbon nanotubes. Phys. Rev. B 2011, 83, 075410. [Google Scholar] [CrossRef]

	



Jiao, L.Y.; Zhang, L.; Wang, X.R.; Diankov, G.; Dai, H.J. Narrow graphene nanoribbons from carbon nanotubes. Nature 2009, 458, 877–880. [Google Scholar] [CrossRef]

	



Kosynkin, D.V.; Higginbotham, A.L.; Sinitskii, A.; Lomeda, J.R.; Dimiev, A.; Price, B.K.; Tour, J.M. Longitudinal unzipping of carbon nanotubes to form graphene nanoribbons. Nature 2009, 458, 872–875. [Google Scholar] [CrossRef]

	



Rao, S.S.; Jammalamadaka, S.N.; Stesmans, A.; Moshchalkov, V.V.; van Tol, J.; Kosynkin, D.V.; Higginbotham-Duque, A.; Tour, J.M. Ferromagnetism in Graphene Nanoribbons: Split versus Oxidative Unzipped Ribbons. Nano Lett. 2012, 12, 1210–1217. [Google Scholar] [CrossRef]

	



Tang, C.; Oppenheim, T.; Tung, V.C.; Martini, A. Structure-stability relationships for graphene-wrapped fullerene-coated carbon nanotubes. Carbon 2013, 61, 458–466. [Google Scholar] [CrossRef]

	



Talyzin, A.V.; Anoshkin, I.V.; Krasheninnikov, A.V.; Nieminen, R.M.; Nasibulin, A.G.; Jiang, H.; Kauppinen, E.I. Synthesis of Graphene Nanoribbons Encapsulated in Single-Walled Carbon Nanotubes. Nano Lett. 2011, 11, 4352–4356. [Google Scholar] [CrossRef]

	



Patra, N.; Wang, B.; Král, P. Nanodroplet Activated and Guided Folding of Graphene Nanostructures. Nano Lett. 2009, 9, 3766–3771. [Google Scholar] [CrossRef]

	



Patra, N.; Song, Y.; Král, P. Self-Assembly of Graphene Nanostructures on Nanotubes. ACS Nano 2011, 5, 1798–1804. [Google Scholar] [CrossRef]

	



Jiang, Y.; Li, H.; Li, Y.F.; Yu, H.Q.; Liew, K.M.; He, Y.Z.; Liu, X.F. Helical encapsulation of graphene nanoribbon into carbon nanotube. ACS Nano 2011, 5, 2126–2133. [Google Scholar] [CrossRef]

	



Chuvilin, A.; Bichoutskaia, E.; Chamberlain, T.W.; Rance, G.A.; Kuganathan, N.; Biskupek, J.; Kaiser, U.; Khlobystov, A.N.; Gimenez-Lopez, M.C. Self-Assembly of a Sulphur-Terminated Graphene Nanoribbon within a Single-Walled Carbon Nanotube. Nat. Mater. 2011, 10, 687–692. [Google Scholar] [CrossRef]

	



Plimpton, S. Fast Parallel Algorithms for Short-Range Molecular Dynamics. J. Comput. Phys. 1995, 117, 1–19. [Google Scholar] [CrossRef]

	



Shinoda, W.; Shiga, M.; Mikami, M. Rapid Estimation of Elastic Constants by Molecular Dynamics Simulation under Constant Stress. Phys. Rev. B 2004, 69, 16–18. [Google Scholar] [CrossRef]

	



Brenner, D.W.; Shenderova, O.A.; Harrison, J.A.; Stuart, S.J.; Ni, B.; Sinnott, S.B. A Second-Generation Reactive Empirical Bond Order (REBO) Potential Energy Expression for Hydrocarbons. J. Phys. Condens. Matter 2002, 14, 783–802. [Google Scholar] [CrossRef]

	



Kolmogorov, A.N.; Crespi, V.H. Registry-dependent interlayer potential for graphitic systems. Phys. Rev. B 2005, 71, 235415. [Google Scholar] [CrossRef]

	



Akiner, T.; Mason, J.K.; Erturk, H. A new interlayer potential for hexagonal boron nitride. J. Phys. Condens. Matter 2016, 28, 385401. [Google Scholar] [CrossRef] [PubMed]

	



Stukowski, A. Visualization and analysis of atomistic simulation data with OVITO—The open visualization tool. Model Simul. Mater. Sci. Eng. 2009, 18, 015012. [Google Scholar] [CrossRef]

	



Furusawa, S.; Nakanishi, Y.; Yomogida, Y.; Sato, Y.; Zheng, Y.; Tanaka, T.; Yanagi, K.; Suenaga, K.; Maruyama, S.; Xiang, R.; et al. Surfactant-Assisted Isolation of Small-Diameter Boron-Nitride Nanotubes for Molding One-Dimensional van der Waals Heterostructures. ACS Nano 2022, 16, 16636–16644. [Google Scholar] [CrossRef] [PubMed]

	



Zhao, B.; Wan, Z.; Liu, Y.; Xu, J.Q.; Yang, X.D.; Shen, D.Y.; Zhang, Z.C.; Guo, C.H.; Qian, Q.; Li, J.; et al. High-order superlattices by rolling up van der Waals heterostructures. Nature 2021, 591, 385–390. [Google Scholar] [CrossRef] [PubMed]

	



Yu, D.; Liu, F. Synthesis of carbon nanotubes by rolling up patterned graphene nanoribbons using selective atomic adsorption. Nano Lett. 2007, 7, 3046–3050. [Google Scholar] [CrossRef]

	



Lim, H.E.; Miyata, Y.; Kitaura, R.; Nishimura, Y.; Nishimoto, Y.; Irle, S.; Warner, J.H.; Kataura, H.; Shinohara, H. Growth of carbon nanotubes via twisted graphene nanoribbons. Nat. Commun. 2013, 4, 2548. [Google Scholar] [CrossRef]

	



Li, Y.F.; Sun, F.W.; Li, H. Helical Wrapping and Insertion of Graphene Nanoribbon to Single-Walled Carbon Nanotube. J. Phys. Chem. C 2011, 115, 18459–18467. [Google Scholar] [CrossRef]

	



Krasnenko, V.; Boltrushko, V.; Klopov, M.; Hizhnyakov, V. Conjoined structures of carbon nanotubes and graphene nanoribbons. Phys. Scr. 2014, 89, 044008. [Google Scholar] [CrossRef]

	



Savin, A.V.; Korznikova, E.A.; Dmitriev, S.V.; Soboleva, E.G. Graphene nanoribbon winding around carbon nanotube. Comput. Mater. Sci. 2017, 135, 99–108. [Google Scholar] [CrossRef]

	



Chen, C.X.; Lin, Y.; Zhou, W.; Gong, M.; He, Z.Y.; Shi, F.Y.; Li, X.Y.; Wu, J.Z.; Lam, K.T.; Wang, J.N.; et al. Sub-10-nm graphene nanoribbons with atomically smooth edges from squashed carbon nanotubes. Nat. Electron. 2021, 4, 653–663. [Google Scholar] [CrossRef]

	



Hao, Z.Y.; Zimmerman, A.M.; Ledwith, P.; Khalaf, E.; Najafabadi, D.H.; Watanabe, K.; Taniguchi, T.; Vishwanath, A.; Kim, P. Electric field-tunable superconductivity in alternating-twist magic-angle trilayer graphene. Science 2021, 371, 1133–1138. [Google Scholar] [CrossRef]








[image: Materials 15 08220 g001 550] 





Figure 1. (a–c) Self-assembly of a graphene nanoribbon on the (44,6) SWCNT, the size of the GNR is 13.6 nm × 10.0 nm. (d) Corresponding potential energy variation. (e) Representative phases obtained from MD simulations. (f) Summarized phase diagram for the assembly associated with the size of the GNR. 
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Figure 2. Geometrical relationships between helical angle and the sizes of SWCNTs and GNRs. The resultant θ from simulations agree well with predictions from Equation (1). (a) the starting model for simulations, (b,c) the final configuration after wrapping from side and top views and (d) the plot of  θ  as a function of L from both MD simulations and Equation (1). 
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Figure 3. Self-assemble of GNR on the surface of zigzag SWCNTs. The chiral indexes of these SWCNTs from (a–d) are (36,0), (45,0), (82,0) and (98,0). The length of the GNRs are 10.99 nm, 13.21 nm, 10.99 nm and 22.31 nm, respectively. The obtained θ values are 1.1° for (a,c) and 0.93° for (b,d), both values correspond to superconducting magic angles. 
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Figure 4. Wrapping (44,1) SWCNT with GNR of L = 13.38 nm, while W equals to 10.0, 20.0, 30.0 and 40.0 nm respectively from (a–d). The resultant twist angle is 1.1°. 
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Figure 5. Influence of temperature environment on the dynamics of the self-assembled structure. (a,b) Two difference thermal schemes are adopted to the assemble process, both yield the same eventual configuration, which is found to be stable without plastic phase transformation. The (44,6) SWCNT and a GNR of 13.4 × 10.0 nm2 are used in this study. 
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Figure 6. Unzipping a twisted (91,18)/(97,22) SWCNT via etching on substrate at 1 K, the twist angle is 1.14° and become 1.16° after collapsing onto the substrate. The snapshots are given in (a–d), the top view of the yielded moire pattern is shown in (e). The size of the unzipped bilayer graphene is 24.88 nm × 100 nm and 26.95 nm × 100 nm. 
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