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Abstract

:

Recent observations of superconductivity in low-dimensional systems composed of twisted, untwisted, or rhombohedral graphene have attracted significant attention. One-dimensional moiré superlattices and flat bands have interestingly been identified in collapsed chiral carbon nanotubes (CNTs), opening up new avenues for the tunability of the electronic properties in these systems. The nucleation of hexagonal moiré superlattices and other types of stacking faults has also been demonstrated in partially collapsed and uncollapsed carbon nano-onions (CNOs). Here, we report a novel investigation on the dynamics of stacking fault nucleation within the multilayered lattices of micrometer-scale vertically oriented films of multiwall CNTs (MWCNTs), resulting from the pyrolysis of molecular precursors consisting of ferrocene or dimethyl ferrocene, at low vapor flow rates of ~5–20 mL/min. Interestingly, local nucleation of moiré-like superlattices (as stacking faults) was found when employing dimethyl ferrocene as the pyrolysis precursor. The morphological and structural properties of these systems were investigated with the aid of scanning and transmission electron microscopies, namely SEM, TEM, and HRTEM, as well as X-ray diffraction (XRD) and Raman point/mapping spectroscopy. Deconvolution analyses of the Raman spectra also demonstrated a local surface oxidation, possibly occurring on defect-rich interfaces, frequently identified within or in proximity of bamboo-like graphitic caps. By employing high-temperature Raman spectroscopy, we demonstrate a post-growth re-graphitization, which may also be visualized as an alternative way of depleting the oxygen content within the MWCNTs’ interfaces through recrystallization.
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1. Introduction


Recent observations of superconductivity in systems composed of a few layers of graphene have attracted significant research interest in materials physics and nanotechnology [1,2,3,4,5,6,7,8]. Superconductive ordering has been shown to occur in ordinary bilayer graphene in the presence of suitably arranged electric and magnetic fields, indicating the possible presence of an exotic state for finite values of the magnetic field at B = 165 mT (applied in the plane of the sample) [1,2]. Further, robust superconductivity has been reported to occur when a twist angle is applied between two or more graphene layers, leading to the appearance of hexagonal moiré superlattices and consequential emergence of van Hove singularities [3,4,5,6,7,8]. In these systems, insulating states and electron correlation phenomena have been reported to occur under specific values of the twist angle parameter [3,4,5,6,7,8,9,10,11,12]. In particular, superconductivity has been shown to occur for a specific value of the twist parameter of θ ~ 1.09° (magic angle) [3]. A dependence of the shape and position of the van Hove singularities on the value of the twist angle parameter has been interestingly demonstrated by Brihuega et al. [7], with significant additional effects arising in the presence of non-uniform periodicities of the moiré superlattices. The appearance of magnetic ordering and exotic magnetism within these systems has also been demonstrated for θtwist ~ 1.2° [9] (orbital magnetism), θtwist ~ 1.8° (exotic ferromagnetism) [10], θtwist ~ 1.68° (orbital moiré magnetism) [11], and θtwist < 0.1° (ferrimagnetic spin order) [12]. The stability of the identified superconductive phenomena has been reported to be strongly dependent on the quality of the twist angle parameter and layer adhesion [13,14]. The occurrence of stacking faults within moiré superlattices has also been shown to result in the disappearance of superconductive ordering [13,14] and/or other exotic phenomena, including variations in the shape, position, and sharpness of van Hove singularities [14]. Further, the number of graphene layers (comprised within the moiré superlattice [15]) has been shown to play a significant role in inducing shifts in the actual value of the magic angle. Interestingly, a theoretical model of alternating twist angles was reported by Khalaf et al. [15], predicting significant variation in the actual values of the θtwist parameter for moiré superlattices derived from thick samples (i.e., samples consisting of multilayered graphene with alternating twist angles) [15]. Additionally, superconductive ordering has been reported at low temperature in samples consisting of consecutively stacked honeycomb layers of carbon atoms (ABC stacking) [16]. In this latter type of system, the atomic graphene sheets are arranged in such a way that every atom has a nearest neighbor from an adjacent layer either above or underneath. Multilayer graphene systems exhibiting a rhombohedral stacking order have interestingly been shown to also exhibit ferroelectric and multiferroic ordering [17,18]. A spontaneous energy gap has been interestingly shown to occur at sample thickness values below 4 nm, also in the absence of an applied electric field [19,20].



Stabilization of the rhombohedral stacking order has been further shown to occur in partially deformed [21,22] or stressed lattices [23].



Unusual superconductive-like phenomena have been also reported above 300 K [24,25,26,27,28,29,30,31,32,33,34], indicating a possible important role of the thickness and homogeneity of the moiré superlattice in the modification of the Tc parameters of these materials [34]. Together with these findings, superconductivity has been reported also in grafoil, within an unknown type of structural defect (Tc ~ 14 K [35]).



Recent works have also shown the possibility of stabilizing one-dimensional moiré superlattices in collapsed single-wall carbon nanotubes (CNTs) [36,37] and partially collapsed elongated carbon nano-onions (CNOs) [38]. These findings open up new avenues for the stabilization of van Hove singularities in films of nanoscale graphitic carbons.



Here, we report a novel investigation on the dynamics of stacking fault nucleation within the multilayered lattices of multiwall carbon nanotubes (MWCNTs), employing either ferrocene or dimethyl ferrocene as molecular precursors for the pyrolysis experiments. We demonstrate the nucleation of stacking faults consisting of moiré-like hexagonal superlattices by employing a chemical vapor deposition (CVD) approach, involving the sublimation and pyrolysis of dimethyl ferrocene at low vapor flow rates of ~10 mL/min. In particular, stacking faults were identified, when employing dimethyl ferrocene as the pyrolysis precursor, in proximity of bamboo-like caps, nucleated within the multilayered lattices of the local inner capillary regions of the MWCNTs, with a variable direction with respect to the tube axis. The morphological and structural properties of these systems were investigated by employing a large pool of experimental techniques, including scanning and high-resolution transmission electron microscopy (SEM, TEM, and HRTEM), profile analyses, and X-ray diffraction (XRD) and Raman point and mapping spectroscopy.




2. Experiment


2.1. Synthesis


Free-standing films of aligned MWCNTs were produced by sublimation and pyrolysis of 100–250 mg of ferrocene or 200 mg of dimethyl ferrocene inside a quartz tube reactor of 1.5 m with a thickness of 2.5 mm, as shown in Figure 1. Ar flow rates (laminar flow) in the range of 5 mL/min to 20 mL/min were employed. The sublimation temperature was 450 °C, while the pyrolysis temperature was set to approximately ~990 °C. The duration of each growth experiment was approximately 8–10 min. The quartz tube reactor was cooled to room temperature by removing the furnace along a rail system with a quench (fast cooling) process. The employed fast cooling approach enabled the extraction of vertically aligned CNT (VA-CNT) films from the substrate surface through differential thermal contraction [39]. In the specific investigations reported in this work, we employed smooth Si/SiO2 or tungsten grids as substrates for the CNT deposition.




2.2. Characterization


Scanning electron microscopy (SEM) measurements were performed using a JSM-7500F (JEOL Ltd., Akishima, Tokyo, JAPAN) microscope at 5–20 kV. Transmission electron microscopy (TEM) and high-resolution TEM measurements were performed using a 200 kV American FEI Tecnai G2F20 microscope (FEI Company, Hillsboro, OR, USA) fitted with a field emission gun (FEG). Raman point and mapping measurements were performed with the Raman-AFM HR Evolution system (Horiba Jobin Yvon, Paris, France) at room temperature. The size of the selected mapping area was chosen as 40 × 40 μm. The numerical aperture of the objective lens was 0.7 mm at 100× magnification. High-temperature Raman spectroscopy measurements were performed using an Andor SR-500i (Oxford Instruments Technology (Shanghai) Co. Limited, Xuhui District, Shanghai, China) spectrometer with a wavelength of 532 nm and an acquisition time of approximately 100 s per sample. The measurements were conducted over a temperature range from 298 K to 673 K, with a beam exposure time of 22 min, at ambient pressure and in the presence of N2 gas. Multiple XRD acquisitions of the films were performed with a Philips Xpert pro MPD (PANalytical B.V., Almere, Flevoland, Netherlands) diffractometer (Cu K-α with λ = 0.154 nm) at room temperature and ambient pressure in the 2θ range from 10° to 70°. Rietveld refinement analyses were performed by employing General Structure Analysis System (GSAS) software (LANL, Los Alamos, NM, USA).





3. Results and Discussion


SEM investigations enabled the identification of the morphological properties of the as-grown free-standing vertically aligned MWCNTs. Figure S1A–E exhibit typical examples of the surface morphology of the as-grown free-standing films, resulting from the sublimation and pyrolysis of ferrocene and subsequential differential thermal contraction. As shown in Figure S1D, the films comprised vertically aligned close-packed nanotube structures. Interestingly, an unusual decoration of the CNT bundles with carbon nano-onion (CNO) particles was found, especially in experiments involving an Ar flow rate of 5 mL/min (see Figure S1E,F and cyan arrow in Figure S1E). These observations highlight the possible existence of intermediate growth modes (under the condition of a low vapor flow rate), with simultaneous nucleation and growth of both CNTs and CNOs and subsequential CNT decoration. Interestingly, comparable film morphologies could be identified when employing a metallic grid as the deposition substrate (in the presence of ferrocene as the precursor); this is observable in Figure S2A–F, with a progressively increasing magnification. As shown in Figure S2C–E, the films in this case were also found to exhibit a free-standing morphology, which derived from the differential thermal contraction process, after cooling. The high alignment of the CNTs was further confirmed by high-magnification analyses, as shown in Figure S2F, together with a significant amount of CNO decoration.



In an attempt to enhance the selectivity of the experiment towards the growth of aligned CNT bundles and deplete the quantities of CNO byproducts, extended investigations were performed using dimethyl ferrocene as a molecular precursor.



The micrographs in Figure 2A–F provide examples of the morphological characteristics of those VA-CNT films obtained when employing dimethyl ferrocene as the molecular precursor for the pyrolysis experiment. The high alignment of the CNTs is shown in Figure 2C–F. In particular, a depletion in the relative quantities of decorating CNOs was found when employing dimethyl ferrocene as a precursor. These observations were supported by extensive TEM and HRTEM characterization measurements and analyses, as shown in Figure 3A–F, Figure 4, Figure 5 and Figure 6. The TEM and HRTEM measurements presented in Figure 3A–F provide clear evidence of coexisting MWCNT and CNO morphologies within the films obtained when employing ferrocene as a molecular precursor. The observed coexistence of CNT and CNO growth modes is possibly attributable to the rapid sublimation of the ferrocene molecule, with consequential spontaneous nucleation of large quantities of catalyst particles by homogeneous nucleation within the reaction zone [40]. The presented results differ, however, from those reported by Elliott et al. [41] and Wu et al. [42], where the growth of CNO films resulted instead from experimental conditions involving a low carbon supply and lower sublimation temperatures of the precursor [41,42] and, therefore, from different nucleation dynamics of the carbon layers from the nanoparticles. Interestingly, subsequential lift-up growth effects have also been shown to occur in the CVD process [43].



Noticeably, significantly sharper interfaces could be found when employing dimethyl ferrocene (instead of ferrocene) as a molecular precursor, with a depletion in the amount of CNOs within the film.



The TEM and HRTEM analyses of such a morphological transition are presented in Figure 4 at low magnification and in Figure 5A–F at high magnification (high-resolution). When examining the micrographs presented in Figure 5A–F, the occurrence of graphitic caps with a variable orientation and close compartments is noticeable, which define a non-uniform inner CNT capillary. Note also the presence of strain and dislocation defects occurring within the thick graphitic layers of the MWCNT, as shown in Figure 5D–F. These strain-rich regions were also analyzed using DigitalMicrograph software through profile investigations, with an appropriate integration width for the line profile, as presented in Figure 6A–D.



In particular, Figure 6C,D provide an example of profile analyses applied to the thick graphitic structure of the MWCNT. These analyses highlight the presence of strain-rich interfaces. Further, when examining the micrograph in Figure 6B, a transition in the stacking order of the graphitic layers can be clearly found, implying the formation of stacking faults in proximity of partially nucleated graphitic caps with a variable orientation.



Detailed analyses of the observed stacking fault at high resolution are further shown in Figure 7 and Figure 8. The profile investigations presented in Figure 8 highlight the nucleation of hexagonal domains, indicative of a local change of stacking order and/or partially twisted interfaces deriving from the variable orientation of the graphitic caps [44]. Interestingly, a super-periodicity ranging from ~0.4 to 0.6 nm could be identified by means of profile investigations (see Figure 8).



By applying the equation a/2D = sin (θtwist/2) [44], where a is the basal lattice constant (~0.247 nm), D is the period of the moiré-like super-periodicity, and θtwist is the rotational angle, a possible θtwist ~ 33–35° could be identified within the moiré-like stacking fault area. Interestingly, the period of the stacking fault moiré-like superlattice is analogous with that of ~0.5 nm previously reported in scanning tunneling microscopy (STM) investigations of highly oriented pyrolytic graphite (HOPG), which exhibited weak van Hove singularities in the local density of states (LDOS) acquisitions [44]. In an attempt to further evaluate the origin of the observed structural transitions occurring within the inner capillary of the MWCNTs, an additional investigation was conducted on the catalyst particles by means of XRD and Rietveld refinements. As shown in Figure 9, these investigations revealed a large relative abundance of Fe3C (74.8%) in coexistence with α-Fe (18.6%) and γ-Fe (6.6%) phases (see also ESI Figure S3). Interestingly, a comparable structural arrangement of the catalyst has been recently shown by Wu et al. [38] in partially collapsed CNOs.



Additional structural characterization of the films was then conducted using Raman point and mapping spectroscopy. As shown in Figure 10A–D, the map analyses revealed a significant local variation in the amplitude of the D and G band components, with the appearance of D’ band features indicating an enhancement in the relative abundance of defect-rich carbon within certain regions of the CNT film. In particular, Figure 10C,D highlight a significant contribution arising from the D’ component. Considering the vertical alignment of the CNTs and the HRTEM analyses presented above, a higher density of structural defects is expectable in proximity of the CNT capping regions. The typical point spectra acquisitions presented in Figure 10E,F highlight the local variation of the D band intensity within the defect-rich regions of the film. In particular, the significant enhancement of the intensity of the D band, together with the sharp collapse of the G band intensity in E, may indicate the presence of local structural transitions, possibly involving the presence of partial collapse of the CNT structure.



Further analyses of the as-grown films were then conducted by employing high-temperature Raman spectroscopy. Continuous laser beam exposure measurements were obtained at T ~ 673 K following the conditions reported by Taallah et al. for carbon onion samples [45]. Interestingly, a decrease in the amplitude of the D and G bands can be found in Figure 11 and Figure 12 with the increase in the laser beam exposure time (particularly after 1 min of exposure). The observed changes in the amplitudes of the D and G bands appear to possibly indicate the presence of a recrystallization (re-graphitization) process which enhances the crystallinity of the whole hybrid system, with a consequential decrease in the intensity of those bands associated with interface oxidation [38,46]. Detailed deconvolution analyses of the Raman spectra are shown in Figure 11A,B. Note the variation in the intensity of the defect-induced splitting of the D band component, which is indicative of (1) partial recrystallization of amorphous CNT lattices and (2) progressive depletion of C-O bonding as a consequence of the film recrystallization. The evolution of the 2D band as a function of the laser exposure time is presented in the plot of Figure 13. Interestingly, an approximately linear increase in the 2D band area with increasing laser exposure time is demonstrated, confirming the existence of a partial re-graphitization.




4. Conclusions


In conclusion, we have reported the nucleation of moiré-like stacking faults within multilayered lattices of multiwall carbon nanotubes (MWCNTs) fabricated through the pyrolysis of dimethyl ferrocene, at low vapor flow rates of ~5–20 mL/min. The morphological and structural properties of the as-grown samples were investigated by employing a large pool of techniques, namely SEM, TEM, HRTEM, profile analyses, XRD, and Raman point and mapping spectroscopy. Additionally, the results obtained by employing high-temperature Raman spectroscopy revealed a post-growth re-graphitization effect. This approach may be visualized as a possible alternative experimental route for the recrystallization of MWCNT interfaces. The presented datasets may open up new avenues for the nucleation of stacking faults and, eventually, low-dimensional moiré superlattices in these systems. The collapse of hexagonal moiré superlattices and 1D defect strings have also been recently identified as technological targets allowing for the possible stabilization of Luttinger liquid states [47,48,49] and/or superconductivity in 1D systems [50,51].
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The following supporting information can be downloaded at: https://www.mdpi.com/article/10.3390/c10040091/s1, Figure S1: SEM micrographs A-F showing (with an increasing level of detail) the surface morphology of the as grown film (A–C), comprising of vertically aligned CNTs decorated with filled CNOs (at vapour flow rates of 5 mL/min). The high alignment of the CNTs in the film is visible in D, while the CNO decoration is presented in E,F. The cyan arrow in E indicates an example of decorated CNT (see experimental section for further details on the method of production); Figure S2: Typical examples of SEM micrographs (A–F) exhibiting the morphological aspects of typical VA-MWCNT films obtained by pyrolysis of ferrocene at low vapour flow rate, when employing a metallic grid as deposition substrate. Note the presence of free-standing VACNT morphologies which derive from the differential thermal contraction process. In E,F the morphological aspects of the VACNTs evidence a high alignment of the CNT-bundles and decoration with CNO-particles; Figure S3: Additional example of Rietveld refinement analysis of a typical XRD diffractogram of the film. The green line represents the theoretical fit to the XRD data (red crosses). The following unit cell parameters could be extracted, namely Fe3C (Pnma) a = 0.506 nm, b = 0.672 nm, c = 0.451 nm, α-Fe (Im-3m) a = b = c = 0.287 nm and γ-Fe (Fm-3m) a = b = c = 0.357 nm; Figure S4: Statistical distribution of the inner and outer CNO diameters, for samples produced at 5 mL/min, by pyrolysis of ferrocene.
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Figure 1. Schematic of the CVD system employed for the nucleation and growth of VA-MWCNTs, employing ferrocene or dimethyl ferrocene as the molecular precursor. 
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Figure 2. SEM micrographs (A–F) of typical flakes of free-standing films of MWCNTs obtained by pyrolysis of dimethyl ferrocene at a low Ar vapor flow rate of ~10 mL/min. In particular, the micrographs in (C–E) allow for a clear observation of the high degree of CNT alignment. 
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Figure 3. Transmission electron micrographs (A–F) showing, with an increasing level of detail, the cross-sectional morphology of films comprising vertically aligned MWCNTs decorated with filled CNOs. The TEM micrographs in (E,F) show the fine details of the CNOs decorating the MWCNT (scale bar in green corresponds to 0.05 μm). These films were obtained through the pyrolysis of ferrocene at very low vapor flow rates of ~5 mL/min. 
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Figure 4. Low-magnification TEM micrograph of as-grown VA-MWCNTs obtained through the pyrolysis of dimethyl ferrocene. 
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Figure 5. HRTEM micrographs (A–F) exhibiting the structural arrangement of the CNT walls. Note the presence of structural stress and dislocation-rich interfaces, as shown in (D–F). The formation of graphitic caps on both sides of the encapsulated particle indicates a bamboo-like growth mechanism with a variable orientation. The presence of stacking faults and moiré-like super-periodicities is visible in the micrograph presented in (D). 






Figure 5. HRTEM micrographs (A–F) exhibiting the structural arrangement of the CNT walls. Note the presence of structural stress and dislocation-rich interfaces, as shown in (D–F). The formation of graphitic caps on both sides of the encapsulated particle indicates a bamboo-like growth mechanism with a variable orientation. The presence of stacking faults and moiré-like super-periodicities is visible in the micrograph presented in (D).



[image: Carbon 10 00091 g005]







[image: Carbon 10 00091 g006] 





Figure 6. HRTEM (A–C) and profile analyses (D) revealing the presence of a transition in the stacking order of the CNT walls in proximity of partially nucleated graphite caps (see (B)). 
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Figure 7. HRTEM micrograph revealing, with high detail, the nucleation of moiré-like stacking faults within the walls of the CNT, as a result of a variation in the orientation of the multilayered lattice. The nucleation of this type of stacking fault appears to be linked to the formation of graphitic bamboo-like caps with a variable orientation (see cyan arrow). 
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Figure 8. HRTEM micrograph of the stacking fault shown in Figure 7 (cyan arrow) and profile analyses (A–C) performed with the aid of DigitalMicrograph software, revealing examples of super-periodicities D ranging from ~0.4 nm to ~0.6 nm. 
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Figure 9. Typical XRD diffractogram (red line) and Rietveld refinement (green line) of the free-standing aligned MWCNT films, revealing the following phase abundances: 74.8% Fe3C, 18.6% α-Fe, and 6.6% γ-Fe. The magenta line corresponds to the difference between the XRD diffractogram (experimental data) and the Rietveld model (theoretical data). The extracted Rp value was 0.0278. The following database cards were employed for the refinements: COD 1008725 (Fe3C with space group Pnma), COD 1100108 (α-Fe with space group Im-3m), and COD 1534888 (γ-Fe with space group Fm-3m). See ESI Figure S3 for details on extracted unit cell parameters. 
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Figure 10. Typical examples of Raman spectroscopy point/map analyses of the VA-MWCNT. The map analyses in (A–D) and the point analyses in (E,F) highlight a significant local variation in the amplitude of the D and G band components, with the appearance of D’ band features indicative of an enhancement in the relative abundance of defect-rich carbon within certain regions of the film. 
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Figure 11. In (A,B) deconvolution analyses of the Raman spectra collected at T ~ 673 K after 1 min (A) and 2 min (B) of laser exposure, respectively, evidencing the presence of an enhanced 2D band in (B), deriving from a re-graphitization process. 
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Figure 12. High-temperature Raman spectroscopy measurement showing the variation in the intensities of D, G, and 2D bands as a function of laser beam exposure time for a constant temperature (T ~ 673 K under N2 flow). This is shown in a large frequency range in (A), from 1000 to 3000 cm−1 and shorter frequency range in (B,C) from 1000 to 1800 and from 1800 to 3000 cm−1 respectively. 
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Figure 13. Evolution of the amplitude of the 2D band as a function of the laser beam exposure time, at T ~ 673 K. 
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