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Abstract:



Silica microtube and carbon nanotube hybrid structures have been synthesized by catalytic chemical vapor deposition using either methane or ethene as the carbon source, and cobalt-grafted or impregnated silica tubes (200–800 nm) as catalyst. The cobalt-grafted catalyst shows a high resistance to reduction (>1000 °C) and selectivity to single-wall carbon nanotubes (SWCNT). While ethene deposition produces more carbonaceous material, methane experiments show higher selectivity for SWCNT. After removing the silica with an excess of HF, the carbon nanostructure endured, resulting in a coaxial carbon nanostructure. The novel hybrid nanostructures obtained consist of a submicron-sized tube, with walls that are formed by a succession of carbon/silica/carbon layers to which multiwall (20–25 nm) and/or single-wall (0.6–2.0 nm) carbon nanotubes are attached. This synthesis approach combines the mechanical properties of carbon nanotubes and the thermal properties of silica tubes into a synergetic nanostructured material, opening further possibilities for polymer reinforcement and potential applications in catalysis.
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1. Introduction


There is ongoing interest, globally, in research topics related to the development of new nanomaterials with unknown properties. Carbon nanostructures have gained widespread attention over the last 20 years because of their outstanding mechanical [1,2] and electrical properties [3,4], which have provided access to tube-like nanostructures. Carbon nanotubes have mainly been synthesized by three methods: laser ablation [5], catalytic chemical vapor deposition (CCVD), and arc discharge [6,7]. Each technique has been proved to have advantages and disadvantages, especially when control over the the structure is required.



The CCVD process has been shown to be one of the most promising methods, due to its high selectivity [8], high conversion rate, low-cost equipment, and the fact that the synthesis variables (i.e., temperature, pressure, mass flow, and carbon source) can be controlled. The use of a catalyst improves the selectivity [9], since the nanotubes’ diameter and structure are related to the metal´s particle size. The most common catalysts use cobalt, nickel, and iron particles that have been supported in mesoporous silicas (as MCM-41 and SBA-16) by grafting, in-situ incorporation, or impregnation methods [8,10,11,12].



Through the grafting method, a chemical bond between the support and metal clusters is induced via silanol exchange, which ensures the high stability of the catalyst. Through the in-situ incorporation, metal ions are mixed with the growing silica, incorporating the metal into the silica structure. It is to be expected that some chemical bonds are bound to occur, but with low thermal stability and a high degree of sintering. Finally, while the impregnation process is the fastest and cheapest among them [13], the stability and selectivity of the catalyst is very low, as no chemical bond is induced, which results mainly in multiwalled carbon nanotubes (MWCNT).



Silica microtubes and nanotubes (STs) have a high thermal stability, high aspect ratio, and a reactive surface consisting of silanol groups (Si–OH), which could be used to react with further functional groups through silane chemistry; therefore, they could be useful for multiple applications [14,15,16,17,18,19,20,21]. The silica tubes have mainly been synthesized by a sol-gel process using template methods, whereas in-situ formation of needle-like salts [14,22,23,24,25,26,27], or porous alumina membranes [15,20,28,29], are used as templates. Despite the fact that some authors have used carbon nanotubes as templates for the growth of the silica structure [30,31], the cost of this template is significantly higher than the others. One of the cheapest and simplest processes for obtaining the silica tubes is the one proposed by Nakamura and Matsui [23], in which in-situ formed DL-ammonium tartrate needle-like structures are used as templates [26]. Through this process, silica submicron tubes (0.8–1.0 µm) can be easily obtained alongside spherical silica particles as a byproduct.



In this study, we investigate the formation of silica-carbon hybrid nanotubes using cobalt-doped silica tubes (200–800 nm) as the catalyst, on which carbon nanotubes are grown by means of CCVD with methane or ethene. These tubular silica-carbon structures lead to the formation of a synergistic material [32] in a nanostructure likely to have good thermal, electrical, and mechanical properties.




2. Results and Discussion


2.1. Silica Tubes


The synthesis method proposed by Nakamura and Matsui was reproduced as the reference for this study. In order to obtain mainly silica tubular structures, avoiding the formation of spheres, the concentrations of water, DL-tartaric acid, and ethanol were systematically altered. These changes are related to the hydrolysis and condensation rates of Tetraethoxysilane (TEOS), as well as the amount of available templates for silica tube formation. Experimental molar ratios of water/TEOS/tartaric acid/ethanol for the experiments are shown in Table 1. Regarding silica, it is generally known that when the water/TEOS molar ratio (rw/TEOS) is <1, linear oligomers and fiber growth are the preferred form; while when rw/TEOS > 1, three-dimensional growth and formation of spherical structures is more likely [33].



Table 1. Molar ratios for silica tubes synthesis.







	
Sample

	
Molar Ratio W/TEOS/TA/E *






	
ST_ref

	
1:1:0.04:26




	
STw+

	
2:1:0.04:26




	
STw-

	
0.5:1:0.04:26




	
STe-

	
1:1:0.04:13




	
STe+

	
1:1:0.04:38




	
STta+

	
1:1:0.2:26




	
STta-

	
1:1:0.02:26








* W = water, TA = Tartaric acid, E = Ethanol.








From Figure 1a, the sample obtained by the reference process (ST_ref with rw/TEOS = 1), the formation of tubes with diameters in the range of 200–800 nm is achieved along with high quantities of spheres or aggregates with diameters in the range of 1200 ± 500 nm. The sample with rw/TEOS = 2 (STw+) shows a low quantity of linear structures with heterogeneous colloidal spheres on the surface (see Figure 1b). This is attributed to the higher water concentration, which results in a higher degree of hydrolysis of TEOS oligomers and a higher solubility of the tartrate crystals. When the water content is lower (rw/TEOS = 0.5; STw-), smaller structures are obtained, probably due to the longer time required for the formation of the oligomers, and the more controlled deposition over the surface of the ammonium tartrate crystals. Miyaji et al. proposed that the crystals of DL-ammonium tartrate are responsible for the tube’s growth [26,27], so the solubility of the tartrate in the water/ethanol/ammonia mixture is critical. Hence, tartaric acid and ethanol content were changed as to ensure template availability. It was found that when ethanol content was lower (STe-), the solubility of the template was higher. Thus, lower template availability leads to fewer tubular structures.


Figure 1. Silica structures obtained by the sol-gel process (a) using the reference process (ST_ref); (b) using a higher concentration of water (STw+); (c) using a higher concentration of ethanol (STe+) and (d) using a higher concentration of DL-tartaric acid (STta+).
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When ethanol content was higher (STe+), the solubility of the template and the tartaric acid were lower. Consequently, to ensure dissolution of acid crystals and homogeneity in the vessel, pulverized material was used. This way, a higher content of tubular structures with fewer spherical particles were found (see Figure 1c). The use of a higher content of tartaric acid (STta+) caused rapid formation of larger crystals, and the formation of tubes was not achieved. Conversely, layered or broken structures were found (see Figure 1d).



Another factor found to be critical was the agitation that ensured the homogeneity of the system. In the reference synthesis, no agitation was employed, or it was not mentioned. It was found that when magnetic stirring was employed throughout the entire synthesis, no tube formation was observed. In contrast, when orbital agitation was performed for 10 s during the steps of the initial solution mixture (W+E+TA+TEOS, W = water, TA = Tartaric acid, E = Ethanol), as well as after the addition of the ammonia, the formation of tubular structures was enhanced. The sample STe+ with orbital agitation was used as starting material for further experiments in the catalyst preparation.




2.2. Cobalt-Silica Tube Catalysts


The impregnation process (ST-Im) leads to lightly magenta-colored samples before calcination, due to the deposition of cobalt nitrate on the surface of the silica. After calcination, samples became lightly brown, owing to the presence of cobalt oxides. Temperature programmed reduction (TPR) measurements showed a reduction peak at around 318 °C (see Figure 2a), which indicates low thermal stability of the cobalt on the surface of the silica, which produced sintering at relative low temperatures, and as a result, low selectivity for single-walled carbon nanotubes (SWCNT), as shown below. Thermogravimetric analysis (TGA) of impregnated catalyst showed that after coming into contact with the cobalt nitrate, no significant loss of silanol groups could be detected (see Figure 2b). In consequence, the low thermal stability can be explained by the absence of chemical bonds between silica and cobalt through the silanol groups [34]. Upon comparing it to untreated silica tubes (ST-B), a loss of weight is shown between 150 and 250 °C, which was attributed to coordination water molecules in the cobalt oxide.


Figure 2. (a) Temperature programmed reduction (TPR) and (b) Thermogravimetric analysis (TGA) thermograms of the catalysts studied.
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The grafting process leads to a white product (ST-G), which turned light orange after calcination (ST-GC), and was indicative of the presence of cobalt oxides in the sample. By Atomic Absorption Spectroscopy, it was found that, regardless of the initial concentration employed, only 0.2 wt % of cobalt remained in the silica (measurements not shown). TPR measurements showed no reduction peak < 1000 °C (see Figure 2a), and TGA showed a significant loss of hydroxyl groups in the sample, compared to untreated silica (see Figure 2b), which suggests the formation of a chemical bond between the silica and the cobalt species due to its high thermal stability against the reduction of the grafted catalyst.




2.3. Hybrid Nanotubes


The TGA of the experiments using methane as a carbon source (see Figure 3) shows that carbon deposition was apparently not achieved in the silica tubes without cobalt (HNT-BM). In the case of the grafted sample (HNT-GM), only about a 0.6 wt % loss of weight can be seen in the range of 600–750 °C corresponding to graphitic material, which can be attributed to carbon nanotubes with low degrees of defects. This has been corroborated by Raman analysis (see Figure 4). The thermogram of impregnated tubes (HNT-ImM) shows a loss of weight of about 3.1 wt % in the range of 330–540 °C, which is characteristic of carbon decomposition that could be attributed to carbon nanotubes and amorphous carbon. This low carbon deposition could be attributed to the low reactivity of the methane under the conditions studied [35,36], especially the use of non-porous silica tubes as a catalyst support.


Figure 3. Thermogravimetric analysis of hybrid tubes obtained by means of catalytic chemical vapor deposition (CCVD) with methane.
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Figure 4. Raman spectrum of hybrid nanotubes obtained by means of CCVD with methane using cobalt-grafted silica tubes as catalyst (HNT-GM).
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Raman spectra of the above samples show that no signal was found for the blank (HNT-BM), so absence of graphitic carbon was confirmed. Further, some noisily sharp bands appeared for the impregnated sample (not shown), which implies very disordered or amorphous structures. In the case of the grafted tubes (see Figure 4), sharp bands appeared at Raman shifts of 1592 and 233 cm−1, which are characteristic features of ordered graphitic layers (G-band), and Radial Breathing Mode (RBM) of SWCNTs, respectively. The absence of a band in the range of 1200–1400 cm−1 (D-band) indicates the presence of highly ordered structures. Perhaps, in light of the low yield reached, these results confirm the high selectivity of the system of cobalt-grafted silica tubes toward SWCNTs.



More interesting characteristics were found in experiments by CCVD with ethene, where carbon deposition was observed using the silica tubes without catalyst (HNT-BE25) in a mixed flux of C2H4:N2 (50:150 sccm, 25% C2H4). Thermogravimetric analysis carried out in air showed a loss of weight of about 7.7 wt % the temperature range of 550–670 °C, corresponding to graphitic carbon. After silica removal with HF (HNT-BE25P), the weight loss was about 78 wt % in the range of 400–600 °C (see Figure 5a). As can be seen, the decomposition temperature of the carbon material decreased by about 150 °C after removal of the silica. This thermal stabilization was attributed to the silica tubes’ protective effect. The final residues (22 wt %) may come from silica that was not dissolved by the HF, presumably because the carbon material protects the silica from dissolution. The scanning electron micrograph of the hybrid tubes HNT-BE25 shows that no carbon nanotubes (structures < 100 nm) were formed (see Figure 5b); instead, carbon layers deposited on the silica surface were found. This outcome was confirmed by Raman and Energy Dispersive X-Ray spectroscopy measurements (not shown).


Figure 5. (a) Thermogram of the hybrid nanotubes obtained by CCVD with ethene using blank (HNT-BE25) and impregnated (HNT-ImE25) silica nanotubes as support; (b) SEM micrograph of the hybrid submicron tubes HNT-BE25.
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Ethene deposition using impregnated tubes as catalyst (HNT-ImE25) showed a loss of weight of 14 wt % in the range of 490–660 °C (see Figure 5a). This result is comparable with those found in the literature [9], even when the silica tube support was non-porous. A yield improvement of around 6.3 wt % was achieved by using impregnated catalyst compared with the blank, which was attributed to the formation of carbon nanotubes and some amorphous carbon. The lower decomposition temperatures compared with blank might be due to catalyzed oxidation of carbon layers caused by cobalt particles remaining in the sample. By Raman spectroscopy, two characteristic bands at 1321 cm−1 (D-band) and at 1586 cm−1 (G-band) are found, within a G/D ratio of about 0.5 indicative of disordered carbon structures (not shown).



The formation of MWCNTs with diameters of between 20 and 40 nm attached to the surface of a submicron silica-carbon tube was confirmed by scanning electron microscopy (SEM) and transmission electron microscopy (TEM) analysis (see Figure 6), in which the higher magnification showed the catalyst particles inside the MWCNT, and the structural defects of the CNT. The SEM micrograph of the ethene deposition using the grafted catalyst (HNT-GE25) only showed the presence of small quantities of linear structures attached to the surface of a bigger structure. However, TEM analysis showed the presence of SWCNT and MWCNT, as well as the hollow hybrid structures found after silica removal (see Figure 7). At higher magnifications, a hybrid structure consisting of succession of carbon layer/silica layer/carbon layer/carbon nanotube became evident (see Figure 7b). After silica removal with HF, the carbon structure formed by two concentrically carbon submicron tubes, on which SWCNT and MWCNT were attached, was conserved (see Figure 7c).


Figure 6. (a) Scanning electron microscopy (SEM) and (b) Transmission electron microscopy (TEM) micrographs of sample HNT-ImE25.
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Figure 7. (a) TEM micrograph of the hybrid nanotubes found after the CCVD process (HNT-GE25); (b) higher magnification showed single-wall carbon nanotubes (SWCNT), multiwalled carbon nanotubes (MWCNT) and a succession of carbon/silica/carbon layers; (c) structures found after silica removal, the square shows a concentric tube and (d) thermogravimetric analysis of the samples, showing the effect of reactive mixtures on the thermal behavior of hybrid tubes.
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Raman spectra of the hybrid tubes HNT-GE25 showed characteristic bands at 1584 cm−1 (G-band), 1311 cm−1 (D-band), and one sharp band at 156 cm−1 (RBM of SWCNT) (see Figure 8). This result confirms the selectivity of the process for SWCNTs, even though the G/D ratio (the intensity ratio between the G and D bands) was about 0.5, which implied the formation of several amorphous carbon structures.


Figure 8. Raman spectra of the hybrid tubes HNT-GE25.
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To study the effect of the C2H4:N2 flow ratio on the thermal behavior of the hybrid tubes, different mixtures were used in the CVD process. The TGA of samples prepared with 50:150 sccm (HNT-GE25), 10:90 sccm (HNT-GE10), and 20:80 sccm (HNT-GE20) is shown in Figure 7d. By comparing the samples obtained at the same flow (100 sccm), it can be inferred that, at higher ethene concentration, carbon deposition was enhanced by about 2 wt %, resulting in a more homogeneous material being obtained. This could be seen as a sharper signal in the Differential Thermogravimetric analysis (DTG) (shown in blue). Nonetheless, a small decrease in carbon content was found when the flow was raised and the ethene content was increased. This could be attributed to the higher contact time of the ethene with the catalyst at low flows, and the saturation of the reactive surface at high ethene concentration. In Figure 9, the process and the hybrid silica-carbon structures obtained in this study are presented, and are in accordance with the results shown above.


Figure 9. Schematic representation of the hybrid silica-carbon tubular structures obtained in this study. The coaxial carbon microtube can be observed in the SEM micrograph shown in Figure 7c.
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3. Materials and Methods


3.1. Materials


Tetraethoxysilane (TEOS, 98%), DL-Tartaric acid (99%), Ammonium hydroxide (28–30%), cobalt (II) acethylacetonate (97%) were purchased from Sigma-Aldrich (St. Louis, MO, USA); absolute ethanol from Mallinckrodt (St. Louis, MO, USA); cobalt nitrate hexahydrate (99%) from MP Biomedicals (Solon, OH, USA) and toluene from Honeywell Inc. (Morris Plains, NJ, USA). All materials were used as received without further purification.




3.2. Silica Tubes


Synthesis of the silica tubular structures was carried out by reproducing the method reported by Nakamura and Matsui with modifications [23]. Initially a mixture of DL-Tartaric acid (0.2 g), type I water (0.6 g), TEOS (7.3 g) and absolute ethanol (50 mL) is allowed to stand for 30 min, then ammonium hydroxide (20 mL) is quickly added and the mixture is left to stand for additional 20 minutes. Water, ethanol and tartaric acid content were changed to investigate the selectivity toward tubular structures.




3.3. Catalyst Preparation


Cobalt deposition on the silica surface was carried out by impregnation and grafting methods. For grafted samples (ST-G), silica tubes (1.0 g) and cobalt (II) acethylacetonate (5, 10, 15 and 30 wt % of Co.) were dried separately in toluene (115 °C, 100 mL) for 24 h under nitrogen atmosphere and continuous stirring, then the mixtures were allowed to react together in toluene reflux for another 24 h. Products were filtered and washed with toluene to remove unreacted cobalt. For impregnated samples (ST-Im), silica tubes (1.0 g) were dispersed in absolute ethanol for 30 min. Then, cobalt nitrate hexahydrate (10 mg, 5% Co.) was added, and the mixture was stirred and heated slowly to 100 °C until evaporation of ethanol formed a kind of gel (1 h), which was dried at 100 °C for 12 h. The product was calcined in air at 540 °C for 3 h to eliminate nitrate content as NO2 and water, leading to cobalt particles on the silica surface.




3.4. Hybrid Nanotubes


Synthesis of the hybrid silica-carbon structures was carried out by means of Catalytic Chemical Vapor Deposition (CCVD) using ethene or methane as carbon source. Typically, 200 mg of catalyst was placed in a vertical cylindrical furnace with a fixed-bed quartz tube to support the sample. Temperature was raised under nitrogen flow (50 sccm) from ambient to 700 °C at a heating rate of 10 °C/min. To reduce the cobalt species, the flow was changed to a mixture of H2:N2 (50:50 sccm) for 30 min at 700 °C. After reduction, hydrogen was removed with nitrogen (150 sccm) for 5 min, and the temperature was raised quickly (50 °C/min) to reaction temperature (800 °C), after which carbon precursor was added for 30 min. Methane experiments were conducted without dilution at a flow of 300 sccm. Ethene experiments were conducted with nitrogen dilutions at 10, 20, and 25% C2H4, and flows of 10:90, 20:80, and 50:150 sccm, respectively. Finally, the sample was allowed to cool under nitrogen flow. Some samples were extracted with an excess of concentrated HF to remove the silica, leading to carbon structures only.




3.5. Characterization


Scanning electron microscopy (SEM) measurements were performed in a JEOL JSM-6490LV (Akishima, Tokyo 196-8558, JAPAN), equipped with EDX analyzer. Transmission electron microscopy (TEM) measurements were performed in a FEI Tecnai™ F20 (Hillsborno, OR, USA) at a voltage of 200 kV. Thermogravimetric analysis (TGA) were performed in a TA Instruments TGA-Q500 (New Castle, DE, USA), using a temperature ramp of 10 °C/min to 800 °C in nitrogen or air: nitrogen mixture (40:60 sccm). Temperature programmed reduction (TPR) measurements were performed in a Micromeritics AutoChem II 2920 (Norcross, GA, USA). Raman spectroscopy measurements were performed in a Micro-Raman Horiba Jobin Yvon Labram HR (Kisshoin, Minami-ku Kyoto 601-8510 Japan) with an excitation wavelength of 735 nm.





4. Conclusions


We demonstrated the synthesis of a novel micro-nano structured material composed of silica tubes to which graphitic layers and carbon nanotubes were attached by CVD techniques. After silica removal with HF, some structures appeared as coaxial carbon microtubes to which carbon nanotubes were attached. These results confirm the succession of carbon nanotubes/carbon layer/silica layer/carbon layers in the hybrid tubular structure obtained.
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