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Abstract

:

Carbon nanotubes (CNTs) offer unique properties that have the potential to address multiple issues in industry and material sciences. Although many synthesis methods have been developed, it remains difficult to control CNT characteristics. Here, with the goal of achieving such control, we report a bottom-up process for CNT synthesis in which monolayers of premade aluminum oxide (Al2O3) and iron oxide (Fe3O4) nanoparticles were anchored on a flat silicon oxide (SiO2) substrate. The nanoparticle dispersion and monolayer assembly of the oleic-acid-stabilized Al2O3 nanoparticles were achieved using 11-phosphonoundecanoic acid as a bifunctional linker, with the phosphonate group binding to the SiO2 substrate and the terminal carboxylate group binding to the nanoparticles. Subsequently, an Fe3O4 monolayer was formed over the Al2O3 layer using the same approach. The assembled Al2O3 and Fe3O4 nanoparticle monolayers acted as a catalyst support and catalyst, respectively, for the growth of vertically aligned CNTs. The CNTs were successfully synthesized using a conventional atmospheric pressure-chemical vapor deposition method with acetylene as the carbon precursor. Thus, these nanoparticle films provide a facile and inexpensive approach for producing homogenous CNTs.
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1. Introduction


The synthesis of vertically aligned carbon nanotubes (VA-CNTs) on a planar substrate has been established as a method for growing high-quality CNTs with controlled lengths [1,2]. Conventional CNT synthesis by chemical vapor deposition (CVD) requires a catalyst-support film of aluminum oxide (Al2O3) and an active metal catalyst. Furthermore, the interactions between the catalyst and catalyst support are crucial for enhancing the catalyst lifetime and VA-CNT growth [3,4,5]. Such catalysts are commonly prepared using traditional top-down methods, with films being deposited using physical processes such as e-beam deposition, sputtering, or atomic layer deposition. Unfortunately, these catalysts provide little control over the type of CNTs that are produced, or their diameters, which is largely due to the catalyst and catalyst support preparation method. Typically, a thin film of Al2O3 (~10 nm) is deposited as a catalyst support followed by the deposition of a thin catalyst film (0.5–3 nm of Fe) [6,7]. Upon exposure to a high temperature and reduction, the catalyst layer forms densely packed islands, which act as nucleation sites for CNT growth [8]. As a result, it is nearly impossible to control the catalyst nanoparticle size, and consequently, to calculate the CNT diameter ahead of time, as the nanoparticle size generally determines the nanotube diameter [9,10,11]. In addition, these techniques typically require expensive instrumentation, which may have a significant impact on the large-scale production of CNTs.



The development of less expensive and well-controlled methods for depositing catalysts and catalyst supports has generated considerable research interest. Although controlling the catalyst nanoparticle size is expected to provide control over the CNT diameter, the preparation of monodisperse catalyst nanoparticles and their assembly into thin films is challenging, and few methods have been reported [12]. Premade catalyst nanoparticles with controlled densities and sizes can affect the number of nucleation sites and the CNT diameters, respectively [13]. Efforts in this field have demonstrated the effective growth of VA-CNT arrays [14,15], but a greater control over particle size and the build-up of catalyst monolayer films is required. Investigations of individual catalyst nanoparticles can be used to elucidate their characteristics and their catalytic activity toward CNT growth. The lower temperatures that are required for nanoparticle synthesis should favor diameter control. Moreover, wet chemistry methods for catalyst and catalyst support deposition for CNT synthesis should be less expensive than traditional physical evaporation methods.



The deposition of catalyst nanoparticles on a substrate by drop casting has a limited ability to provide uniform monolayer films [16]. In contrast, the assembly of a uniform nanoparticle monolayer on a chemically functionalized substrate is a suitable technique [14,17,18]. An Al2O3 catalyst support layer consisting of premade nanoparticles can prevent catalyst diffusion [19] and increase hydrocarbon decomposition [20]. However, there are many challenges associated with assembling nanoparticles in solution into a continuous thin film, including particle diameter uniformity (monodispersion) and the packing of nanoparticles into high-density two-dimensional films while avoiding the formation of double or multiple layers. The assembly of nanoparticle monolayers on planar substrates has been explored using crosslinking agents as anchoring groups [21,22,23,24]. (3-Aminopropyl)triethoxysilane has been applied as an intermediate ligand for the formation of monolayers of nanoparticles with amino (–NH2) groups, which can bind with or replace other organic functional groups [25,26]. Monolayers of iron oxide (Fe3O4) nanoparticles on glass plates were successfully assembled using a hydroxypropyl cellulose (HPC) biopolymer thin film, with the HPC intermediate linkers forming hydrogen bonds with both the substrate and nanoparticle surfaces [27]. Therefore, it is understood that nanoparticle assembly as a monolayer depends on the organic or inorganic coating on the nanoparticle surface and the chemical nature of the substrate.



Oleic acid is a carboxylate-containing long-chain organic molecule that is used as a surface stabilizing agent for nanoparticle synthesis [28]. Al2O3 or Fe3O4 nanoparticles coated with oleic acid can be assembled into a monolayer on a substrate by using organic linker molecules. Bifunctional 11-phosphonoundecanoic acid (PNDA) is a suitable linker that can bind to a metal oxide substrate via its phosphonate group to form a carboxylic acid thin film [21,29]. The carboxylate groups in both oleic acid (on the nanoparticle surfaces) and PNDA (on the metal oxide substrate) can undergo ligand exchange reactions in solution. Chemically bonded carboxylate groups on Fe3O4 nanoparticles can facilitate the formation of a uniform monolayer of catalyst particles on a substrate. Monolayer formation on a substrate that is modified with an organic ligand can increase both the uniformity and particle density on the substrate. These features are advantageous, as it has been reported that a high density of catalyst particles is required to grow VA-CNTs [30,31].



Here, we report the bottom-up assembly of premade nanoparticle monolayer films of Al2O3 and Fe3O4 for the synthesis of VA-CNTs. Using spherical nanoparticles that were synthesized in solution, Al2O3 and Fe3O4 monolayers were sequentially assembled on an SiO2 substrate. Nanoparticle separation was performed in order to enhance the homogeneity of the assembled monolayer films. The obtained nanoparticle films were then successfully applied to catalyze the growth of VA-CNTs.




2. Experimental


Materials: Aluminum chloride (Reagents Plus, ≥99%), iron (III) chloride hexahydrate (reagent grade, ≥98%), 1-octadecene (technical grade, ≥90%), oleic acid (technical grade, ≥90%), and PNDA (≥90%) were purchased from Sigma-Aldrich (St. Louis, MO, USA) and used without further purification. Sodium oleate (≥97.0%) was purchased from TCI Chemicals. 1-Hexadecene (technical grade, ≥92%), hexane (ACS grade, ≥99.5%), and ethanol (ACS grade) were purchased from Fischer Scientific. Silicon wafers with 500 nm ± 5% thermal oxide layer on top surface were purchased from University Wafer (South Boston, MA, USA). Ultrathin carbon type-A 400 mesh copper grids with lacey carbon for transmission electron microscopy (TEM) characterization were obtained from Ted Pella (Redding, CA, USA).



Characterization: Fourier transform infrared (FTIR) spectroscopy was used to analyze the aluminum oleate and iron oleate precursors as well as the synthesized nanoparticles. The sizes and shapes of the Al2O3 and Fe3O4 nanoparticles were characterized by atomic force microscopy (AFM; Bruker Dimension icon ScanAsyst AFM, Billerica, MA, USA), TEM (JEOL JEM-1230, Tokyo, Japan), and scanning electron microscopy (Philips FEI XL30 ESEM, North Billerica, MA, USA). X-ray photoelectron spectroscopy (XPS; K-Alpha, Thermo Scientific, Waltham, MA, USA) using a 400 µm spot area was used to investigate the presence of linker molecules on metal oxide substrates. Raman spectroscopy using an inVia confocal Raman microscope (Renishaw, Gluocestershire, UK) with a 633 nm laser at 10% power was used to evaluate the quality of the grown nanotubes.



Al2O3 nanoparticle synthesis: Al2O3 nanoparticles were synthesized by the thermal decomposition of an aluminum oleate precursor in 1-octadecene as a high-boiling solvent. The aluminum oleate precursor was prepared by reacting AlCl3 (5 g) and sodium oleate (20 g) in a solvent mixture (70 mL hexane + 40 mL ethanol + 30 mL H2O) for 4 h under reflux at 70 °C with continuous stirring [32]. Subsequently, 1.5 g (1.7 mmol) of aluminum oleate and 1.5 mL of oleic acid (as a capping agent) were dissolved in 50 mL of 1-octadecene. Using a three-neck boiling flask, this mixture was heated to 320 °C for 2 h with continuous stirring. When the temperature was close to 320 °C, continuous bubbling was observed and the transparent solution became creamy white, indicating the nucleation of Al2O3 nanoparticles. After cooling to ambient temperature, the Al2O3 nanoparticles were precipitated using a 1:1 mixture of isopropyl alcohol and hexane. Subsequently, Al2O3 nanoparticles of different sizes were separated by centrifugation. The large-size oleic-acid-stabilized Al2O3 nanoparticles were first separated by centrifugation at 8000 rpm for 60 min, and then smaller Al2O3 nanoparticles were separated at 12,000 and 15,000 rpm for 60 min. The Al2O3 nanoparticles were then redispersed in hexane or a hexane/isopropyl alcohol mixture (1:1) for further use.



Fe3O4 nanoparticle synthesis: Fe3O4 nanoparticles with uniform sizes were synthesized from an iron oleate precursor according to the procedure reported by Park et al. with some modifications [33]. Iron oleate (1.5 g, 1.67 mmol) and oleic acid (1.5 mL) were dissolved in 1-hexadecene (50 mL). Using a three-neck boiling flask, the mixture was heated at 284 °C for 60 min with continuous stirring under a nitrogen flow to control oxidation. The black solution was cooled to ambient temperature and 50 mL of ethanol was added to precipitate the Fe3O4 nanoparticles. Then, Fe3O4 nanoparticles of different sizes were separated by centrifugation and redispersed in hexane for further use [12,34].



Formation of Al2O3 nanoparticle monolayer: One side polished SiO2 layer (500 nm ± 5%) on one side of the silicon wafer was employed as a substrate for the synthesis of VA-CNTs. In order to form a monolayer of Al2O3 nanoparticles, the SiO2 substrate was modified with bifunctional PNDA using the procedure reported by Hanson et al. with some modifications [35]. A 3 mm × 3 mm piece of one-side-polished SiO2 was cleaned by ultrasonication in acetone for 20 min. The substrate was dried under a nitrogen flow and treated with piranha solution (H2SO4/H2O2, 3:1) for 30 min to generate hydroxyl groups on the surface [26,35]. After washing with water and drying under a nitrogen flow, the hydroxylated substrate was immersed in a solution of 2 mM PNDA in ethanol/water (1:1, v/v) for 48 h to attach PNDA ligands to the surface. The substrate was washed with ethanol and an ethanol/water mixture (50:50). Subsequently, the substrate was immersed in a 3 mg/mL solution of oleic-acid-coated Al2O3 nanoparticles for 3 h to initiate a ligand exchange reaction between the terminal carboxylate group of PNDA and the carboxylate group of the oleic acid on the Al2O3 nanoparticle surface, thus forming a nanoparticle monolayer. Any physiosorbed particles were removed from the substrate surface by washing with hexane.



Formation of Fe3O4 nanoparticle monolayer: An Fe3O4 nanoparticle monolayer was formed on the Al2O3 nanoparticle layer using a similar procedure [21]. The substrate with the Al2O3 nanoparticle monolayer was annealed at 700 °C for 2 h to remove all of the organic ligands from the surface and to convert any aluminum hydroxide to Al2O3. Then, the substrate was treated with piranha solution and immersed in a 2 mM PNDA solution to bind the linker molecules for the Fe3O4 monolayer formation. The substrate was immersed in an Fe3O4 nanoparticle solution to promote the ligand exchange reaction between the terminal carboxylate group of PNDA and the carboxylate group of oleic acid on the Fe3O4 nanoparticle surface. Optimized conditions (3 mg/mL Fe3O4 nanoparticle solution for 3 h) gave a compact monolayer of Fe3O4 nanoparticles. To remove any physiosorbed particles from the surface, the substrate was washed with hexane. The substrate was then heated at 400 °C for 1 h to remove the oleic acid capping agent and any other organics from the surface.



CNT synthesis: The CNTs were synthesized on the substrate with premade Al2O3 and Fe3O4 nanoparticle monolayers using CVD. Initially, the substrate was heated at 450 °C for 15 min in the presence of hydrogen in order to thermally reduce the Fe3O4 catalyst nanoparticles to metallic iron. Then, VA-CNTs were grown by CVD at 750 °C and atmospheric pressure for 20 min using acetylene as the carbon source with argon as the carrier gas.




3. Results and Discussion


The key aspect of this work was the monolayer assembly of premade Fe3O4 catalyst and Al2O3 catalyst support nanoparticles for the synthesis of VA-CNTs. It has been reported that the synthesis of CNTs with a specific chirality mostly depends on the interactions between the metal catalyst, catalyst support, and hydrocarbon [36,37,38]. Figure 1A shows a schematic diagram of the process for assembling the catalyst support and catalyst films for VA-CNT growth. Since Al2O3 is a common catalyst support for the large-scale synthesis of VA-CNTs, an Al2O3 film was prepared on the SiO2 surface by using premade Al2O3 nanoparticles in solution. The formation of the catalyst support monolayer required the SiO2 substrate to be activated by introducing hydroxyl groups that could be coupled with linker molecules. Subsequently, the SiO2 substate was modified with PNDA as an organic linker for binding nanoparticles. Organophosphonic acids have been widely used as ligands for metal oxide (e.g., SiO2 and Al2O3) functionalization in various applications, with the phosphonate group binding to the metal oxide substrate [39,40,41,42]. A similar approach using bifunctional PNDA to form a monolayer of iron–platinum bimetallic nanoparticles on an Al2O3 substrate indicated that the phosphonate and –COOH groups of PNDA were bound to the Al2O3 substrate and the nanoparticle surface, respectively [21]. The sequential formation of Al2O3 and Fe3O4 nanoparticle monolayers on the functionalized SiO2 substrate are shown in Figure 1B,C. Oleic acid on the nanoparticle surfaces facilitated the ligand exchange reaction using –COOH as an anchoring group [43].



The oleic-acid-coated Al2O3 nanoparticles that were synthesized from the aluminum oleate precursor were spherical, as shown in Figure S1. Larger Al2O3 nanoparticles were separated as the decant by centrifugation at 12,000 rpm for 60 min (Figure S1A), whereas comparatively small Al2O3 nanoparticles remained in the decanted solution (Figure S1B), which were chosen to form the monolayer on the SiO2 substrate. FTIR spectroscopy was used to confirm the presence of an oleic acid coating on the surface of the Al2O3 nanoparticles (Figure S2). Characteristic bands associated with –CH2, –CH, and C=O groups were observed for oleic acid (Figure S2A), aluminum oleate (Figure S2B), and the oleic-acid-coated Al2O3 nanoparticles (Figure S2C). The strong band at 1595 cm−1 in the FTIR spectrum of aluminum oleate (Figure S2B) corresponded to a COO-Al species [32], which is typically found at 1600 cm−1 [44]. The FTIR spectrum of oleic-acid-capped Al2O3 (Figure S2C) showed C–H stretching peaks but no carbonyl peak. The strong peak at ~1465 cm−1 and the peak at ~1600 cm−1 (Figure S2C), which are characteristic of symmetric and asymmetric carboxylate (COO–) stretching, indicated that oleic acid was bound to the Al2O3 nanoparticle surface [45]. In addition, the appearance of a strong –OH stretching band at 3000–3600 cm−1 (Figure S2C) suggested the presence of hydroxylated Al2O3 particles. The FTIR spectrum of the Al2O3 nanoparticles that were annealed at 700 °C (Figure S2D) indicated that all of the organic functional groups, including oleic acid, were removed from the surface.



The sizes and shapes of the Al2O3 nanoparticles were characterized using AFM and TEM (Figure 2). Figure 2A shows an AFM image of the Al2O3 nanoparticles that were used for monolayer assembly as a catalyst support for VA-CNT growth. As shown by the particle size distribution (Figure 2B), the separated Al2O3 nanoparticles had an average size of 6.2 ± 1.4 nm. TEM characterization of the Al2O3 nanoparticles was performed before and after annealing (Figure 2C,D). TEM imaging of the oleic-acid-coated Al2O3 nanoparticles before annealing was difficult, likely because the organic coating or the hydroxylated nature of the nanoparticles interfered with the electron beam contrast. For the Al2O3 nanoparticles before annealing, the TEM sample was prepared by drop casting the nanoparticle solution on the TEM grid and subsequently baking the grid for 2 days at 70 °C. As shown in Figure 2C, the Al2O3 nanoparticles before annealing were well distributed. For the Al2O3 nanoparticles after annealing at 700 °C for 2 h, the nanoparticles were dispersed in isopropyl alcohol, the large Al2O3 nanoparticle aggregates were separated by centrifugation, and a few drops of Al2O3 nanoparticle solution were drop cast onto a copper grid for TEM characterization. As shown in Figure 2D, the Al2O3 nanoparticles, after annealing, showed some aggregation and distortion. XPS analysis was performed in order to confirm the elemental state of aluminum in the nanoparticles. Figure S3 shows the Al2p and O1s core-level spectra. The Al2p peak at a binding energy of 74.3 eV is consistent with the presence of Al2O3 in the nanoparticles [46]. The deconvoluted O1s peaks at 531 and 532.6 eV indicated the presence of two different types of oxygen. The peak at 531 eV corresponded to Al2O3, whereas the peak at 532.6 eV could be due to dissolved oxygen (moisture) or hydroxyl groups in the sample [47,48]. Although these results indicate a high content of surface –OH groups on the Al2O3 nanoparticles, the high temperature used for CVD will convert them into oxides during the CNT synthesis process.



Fe3O4 nanoparticles were synthesized using iron oleate as a precursor and 1-hexadecene as a solvent, similar to the method reported by Park et al. [33]. The obtained oleic-acid-stabilized Fe3O4 nanoparticles of different sizes were separated by centrifugation at various speeds. After removing the larger particles, the precipitate that was obtained at 8000 rpm gave a relatively homogenous size distribution, as shown by the AFM image in Figure 3A and the corresponding particle size distribution in Figure 3B. The Fe3O4 catalyst nanoparticles with an average size of 9.3 ± 1.2 nm were chosen to form a monolayer on the Al2O3 film for VA-CNT growth. The low- and high-magnification TEM images in Figure 3C,D reveal that these Fe3O4 nanoparticles had relatively uniform sizes and shapes. FTIR spectral analysis was used to verify the presence of an oleic acid coating on the nanoparticle surface. As shown in Figure S4, the FTIR spectra of oleic acid, iron oleate, and the oleic-acid-coated Fe3O4 nanoparticles contained characteristic bands associated with –CH2, –CH, and C=O groups. The characteristics asymmetric and symmetric COO-Al bands at ~1438 and ~1600 cm−1 (Figure S4B) confirm the prepared aluminum oleate precursor for the synthesis of Fe3O4 catalyst nanoparticles. For the oleic-acid-coated Fe3O4 nanoparticles, a strong C–H stretching band appeared at ~2850 cm−1, but the intensity of the carbonyl stretching band at 1710 cm−1 was reduced (Figure S4C). The characteristic asymmetric and symmetric stretching bands at ~1438 and ~1600 cm−1 (Figure S4C), respectively, confirmed that oleic acid was chemisorbed on the Fe3O4 nanoparticles [49]. Although the Fe3O4 nanoparticles contained both γ-Fe2O3 and Fe3O4, the dominant phase was Fe3O4 based on the synthetic method that was used [33]. The liquid-phase synthesis of the catalyst nanoparticles provides direct control over particle size because oleic acid acts as a passivation layer to reduce nanoparticle aggregation [50]. In wet chemical processes, an oxygen-free environment and low synthesis temperature reduce the size of the obtained nanoparticles, whereas catalyst formation at high temperatures provides less control over particle size.



The use of catalyst nanoparticle dispersions with uniform sizes for the assembly of monolayer films could provide improved control over CNT characteristics. Importantly, as this approach is less expensive than traditional catalyst preparation processes, scalable VA-CNT growth can be realized. Bifunctional or multifunctional molecules can be employed as linkers on substrates/surfaces depending on the strength of the interaction between the functional group and substrate. Surface hydroxyl (–OH) groups on SiO2 and Al2O3 generated by piranha treatment can enhance the reactivity toward linker molecules [51]. The condensation reaction between the hydroxyl group of a silanol and the phosphonic acid group of PNDA produced a phosphonate group that was bound to the substrate surface and H2O as a byproduct [35,52]. Phosphonate groups have a higher grafting rate and stronger binding ability with metal oxide substrates than carboxylate groups [53]. The XPS analysis was conducted to confirm the functionalization of silicon oxide substrate with PNDA ligand. Figures S5 and S6 show the XPS survey spectra of the bare SiO2 substrate and the SiO2 substrate with bound phosphonate groups (PNDA), which were compared to reference XPS spectra [54]. The core-level Si2p, P2p, O1s, and C1s spectra are shown in Figure S7. The P2p peak at a binding energy of 132.9 eV confirmed the successful binding of phosphonate to the SiO2 substrate.



An Al2O3 nanoparticle monolayer was formed on the PNDA-functionalized SiO2 substrate via a ligand exchange reaction in an Al2O3 nanoparticle solution. The carboxylate (COOH) group of the PNDA linker on the SiO2 substrate was exchanged with the COOH group of oleic acid on the Al2O3 nanoparticle surface [21]. After the successful Al2O3 monolayer formation, the substrate was dried at 400 °C for 1 h and characterized by AFM in tapping mode (Figure 4). The surface morphology of the bare SiO2 substrate (Figure 4A) was very smooth with no particles, whereas the Al2O3 nanoparticle assembly (Figure 4B) exhibited well-distributed nanoparticles on the surface. The cross-sectional profile of the bare SiO2 substrate (Figure 4C) showed that the substrate was almost planar with a height variation of ~0.5 nm. In contrast, the cross-sectional profile of the Al2O3 nanoparticle assembly (Figure 4D) showed a nanoparticle layer with a height variation of ~5 nm, which is similar to the average size of the Al2O3 nanoparticles that were used for monolayer formation. Thus, the liquid-phase preparation of an Al2O3 catalyst support via monolayer assembly is suitable for the development of an easy and inexpensive method for the large-scale synthesis of VA-CNTs. The Al2O3 film was annealed at 700 °C for 2 h to remove all of the organic molecules (capping agents and surface ligands) from the surface and convert any aluminum hydroxide to the oxide for application as a catalyst support.



Al2O3 interacts strongly with iron, which can reduce the aggregation of catalyst particles on the substrate. Thus, an Fe3O4 monolayer was formed over the Al2O3 layer, which was modified with PNDA using a procedure similar to that for the SiO2 substrate. The successful binding of PNDA on the Al2O3 monolayer was confirmed by XPS. The XPS survey spectrum of the PNDA film on the Al2O3 layer (Figure S8) showed all the core-level peaks of Al2O3 as well as a phosphorous peak. The Al2p, P2p, O1s, and C1s core-level spectra of PNDA on the Al2O3 layer are shown in Figure S9. The three peaks in the C1s spectrum confirmed the presence of carboxylate functionalities on the Al2O3 substrate [55]. The C1s peak at 284.5 eV corresponded to regular carbon (CH, CH2), whereas the peaks at 285.5 and 289 eV corresponded to carbon in the carbonyl (CO) and carboxylate (COOH) groups, respectively. A monolayer of Fe3O4 catalyst nanoparticles was formed on the Al2O3 layer via the ligand exchange reaction between the COOH groups of the PNDA linker on the functionalized Al2O3 surface and the COOH group of oleic acid on the Fe3O4 nanoparticles in solution. The low- (15 µm × 15 µm) and high-magnification AFM images (2 µm × 2 µm) of the Fe3O4 monolayer (Figure 5A,B) indicated that a compact nanoparticle layer was formed containing nanoparticles of a uniform size. The corresponding cross-sectional profiles of the AFM images (Figure 5C,D) revealed small openings in the monolayer assembly with heights of approximately 10 nm, which is consistent with the average size of the Fe3O4 nanoparticles that were used for monolayer formation (9.3 ± 1.2 nm). The surface functionalization of metal oxide substrates with monolayers or multilayers of Fe3O4 nanoparticles has been studied for various applications [18]. However, Fe3O4 nanoparticle monolayers are expected to be suitable as catalysts for VA-CNT growth because the high density and uniformity of catalyst particles can provide control over the number of nanotubes formed in a specific area, as well as their diameters. The density of the Fe3O4 nanoparticles on the Al2O3 layer was 1.4 × 1011 nanoparticles/cm2, which was determined by counting the nanoparticles using a high-magnification (100 nm × 100 nm) AFM image. The number of total Fe3O4 nanoparticles were manually counted in a 100 × 100 nm2 area and their density was extrapolated for a square centimeter area. In addition, the use of a monolayer of uniform catalyst nanoparticles can reduce particle aggregation and catalyst poisoning.



Using the premade monolayer of catalyst nanoparticles, CNTs were synthesized by CVD, which is a suitable technique for large-scale synthesis. First, all of the organics were removed from the catalyst surface by heating at 400 °C for 2 h in the open air. Subsequently, the Fe3O4 monolayer was reduced to metallic iron by thermal reduction at 450 °C for 15 min using atomic hydrogen (H) generated from a hydrogen gas (H2) flow [56]. VA-CNTs were successfully synthesized using acetylene as a carbon precursor at 750 °C for 15 min. A comparative literature study about synthesis methods of vertically aligned CNTs from premade nanoparticles is shown in supplementary information (Table S1). The table compares different methodologies used for assembly of catalyst nanoparticles for CNTs growth. Figure 6A,B show low- and high-magnification SEM images of the grown VA-CNTs where uniform-length of CNTs are observed. Though the density of catalyst nanoparticles in Figure 5B is quite very high, the lower density of CNTs growth can be the result of lower nucleation rates of catalyst particles. Authors think that investigating the suitable synthesis parameters in CVD reaction can increase the nucleation rates which can increase the density of VACNTs. TEM imaging (Figure 6C) indicated that the CNTs that were grown from the catalyst nanoparticle monolayer had relatively similar diameters. The quality of the grown CNTs was assessed using Raman spectral analysis (Figure 6D). The characteristic G peak of CNTs, which corresponds to sp2 carbon, was more prominent than the D peak, which corresponds to sp3 carbon, indicating the structural defects of CNTs, which are typical of multilayer CNTs. A small RBM peak was also observed in the Raman spectrum of the VA-CNTs, which indicated the presence of a few single-walled CNTs among the mostly multi-walled CNTs.




4. Conclusions


Spherical Al2O3 and Fe3O4 nanoparticles were synthesized and separated into different sizes by varying the centrifugation speed, which provided sufficiently homogenous nanoparticles with which to form monolayer films. Using wet chemical processes, continuous monolayer films of Al2O3 nanoparticles as a catalyst support and Fe3O4 nanoparticles as a catalyst were sequentially assembled on an SiO2 substrate using PNDA as a linker molecule. This monolayer assembly was successfully applied to catalyze the growth of uniform, high-density VA-CNTs. This approach for preparing a catalyst support monolayer using premade Al2O3 nanoparticles provides an inexpensive and easy alternative to the conventional methods for fabricating thin film catalyst supports such as sputtering, e-beam deposition, and other instrumentation that requires ultrahigh vacuum systems. Furthermore, the use of a catalyst particle monolayer can improve the homogeneity of the obtained CNTs and increase CNT density.
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Figure 1. Schematic illustration of catalyst support and catalyst nanoparticle monolayer film assembly for the synthesis of VA-CNTs. (A) Step-wise formation of Al2O3 and Fe3O4 nanoparticle monolayers on a freshly cleaned SiO2 wafer. Schematic representations of (B) Al2O3 and (C) Fe3O4 nanoparticle monolayer assembly. 
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Figure 2. Characterization of synthesized Al2O3 nanoparticles. (A) AFM image of Al2O3 nanoparticles, (B) Al2O3 nanoparticle size distribution, (C) TEM image of Al2O3 nanoparticles before annealing, and (D) TEM image of Al2O3 nanoparticles after annealing at 700 °C. 
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Figure 3. Characterization of synthesized Fe3O4 nanoparticles. (A) AFM image of Fe3O4 nanoparticles, (B) Fe3O4 nanoparticle size distribution, (C) low-magnification TEM image of Fe3O4 nanoparticles, and (D) high-magnification TEM image of Fe3O4 nanoparticles. 
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Figure 4. Surface morphology of the SiO2 substrate before and after assembly of the Al2O3 nanoparticle monolayer. AFM images of (A) the bare SiO2 substrate and (B) the Al2O3 nanoparticle monolayer. Height cross-sectional profiles (surface roughness) of (C) the bare SiO2 substrate and (D) the Al2O3 nanoparticle monolayer. 
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Figure 5. Surface morphology of the Fe3O4 nanoparticle monolayer formed over the Al2O3 monolayer film. (A) Low-magnification (15 µm × 15 µm) and (B) high-magnification (2 µm × 2 µm) AFM images of the Fe3O4 nanoparticle monolayer. Height cross-sectional profiles corresponding to (C) image A and (D) image B. 






Figure 5. Surface morphology of the Fe3O4 nanoparticle monolayer formed over the Al2O3 monolayer film. (A) Low-magnification (15 µm × 15 µm) and (B) high-magnification (2 µm × 2 µm) AFM images of the Fe3O4 nanoparticle monolayer. Height cross-sectional profiles corresponding to (C) image A and (D) image B.
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Figure 6. Characterization of VA-CNTs grown from the premade nanoparticle monolayer assembly. (A) Low-magnification SEM image, (B) high-magnification SEM image, (C) high-magnification TEM image, and (D) Raman spectrum of VA-CNTs. 
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