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Abstract
Floating catalyst chemical vapor deposition (FCCVD) is commonly considered as one of the most attractive process for the production of carbon nanotubes (CNTs). Understanding the phenomena occurring during the FCCVD synthesis of CNTs is critical to improve the process selectivity and scalability. The present work correlates information on gas chemistry and structural characteristics of the carbonaceous products, and show how both are strongly related to the hydrogen content in the reactor. Hydrogen plays different roles in the CNT growth process whose contributions depend on the synthesis conditions. Its presence induces an augmentation in carbon supply by promoting the decomposition of hydrocarbon vapors into more reactive byproducts, and by serving as an activation agent for the dissociation of physisorbed hydrocarbons on the surface of catalyst particles. However, high hydrogen content can induce catalytic hydrogenation of carbon and lead to surface modification of CNTs. Hydrogen also interferes with the decomposition of catalytic precursors, thus influencing the size and availability of catalyst nanoparticles. As a result, the mean and core diameters, crystallinity of the graphene walls, and length of CNTs are greatly inﬂuenced by the hydrogen flow, which offers the possibility to tune the CNT properties in a very simple, yet efficient way. 

1. Introduction
Comprised of one or several sheets of hexagonally packed carbon atoms rolled into concentric seamless cylinders, carbon nanotubes (CNTs) exhibit extraordinary properties that make them highly desirable for a wide range of applications from energy storage [1, 2] to environmental remediation [3, 4] and structural composites [2, 5]. The properties of CNTs, such as conductivity, thermal stability, stiffness, and surface area are determined by their length, diameter, wall numbers and how the carbon atoms are arranged within the graphene wall [6]. However, the ability to produce CNTs with specific and uniform properties at a large scale still remains an unsolved challenge and often requires several post-treatment steps [7]. 
Among the different synthesis methods, floating catalyst chemical vapor deposition (FCCVD) is an easily-scalable, one-step, continuous technique which has already been adopted by several companies [8]. This process involves the simultaneous injection of hydrocarbon and catalytic precursors into a reactor at temperatures ranging from 800 to 1200 °C in a reducing atmosphere[9, 10]. Ferrocene is one of the most commonly used catalytic sources due to its good stability, low cost and non-toxicity [11]. Thermal decomposition of ferrocene leads to the nucleation of iron particles, where decomposed carbon can diffuse, precipitate and assemble into tubular structures. As CNTs begin to grow, they preferentially bundle due to attractive Van der Waals forces, forming aligned CNT arrays [12]. Numerous parametric studies have been reported in the past few years and the carbon and catalyst feeding rates are widely accepted as the most influential factors on the resulting CNT properties [13-15]. However, the control of both carbon and catalytic feeding rates often requires the fine tuning of multiple parameters, such as the reaction temperatures, synthesis time, and nature and ratio of carbon and catalyst sources. For instance, the size of catalyst particles can be modulated by the catalyst precursor feeding rate via the ferrocene concentration in the feed solution or the evaporation temperature [16-18]. 
The control of both carbon and catalytic feeding rates may be achieved by the accurate regulation of hydrogen, which would open up a simple and versatile method for the selective synthesis of various types of CNTs. In addition, since hydrogen is almost always present in CVD processing systems, either directly as a feedstock or indirectly as a byproduct of the reaction, a thorough understanding of its role in the formation of carbon nanomaterials is critical. In conventional CVD systems, hydrogen is mainly used to reduce the oxidized catalyst particles as a pre-treatment step. However, very limited studies have reported the effect of hydrogen in FCCVD synthesis of CNTs, whereas its presence is known to have a strong influence on the decomposition kinetics of both catalytic and hydrocarbon species [12, 13]. Previous works on the CVD growth of CNTs using pre-deposited catalysts showed that the CNT morphology and crystalline structure can be greatly influenced by hydrogen flow rates [19]. Some studies revealed synergistic effects between hydrogen and carbon precursor in the CNT growth process [20], while other reports indicated that hydrogen can etch pyrolytic carbon from the catalyst surface, thus prolonging the catalyst activity [21]. These observations motivate a detailed investigation of the role of hydrogen on the FCCVD synthesis of CNTs. In particular, the precise structural control of CNTs by the sole regulation of hydrogen has not been explored entirely and more efforts are required to determine whether there is a link between the gas chemistry and the CNT growth process [22].     
In this paper, the inﬂuence of hydrogen on the properties of CNTs synthesized on quartz and alumina micro-particles (μAl2O3) by FCCVD was investigated. The CNT growth was carried at 650 °C with the ratio of hydrogen to total gas ranging from 0 to 50 vol.%. Lower synthesis temperature was achieved compared to other FCCVD systems (i.e. typically above 800 °C), which could increase the growth lifetime and make the CNT synthesis more practical for various applications [23]. The evolutions in the gas phase composition during the CVD process was recorded in real time by mass spectrometry. The analysis of the decomposition species synthesized from reactant inputs was correlated with the CNT yield, length, diameter, wall number, and crystallinity to provide new insights into the role of hydrogen in the formation of CNTs by FCCVD.

2. Experimental methods
2.1. Synthesis of carbon nanotubes
Vertically aligned CNTs were synthesized under atmospheric pressure in a horizontal CVD reactor using a 1,200 mm long quartz tube with an inner diameter of 45 mm and argon as the reactor and carrier gas (Fig. 1a). The reactor was heated by a three-zone electrical furnace (CARBOLITE HZS) to 650°C under 1 L min‾¹ argon flow. The temperature profile along the heated zone is shown in Fig. 1b. Hydrogen was introduced and the system was stabilized for 15 min. To eliminate possible side effects from impurities in the gas composition, high purity hydrogen (99.99%) was utilized with levels of O2 and H2O as low as 0.1 and 0.5 ppm, respectively. The precursor solution consisted of a liquid feedstock of carbon source (i.e. ortho-xylene, 98.5% Alfa Aesar) with dissolved ferrocene (0.01 g mL‾¹), which was injected into the reactor at a rate of 0.2 mL min‾¹ using a syringe system fitted with a liquid flow meter (Razer Science, R99-E). Acetylene was also provided to the system at a rate of 0.02 L min‾¹ to serve as a second carbon precursor. The addition of acetylene in a gas/liquid carbon source mixture was found to accelerates the FCCVD synthesis of CNTs[24]. Digital mass flow meters (Bronkhorst, France) were used to control the gas flow such that the total flow rate was kept constant at 1 L min‾¹, as detailed in Table 1. After 10 min the injection of all carbon and catalytic sources was stopped and the reactor was cooled down to room temperature under argon and hydrogen atmospheres. CNTs were synthesized onto two different substrates: quartz plates and micro-spherical alumina particles (μAl2O3, size ranging in 3-10 μm, with 99.8% purity including 800 ppm SiO2, 600 ppm Na2O, purchased from Performance Ceramic company, Peninsula, OH, USA). The μAl2O3 particles exhibited a multiphase crystallographic structure, containing mostly the thermodynamically stable hexagonal α-Al2O3, and to a lesser extent metastable tetragonal δ and monoclinic θ phases. It is also worth noting that no evident phase-transformation occurred when the μAl2O3 particles were heated at temperatures up to 800°C [25]. The CNT growth was located at a fixed position in the middle of the heated zone (20-30 cm) where the temperature was constant, as depicted in Fig. 1b.
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Fig. 1a Scheme of the FCCVD system
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Fig. 1b Temperature profile along the heated zone (650°C)





Table 1. Summary of the different synthesis conditions. For each experiment, the reaction temperature, ferrocene concentration and liquid flow were set constant at 650°C, 0.01 g mL‾¹ and 0.2 mL min‾¹, respectively. *No CNTs were observed under the corresponding conditions. 
	Exp.
	Support
	Ar flow
(L/min)
	H2 flow
(L/min)
	C2H2 flow (L/min)
	CNT length (μm)
	CNT diameter (nm)

	1
	Quartz
	0.98
	0
	0.02
	0.0*
	0.0*

	2
	Quartz
	0.93
	0.05
	0.02
	6.4
	24.0

	3
	Quartz
	0.88
	0.1
	0.02
	20.3
	20.7

	4
	Quartz
	0.78
	0.2
	0.02
	18.6
	19.9

	5
	Quartz
	0.68
	0.3
	0.02
	14.7
	18.5

	6
	Quartz
	0.58
	0.4
	0.02
	13.6
	17.1

	7
	Quartz
	0.48
	0.5
	0.02
	14.0
	16.6

	8
	μAl2O3
	0.98
	0
	0.02
	0.0*
	0.0*

	9
	μAl2O3
	0.93
	0.05
	0.02
	17.8
	14.3

	10
	μAl2O3
	0.88
	0.1
	0.02
	33.4
	14.4

	11
	μAl2O3
	0.78
	0.2
	0.02
	29.1
	13.2

	12
	μAl2O3
	0.68
	0.3
	0.02
	26.5
	12.1

	13
	μAl2O3
	0.58
	0.4
	0.02
	26.0
	11.5

	14
	μAl2O3
	0.48
	0.5
	0.02
	24.4
	11.4



2.2. Characterization
The evolution in the gas phase composition during the CVD process was recorded in real time by mass spectrometry (MS, Pfeiffer Vacuum Thermostar GSD 301 T3). The gas exhaust at the end of the heated zone (40 cm) was probed using a metallic stainless steel capillary of 0.3 mm diameter. Thermogravimetric analyses (TGA) were conducted in air on a Netzsch analyzer (STA 449 F3 Jupiter) using a thermo-program between 50 and 900 °C at a heating rate of 10 °C/min. The oxidation temperatures for the as-synthesized CNTs were in the range of 400–650 ºC, while the weight loss at 350 ºC was associated to the non-crystalline carbonaceous structures and used to estimate the amount of amorphous carbon[26]. Raman spectra were recorded over the range of 1000−2000 cm‾¹ with a spectral resolution of 1 cm‾¹ by a LabRAM Horiba Raman spectrometer using the 632.8 nm emission of a He-Ne laser source. Samples were analyzed by registering the spectra for each specimen randomly on three different positions. All recorded curves were baseline and fitted using Lorentzian line shapes, and the D- and G-peak intensities were used for the calculation of the IG/ID ratios. Electron microscopy observations were used to investigate the morphology of the as-prepared materials. Transmission electron microscopy (TEM) was performed using a FEI Titan instrument equipped with an aberration-corrected condenser operating at 200 kV, and scanning electron microscopy (SEM) was conducted on a ZEISS LEO 1530 Gemini FEG instrument with an accelerating voltage of 5 kV. A thorough statistical analysis of over 50 tubes (from SEM and TEM micrographs) was conducted for each synthesis condition. The results were subjected to one-way analysis of variance (ANOVA) followed by Tukey tests to ensure statistical significance. CNT length and diameter were analyzed based on 5% alpha level (i.e. 95% confidence). Statistical differences in CNT length and diameter were determined with p-values < 0.05.
3. Results and discussion
3.1. Influence of hydrogen on the decomposition of reactant inputs
The decomposition species from reactant inputs was recorded by in situ mass spectrometry for different hydrogen flow rates. As shown in Fig. 2a, a fast decline in total hydrocarbon concentration with increasing hydrogen flow is first observed. The ion intensities representing the amounts of xylene and acetylene respectively decrease by 45% and 36% at 0.1 L min‾¹ hydrogen when compared to hydrogen-free synthesis. The reduction of all hydrocarbon quantities in the gas phase can be attributed to the conversion of hydrocarbon vapors into solid carbon structures. It should be noted that the nature of the substrate does not influence the decomposition of the reactant inputs, as no significant differences in the gas phase composition have been observed when either quartz or μAl2O3 were used as substrate. From the point of view of reaction kinetics, relatively high hydrogen content facilitates and increases the carbon deposition rate [13], leading to increased solid carbon yield, as illustrated by the significant mass loss in the TGA profiles of CNTs when the hydrogen flow increases from 0.05 to 0.3 L min‾¹ (inset Fig. 2b). However, our observations at higher hydrogen flows contradict this principle and the mass of deposited carbon is reduced when the hydrogen content increases further (inset Fig. 2b). Above 0.1 L min‾¹ hydrogen, the quantities of all species in the gas phase increase, with 44% and 33% ion intensity augmentation for xylene and acetylene from 0.1 to 0.5 L min‾¹ hydrogen, respectively. This indicates that within this hydrogen flow range, the hydrocarbon decomposition rate exceeds the rate of carbon deposition. Under such conditions, hydrocarbon pyrolysis is promoted which leads to copious amorphous carbon consisting predominantly of polycyclic aromatic hydrocarbons, as observed in the SEM inset in Fig. 2b [27]. Moreover, in Fig. 2b the mass of amorphous carbon normalized to the total mass of carbon nearly doubled when the hydrogen flow increases from 0.1 to 0.2 L min‾¹. However, when the hydrogen content was increased further, the quantity of amorphous carbon was drastically reduced. Noteworthy, above 0.3 L min‾¹ hydrogen, the amount of acetylene reaches a quasi-steady state and the quantity of methane increases significantly. The abrupt drop of amorphous carbon is correlated with the large amount of methane in the reactor atmosphere, as shown in Fig. 2. Previous studies have found that methane is the dominant product from the etching process of carbons when hydrogen is involved [28], thus indicating that high hydrogen content can induce the gasification of carbon. In summary, with a small amount of hydrogen, hydrogen can increase the deposition rate, including large quantities of amorphous carbon. However, the etching effect is promoted with the augmentation of hydrogen content and the carbon deposition rate is reduced. Therefore, the effects of hydrogen on carbon deposition can be both accelerating and inhibiting depending on the experimental conditions. Noteworthy, the hydrogen contribution is not only influenced by the ratio at which it is introduced in the system (i.e. hydrogen:total gas ratio) but also by the reaction temperature. Figure 2c shows the evolution of methane content in the gas phase at different temperatures (i.e. 550, 650, 700, 850°C) and for varying hydrogen flows (i.e. 0, 0.1, and 0.3 L min‾¹). At 650°C and below, the evolution of methane content follows the same trend as previously described with a decrease at low hydrogen flow (i.e. 0.1 L min‾¹) and an increase at high hydrogen flow (i.e. 0.3 L min‾¹). For temperatures higher than 700ºC, the quantity of methane increases with the augmentation of hydrogen over the full range of flow rates studied. Since the quantity of methane in the reacting atmosphere can be correlated to some degree to the hydrogen etching effect [28], it can be observed that the inhibiting role of hydrogen in the carbon deposition process is promoted at higher temperatures (i.e. above 700°C) regardless of the hydrogen flow. Furthermore, the growth was found to shift from nanotubes to nanofibers beyond 900°C at relatively high hydrogen content [29].
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Fig. 2a. Evolution of the ion intensity of the main hydrocarbons present in the gas phase measured by in situ mass spectrometry as a function of hydrogen flow rate.
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Fig. 2b. Mass of amorphous carbon normalized to the total mass of carbon as a function of hydrogen flow rate. The inset represents the TGA profiles of CNTs synthesized on μAl2O3 at 0.05 (dotted line), 0.3 (dashed line), and 0.5 (straight line) L/min hydrogen. 
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Fig. 2c. Evolution of the quantity of methane in the reacting atmosphere at different temperatures (i.e. 550, 650, 700, 850°C) and for varying hydrogen flows (i.e. 0, 0.1, and 0.3 L min‾¹).
3.2. Influence of hydrogen on the product nature 
CNTs have been successfully synthesized in all cases when hydrogen was introduced in the reactor. Only pyrolytic carbon was found when hydrogen was not provided in the gas mixture, which is consistent with other reports [30, 31]. When no hydrogen is provided in the system, higher temperatures are required to achieve sufficient hydrocarbon decomposition and catalytic activity for CNT synthesis [32]. In such case, hydrocarbon with high number of hydrogen atoms per carbon atom are critical to promote the growth of CNTs [30]. Without the presence of hydrogen in the reacting atmosphere, hydrocarbons have to chemisorb on the catalyst surface, since the formation of CHx in the gas phase is thermodynamically not favorable under the considered synthesis conditions. As the hydrocarbon molecules decompose and leave the catalyst surface covered with partially dehydrogenated fragments, polymeric carbon chains are formed, ultimately resulting in graphitic structures. However, it has been demonstrated that there exists a certain barrier during the dissociative chemisorption of hydrocarbon on catalyst surface. For example, the first step of acetylene catalytic decomposition on iron particles with formation of chemisorbed (CH)s radicals should overcome a 1.25 eV (∼16 kT at 650 °C) activation barrier [33]. Since CNT growth was only observed when hydrogen was introduced in the reactor, it seems reasonable to assume that hydrogen helps overcome this barrier and thus acts as a catalyst for the production of CNTs. It has been proposed that molecular hydrogen dissociates on catalyst surface and forms active hydrogen atoms [31]. These hydrogen atoms may promote the activation of physisorbed hydrocarbons, resulting in the formation of surface bound (CHx)s radical, which eventually leads to the growth of graphitic structures through the agglomeration of (CHx)s into multimeric (CnHy). This is consistent with previous research reporting that the formation of a graphitic network at the early stage of the CNT growth occurs through the intermediate formation of partially dehydrogenated graphitic islands [34].

3.3. Influence of substrate on the CNT morphology 
Vertically-aligned CNTs were successfully grown on both quartz and μAl2O3 substrates. SEM observations revealed that CNTs are aligned perpendicularly to the substrates forming carpets on quartz and multi-branched structures on μAl2O3, which is consistent with CNT arrangements commonly obtained through FCCVD on similar substrates [13]. Figure 3 shows that CNTs synthesized on μAl2O3 exhibit smaller mean diameters and are nearly twice as long as their counterparts grown on quartz. Since no differences in the gas phase composition were observed when either quartz or μAl2O3 were used as substrate, it is reasonable to assume identical carbon supply rates in each case under similar conditions. The difference in CNT morphology between quartz and μAl2O3 may thus be attributed to variations in the catalyst particle size between each substrate. Catalyst-support interfacial reactions play critical role on the formation of catalyst particles and their ability to dissolve carbon in seeding the nucleation and growth of CNTs. It was found that μAl2O3 restricts Fe surface mobility, resulting in a narrow catalyst particle size distribution as compared to quartz [35]. This is illustrated by the larger distributions of CNT wall number and inner diameter on quartz than on μAl2O3 in Fig. 4 & 5. Large particle size distribution induces coarsening through Otswald ripening, which can reduce the catalytic activity, hence leading to larger CNT diameters and lower growth rates [36]. Although substituting conventional flat substrates for beads with larger available growth surface can be a productive strategy for the large scale synthesis of CNTs [37, 38], the masses of carbon products collected after the FCCVD synthesis at 0.05 L min‾¹ were similar for each substrate, with 74 mg on quartz and 71 mg on μAl2O3. The corresponding carbon yield was close to 40%, which is similar to values reported in other studies at higher temperatures [39]. Moreover, the carbon yield obtained by TGA showed a good correlation with the CNT abundance observed in the electron microscope images and the Raman spectra. At 0.05 L min‾¹ hydrogen, the major products were CNTs with very small amount of amorphous carbon. Therefore, we can assume that the CNT yield is closely related to the carbon yield in this case.
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Fig. 3. Plots of CNT length (a) and mean diameter (b) as a function of hydrogen flow.

3.4. Influence of hydrogen on the CNT morphology 
As observed in Fig. 3, the evolution of CNT morphology as a function of hydrogen flow is similar on both substrates. In each case, the CNT length (Fig. 3a) and diameter (Fig. 3b) increase rapidly with the hydrogen flow and reach their maximum at 0.1 and 0.05 L/min, respectively, before decreasing as the hydrogen flow increases further. Below 0.1 L/min, increase in hydrogen flow directly translates to higher CNT growth rate, suggesting that carbon supply might be the rate limiting step of the reaction. CNT growth proceeds through several elementary processes, including decomposition of carbonaceous gases on the catalyst particles (carbon supply), diffusion of carbon atoms through/over the catalyst particles (carbon diffusion), and precipitation of carbon atoms as CNTs from the catalyst particles (CNT growth) [7]. The role played by hydrogen in the augmentation of carbon supply is twofold. On one hand, hydrogen promotes the decomposition of hydrocarbon vapors into more reactive byproducts [13]. On the other hand, hydrogen may also serve as an activation agent for the dissociation of physisorbed hydrocarbons on the surface of catalyst particles, as described above. 
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Fig. 4. Wall number distribution histograms of CNTs synthesized by (a,c) 0.2 L/min and (b,d) 0.5 L/min hydrogen on (a,b) μAl2O3 and (c,d) quartz.

At higher hydrogen flows (i.e. above 0.1 L/min), carbon supply will occur more quickly than the subsequent processes (i.e. carbon diffusion and CNT growth), and carbon atoms will accumulate on the catalyst surface forming carbon byproducts, as described by the rapid augmentation of amorphous carbon with the hydrogen content (Fig. 2b). Although the presence of these carbon byproducts does not prevent catalytic hydrocarbon decomposition and graphitization processes, it reduces the CNT growth rate, as previously reported [27]. Furthermore, the decrease in CNT length and diameter within this hydrogen flow range may also be attributed to catalytic hydrogenation, a process in which carbon in contact with the catalyst surface reacts with H2 to form CH4 [27]. The catalytic hydrogenation process was recently found to be dependent on the nature of the catalyst [30]. Hydrogen etched CNTs catalyzed by nickel, while it had no impact on the CNTs grown from cobalt. It is suggested that the activation energy for the sequential formation of multiple C−H bonds at the metal−CNT interface is lower for Ni and Fe than for Co. Consequently, there is a competition between the precipitation of carbon from catalyst particles forming CNTs and the catalytic hydrogenation process at high hydrogen contents. 
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Fig. 5. Core diameter distribution histograms of CNTs synthesized by (a,c) 0.2 L/min and (b,d) 0.5 L/min hydrogen on (a,b) μAl2O3 and (c,d) quartz.

To provide greater insight about the influence of hydrogen flow on the CNT diameter, the distribution of CNT wall number and core tube diameter was examined at different hydrogen flows, as depicted in Fig. 4 & 5. For quartz and μAl2O3, all changes in the CNT wall number distributions as a function of hydrogen flow are rather small compared to those in the CNT inner diameter distribution. There is no or little variation in the wall numbers of CNTs prepared on both substrates as a function of hydrogen flow (i.e. 6-30 walls on quartz, and 6-24 walls on μAl2O3), and the Gaussian bell-shaped curves used to fit the data remain nearly identical when the hydrogen flow increases from 0.2 to 0.5 L/min (Fig. 4). However, the Gaussian fits of the core tube distribution grown on both substrates are shifted toward lower diameters when the hydrogen flow rate is more than doubled (Fig. 5). Moreover, the CNT inner diameter distributions are narrower at high hydrogen flow rate. The Full Width at Half Maximum (FWHM) of the Gaussian fits of the core tube distributions for CNTs prepared on quartz by 0.2 and 0.5 L/min are 7 and 4 nm, respectively. Similarly, the FWHM of the corresponding Gaussian bell-shaped curves of the inner diameter distributions for CNTs prepared on μAl2O3 by 0.2 and 0.5 L/min are 5 and 2 nm, respectively. These observations are in contradiction with previous results where hydrogen was found to have a pronounced effect on the wall number of CNTs [19]. In this report, a pre-deposited catalyst CVD process was used and yielded CNTs with smaller diameter, including single-wall and double-wall CNTs. According to the statistical analysis of Chiodarelli et al. [40], when the average outer diameter increases, the inner diameter is no longer solely related to the outer diameter, but is also influenced by CVD parameters. In particular, it was found that the inner diameter is modified by the instantaneous carbon concentration of the catalyst particle, which depends on both carbon supply and consumption [41]. As abovementioned, hydrogen likely influences the carbon supply in both deposited and floating CCVD systems. Hence, the variations between these two researches may arise from different mechanism involved in the formation of catalyst particles. In the present work, the decomposition of ferrocene leads to the in situ nucleation of catalyst particles. Since ferrocene decomposition is significantly influenced by the presence of hydrogen in the reacting atmosphere [13, 42], it is reasonable to assume that hydrogen plays a role in the formation of catalyst particles, thus indirectly influencing the carbon consumption. While ferrocene spontaneously decomposes at temperature higher than 500 °C [43], the rate of decomposition is reduced in a hydrogen environment. Since the first step in ferrocene decomposition is the breaking of a C-H bond with the production of hydrogen [44, 45], the presence of high hydrogen content in the reactor would suppress the rate of ferrocene decomposition, hence resulting in lower catalyst particle size and availability. To validate this claim, further work is required to investigate the eﬀect of hydrogen on the catalyst nanoparticle growth dynamics.  
Therefore, hydrogen plays a dual role during the FCCVD process by both promoting and hindering CNT growth through various phenomena. Balancing these different effects is critical to improve the synthesis selectivity and can be achieved by the accurate control of the hydrogen flow. Similar observations were recently reported during the plasma-assisted CVD synthesis of CNTs, however, different growth conditions were employed where both H atoms and H2 coexist in the plasma mixture, with molecular H2 being less reactive than H atoms [30]. 

3.5. Influence of hydrogen on the CNT crystallinity 
Representative Raman profiles of the as-grown CNTs are presented in insets of Fig. 6. All specimens display strong peaks near 1336 and 1590 cm‾¹, assigned to the D- and G-bands, respectively. The G band is the characteristic peak for the stretching vibration of carbon sp2 bonds in a hexagonal lattice, and the D band corresponds to the disordered sp2 phase plus possible contributions of the scattering of sp3-bonded carbon [46]. The integrated intensity ratio of the G band to the D band (IG/ID) is commonly invoked as a benchmark of the CNT crystallinity. Figure 6 is a plot of the IG/ID ratio of the CNTs as a function of hydrogen flow rate. In all cases, the IG/ID ratio is smaller than 1 and the relatively low-quality nature of CNTs can be identified from the zoomed-in TEM images (insets Fig. 3b) as their rough surfaces. The presence of defects along the walls and at the ends of the nanotubes is consistent with the relatively low thermal stability of CNTs observed by TGA (inset Fig. 2b), which can also be attributed to the enhanced oxidation of CNTs due to the presence of catalyst. 
The hydrogen flow exhibits a pronounced effect on the CNT crystallinity. The IG/ID ratio first increases with higher hydrogen flow rates up to 0.1 L min‾¹, where CNTs with the best structural integrity are observed. Comparing Fig. 3a with Fig. 6, it can be found that longer CNTs tend to present higher crystalline quality, which is consistent with other studies [19]. For hydrogen flow rates ranging from 0.1 to 0.5 L min‾¹, the defect site surface density of CNTs increases with the hydrogen content, with the IG/ID passing from 0.91 to 0.70. In particular, the IG/ID ratio remains close to 1 until the hydrogen flow rate reaches values equal or above 0.2 L min‾¹ where the CNT crystalline quality drastically diminishes. The potential contribution of pyrolytic carbonaceous impurities to the D-band at higher hydrogen content is unlikely considering the significant reduction of amorphous carbon observed within this hydrogen flow range, as seen in Fig. 2b. 
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Fig. 6. Plot of the IG/ID ratio of CNTs grown on μAl2O3 as a function of hydrogen flow. Representative Raman spectra are shown in insets.

During the FCCVD process, many unreacted compounds remain and attach to the CNT surface. It is known that H atoms can etch carbonaceous materials [47, 48], and it seems reasonable to assume that hydrogen serves a similar role for the desorption of carbon species during the CNT growth process. At relatively low flow rates (below 0.1), hydrogen can help etching these materials, hence increasing the IG/ID ratio. However, these impurities deposited on the CNT surface along with defects on CNT walls may also act as the activation centers for the hydrogen etching effect, as observed in the formation of holes in graphene [31]. At higher flow rates, hydrogen can adsorb on these activated sites, non-uniformly distributed across the CNT length, in a similar way as reported in hydrogen storage studies [49]. The adsorption of hydrogen results in the occurrence of structural transformations in the continuous cylindrical graphene walls of nanotubes, as shown by the augmentation of the D-band in the Raman spectra at high hydrogen content (insets Fig. 6). These observations are consistent with recent reports about the surface modiﬁcation of graphene and CNTs by annealing in hydrogen atmosphere [50, 51].
4. Conclusion
In summary, we have demonstrated the efficiency of the sole regulation of hydrogen flow for controlling the products nature and morphology during the FCCVD synthesis of CNTs. Vertically-aligned CNTs were successfully grown on different substrates and the CNT aspect ratio and crystallinity were adjusted through variations in hydrogen flow. The relative hydrogen content plays an important role in both gas chemistry and CNT growth mechanism. Hydrogen was found to promote hydrocarbon dissociation and decrease the decomposition rate of ferrocene, while leading to carbon gasification with formation of methane at high flow rates. Hydrogen may also act as catalyst in the dissociative sorption of hydrocarbons onto the surface of metal nanoparticles, thus facilitating the production of CNTs at lower temperatures. High hydrogen contents also induced the catalytic hydrogenation of carbon and resulted in surface modification in the continuous cylindrical graphene walls of nanotubes. Therefore, to achieve selective CNT synthesis at low temperatures, the right amount of hydrogen required to balance these different effects. We expect that these findings will guide future optimization of carbon nanomaterial synthesis and contribute to better control over the properties of CNTs prepared from FCCVD.
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