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Abstract: The growth of carbon nanotubes (CNTs) by direct liquid injection chemical vapor
deposition (DLICVD) has been studied using the polyoxometalate cluster [HxPMo1,040C
HyMoz;Fe30(02CMe)150254(H20)98. (EtOH)y ] (FeMoC) as the catalyst with either ethanol or toluene
as the carbon source. In order to screen different growth conditions a single large batch of FeMoC
is required in order to eliminate variation in the catalyst precursor. The preparation of 6 g of
FeMoC is possible by scaling (10x) literature reagent ratios. DLICVD studies of the FeMoC derived
carbon product were evaluated by Raman spectroscopy and scanning electron microscopy (SEM)
to determine the quality (G:D ratio) and purity of CNT content. With the use of ethanol as the
carbon source, increasing the temperature in the injection zone (aspiration temperature) above 250 °C
increases the yield, and results in a slight increase in the G:D ratio. The maximum yield is obtained
with a growth temperature of 900 °C, while the G:D ratio is the highest at higher temperatures. Faster
solution injection rates increase yield, but with a significant decrease in G:D, in fact no CNTs are
observed in the product for the highest injection rate (10 mL/h). An optimum catalyst concentration
of 1.25 wt.% is found, which influences both the catalyst:C and catalyst:H ratios within the system.
Growth at 800 °C is far more efficient for toluene as a carbon source than ethanol. The resulting
“process map” allows for large quantities of CNTs to be prepared by DLICVD.
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1. Introduction

Although carbon nanotubes (CNTs) are of interest for numerous applications, such as
high-performance composites, electronics, and energy storage devices [1-6], and the current production
lacks structural control, resulting in a range of chiralities and diameters. To realize their potential
controlled growth of CNTs is desired. Towards this goal, engineered catalysts appear to be the ideal
route. The catalyst plays a critical role in the complicated process of nucleation and growth of CNTs.
Traditional catalysts for catalytic chemical vapor deposition (CCVD) growth of CNTs suffer from a lack
of control in size and composition of the catalyst [7,8]. This is important, given the dramatic influence
both size and composition have on the resulting CNTs, possibly explaining the undesirably broad
distribution in diameter and chiralities observed [9-11].

The polyoxometalate cluster [HxPMo12049CHsMo7;Fes30(02CMe)150254(H20)95.y (EtOH)y ]
(abbreviated as FeMoC for “iron-molybdenum cluster”) appears to be an ideal catalyst for CNTs
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given its uniformity and constituent makeup. FeMoC is uniform in size (~2.5 nm diameter) and
metal composition (i.e., Mo:Fe = 84:30). Thus, circumventing the challenges in catalyst uniformity.
Additionally, FeMoC belongs to the Fe-Mo system that consists of high temperature alloys, likely to
maintain their structure under CCVD conditions. The Fe-Mo system has also demonstrated excellent
catalytic performance; ultra-long single walled carbon nanotubes (SWCNT) growth (>18.5 cm), growth
of ultra-high-density SWCNTs (160 SWCNTs/ um?), and SWCNT growth under variable temperatures
(450-1000 °C) [12-15].

Liu and co-workers first reported that SWCNTs could be grown using the molecular nanocluster
FeMoC [16]; however, it was found to be necessary to add an external source of iron to enable
growth. Anderson et al. [17] subsequently found that even with ligand exchange and purification,
the nanocluster on its own resulted in essentially no observable growth. As with the report by Liu,
it was found that the specific coordination of an additional 25 Fe atoms was required in order to
achieve SWCNT growth. These results appear counter to theoretical work by Ding and co-workers that
suggest the minimum size of a catalyst must be 20 atoms [18]. The addition of 25 Fe atoms to FeMoC
through coordination would suggest that 139 atoms are sufficient, but 114 are not. When considering
that both Mo and Fe have demonstrated effective catalytic performance both independently and
as mixed heterogenous nanoparticles [19-22], FeMoC should be catalytically active, but under the
growth conditions reported in prior work it is not [16,17,23,24]. We have recently shown that this
is in part due to both incomplete catalyst activation and the sublimation of a portion of the Mo
component during the slow catalyst activation process [25,26]. However, the growth conditions
(temperature, gas composition, carbon source, and catalyst concentration) also play role in the catalytic
activity [27-30]. Therefore, we are interested in investigating the CCVD conditions that are used in
CNT growth with FeMoC.

Herein, we investigate the synthesis conditions that were used for the scale-up of FeMoC: pH
environment, air sensitivity, and relative molar ratios of reactants. Subsequently, FeMoC is used in the
CCVD growth of CNTs using a direct liquid injection chemical vapor deposition (DLICVD) reactor,
as depicted in Figure 1. The DLICVD system was selected given the numerous advantages it provides;
i.e., ease of scale-up, fast processing time, minimal maintenance, and the versatility in fine-tuning
growth parameters. The DLICVD growth parameters, aspiration temperature, growth temperature,
injection rate, catalyst concentration, and carbon source, are studied in the aim of elucidating their
influence on FeMoC catalyst performance. In our initial studies, we focus optimizing a “process map”
for CNT growth; however, given the potentially larger scale of vapor phase growth over surface
growth previously reported [17] it is also important to understand the limitations of the scalability of
the synthesis of FeMoC.
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Figure 1. Schematic of the direct liquid injection chemical vapor deposition furnace.

2. Experimental Section

2.1. Materials and Characterization

FeMoC synthesis chemicals (iron(I) chloride tetrahydrate, phosphomolybdic acid hydrate,
sodium molybdate, glacial acetic acid, hydrochloric acid), were purchased from Sigma-Aldrich
(St. Louis, MO, USA) and were used as received. HiPco single-walled carbon nanotubes (Batch No. 188.4)
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were obtained from the Carbon Nanotube Laboratory at Rice University (Houston, TX, USA)
and used as received. The 5% hydrogen gas blend (Ar balance) was acquired from Matheson
Tri-Gas (Basking Ridge, NJ, USA). Quartz tube substrates were purchased from GM Associates Inc.
(product # 6000-53, Oakland, CA, USA).

UV-visible measurements were performed on an Agilent 8453 system (Santa Clara, CA, USA)
using a diluted FeMoC solution in EtOH. Raman spectra were obtained using a Renishaw inVia Raman
Microscope (Wotton-under-Edge, UK), at 514.5 nm wavelength, using a 50x LWD lens, data was
acquired with 3 or more accumulations between 100 cm ! and 3300 cm~! with cosmic-ray background
removal applied. FI-IR measurements were obtained using a Nicolet iS50 FTIR Infrared Microscope
(Waltham, MA, USA) with an ATR objective with 2 cm~! resolution. TEM characterization was
performed on a JEOL 2100F TEM (Akishima, Tokyo, Japan) at 200 kV equipped with a CCD camera.
TEM samples were prepared by drop casting a diluted solution of FeMoC (0.01 pM) in EtOH onto
ultrathin lacey carbon TEM grids (400 mesh, Ted Pella, Inc., Redding, CA, USA). TGA was conducted
using a TA instruments Q-600 (New Castle, DE, USA) with air as the carrier gas (Matheson Tri-Gas).
Measurements were performed using ~5 mg samples that were placed in an alumina pan and heated
to 900 °C with a ramp rate of 5 °C/min under a 100 mL/min carrier gas flow. SEM was performed on a
FEI Quanta 400 field emission scanning electron microscope (Hillsboro, OR, USA). SEM samples were
placed on double-sided carbon tape that is fixed to aluminum SEM stubs, used as received. Images
were acquired under the high vacuum setting with a typical operating voltage of 5 kV, with a working
distance of 10 mm, and spot size of 3.

2.2. FeMoC Synthesis

FeMoC was synthesized and purified as previously reported [14]. In a typical synthesis, iron(II)
chloride tetrahydrate (1.00 g, 5.03 mmol) was dissolved in Millipore water (75 mL) followed by the
addition of sodium molybdate dihydrate (2.00 g, 8.27 mmol). To this solution, phosphomolybdic acid
hydrate (2.50 g, 1.37 mmol) and pure glacial acetic acid (10 mL, 59 mmol) were added. HCI was then
used to adjust the solution pH to 2 followed by stirring at room temperature for 45 min. The solution
was then filtered through a fine glass frit. The filtrate was then left to crystallize in air. The crystals
were then vacuum filtered, washed with cold Millipore water, and dried. The resulting solid was
placed in a membrane thimble and transferred to a Soxhlet extractor. After refluxing in EtOH for 12 h,
a dark green solution was collected.

2.3. CNT Growth

The synthesis of CNTs was carried out using a Nanotech Innovations SSP-354 two-zone liquid
injection furnace [31]. A 5% hydrogen gas blend (Ar balance) was used as the carrier gas. The flow
rate for the mixed gas was held constant at 1 Lpm. The quartz furnace tube was used as the growth
substrate. The DLICVD system was purged with the carrier gas for 15 min prior to heating the first
zone (aspiration zone) of the furnace to either 150, 225, or 300 °C (please see 3.2. Direct Liquid Injection
Chemical Vapor Deposition (DLICVD))). Then the second zone (growth zone) was set to the growth
temperature (700, 800, 900, and 1000 °C). After reaching equilibrium, a 3 mL solution containing
FeMoC in either EtOH or toluene was injected into the furnace via a 9” needle that was obtained from
Hamilton Syringe Company (part# 7748-12). The injection speed of 1, 5, and 10 mL/h was controlled
via a syringe pump system (KOS 106). Upon injection completion, the furnace was turned off and
cooled under the Hy /Ar atmosphere.
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3. Results and Discussion

3.1. Optimization of FeMoC Synthesis

FeMoC was synthesized under a range of conditions as shown in Table 1. The synthesized
products were evaluated with UV-visible spectroscopy, Raman spectroscopy, Fourier transform infrared
(FT-IR) spectroscopy, and transmission electron microscopy (TEM) to verify successful synthesis of
FeMoC. The higher Fe reagent concentration was investigated to more closely match the stoichiometry
of the desired product. To scale FeMoC, experiments (Exp.) were also conducted using the literature
(Lit.) molar ratio values, as seen in Table 1.

Table 1. Summary of [HyPMo1,049 CH4MO72F€30(OQCM8)150254(HQO)gg_y(EtOH)y] (FeMoC) synthesis
experiments.

FeC12 N32M004 CH3C02H H3 [P(M03010)4]

Exp. (mmol) (mmol) (mmol) (mmol) pH* Yield (g) b Notes
1 20.17 8.26 174 1.37 0.5 0.468 4x Fe, air
2 20.13 8.28 174 1.37 1.5 0.685 4x Fe
3 201.19 82.661 1740 13.70 14 18.180 10x Exp. 2
4 50.30 82.70 1740 13.70 2.0 6.480 10x Lit.
5 20.12 8.27 174 1.37 2.5 2.500 4x Fe
6 20.14 8.29 174 1.37 2.0 2.403 4x Fe, air
7 50.55 82.66 1914 13.70 2.0 5.113 10x Lit.
8 28.82 47.08 1091 7.815 2.0 2.717 6 x Lit., air

a Solution pH adjusted through addition of HCl and measured with a pH meter. ® Solid material isolated.

The UV-visible spectrum results for all growth experimental conditions are shown Figure 2.
In the literature, the UV-visible spectra of FeMoC is reported to have characteristic peaks at 550, 880,
and 1045 nm, corresponding to the nucleus shell charge transfer between Keggin guest and host
(550 nm) and the [MoY —Mo"1] charge transfer in the Keggin cluster (880 and 1045 nm) [17,32]. Given
this information, experiments 2—4, and 7 show the characteristic features of FeMoC. The failure
of experiments 1, 5, 6, 8 to form FeMoC are likely due to the conditions that were employed.
For experiments 1, 6, and 8 the Soxhlet purification process was conducted in air. The high temperature
refluxing of EtOH in the presence of air, likely results in FeMoC degradation [33,34]. For experiment 5,
FeMoC synthesis likely failed due to the unfavorable pH, which controls the relative formation of the
MoVT and MoV centers. The MoV! centers are critical in the formation of the pentagonal [MoYI(MoV)s]
units in the polyoxometalate framework, and the MoV centers take the role as linkers that connect the
icosahedral structure. The formation of the Keplerate cage requires the coexistence of Mo¥! and MoV
centers in a favorable ratio [34]. Therefore, the unfavorable pH environment in experiment 5 likely
failed to produce FeMoC by preventing the necessary ratio of Mo¥! to MoV centers that were required
to build the Keplerate cage.

For DLICVD studies, the product from experiment 4 was used. Therefore, further characterization
of the products, in addition to UV-visible, was performed to confirm FeMoC synthesis. Raman
spectroscopy offers a fast way to evaluate successful synthesis of FeMoC [25,32], and the Raman
spectrum for experiment 4 [25] confirms the formation of FeMoC. Fourier transform infrared (FT-IR)
spectroscopy results also corroborate the successful synthesis of FeMoC [25], with corresponding
peaks being indicative of FeMoC [17,32,35,36]. Transmission electron microscopy (TEM) was also
performed to verify the nanocluster size of FeMoC [25]. TEM imaging of the as synthesized product
from experiment 4 reveals spherical nanoparticles with a ~2.5 nm diameter characteristic of FeMoC
from single crystal X-ray diffraction studies [32].
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Figure 2. UV-visible spectroscopy characterization of synthesized products diluted in EtOH for
experiments 1-8 (a—h). The corresponding peaks are labeled if applicable.

3.2. Direct Liquid Injection Chemical Vapor Deposition (DLICVD)

The experimental results for the catalytic growth of carbon nanomaterials using FeMoC that were
carried out using various CVD conditions are shown in Table 2. The products of each experiment were
characterized by Raman spectroscopy (see Supplementary Materials), revealing the quality of the CNTs
as determined by the relative intensities of the G and D peaks. The stretching mode associated with
the G peak is attributed to the tangential displacement of the carbon-carbon bond stretching motions
in the range of 1500 to 1600 cm ™. This G peak consists of both the G— and G+ bands, attributed to the
Epg symmetry stretching along the in-plane circumferential direction (G—), and the in-plane vibrations
along the tube axis (G+) [37]. The D peak is attributed to the disorder mode (A4 symmetry), ranging
from 1290 to 1330 cm~! as a consequence of the lattice imperfections and crystallinity disorders [38].
Thus, the relative intensities of G and D are used to evaluate the quality of carbon materials consisting
of sp? hybridized states, such as carbon nanotubes and graphene.

Table 2. Summary of direct liquid injection chemical vapor deposition (DLICVD) experiments where
temperature and concentration are abbreviated as temp. and conc. respectively.

Aspiration Growth Injection Catalyst Conc. Carbon

CVD Run Temp. (°C) Temp. (°C)  Rate (mL/h) (wt.%) Source Variable

1 150 800 1 1.25 EtOH Aspiration temp.
2 225 800 1 1.25 EtOH Aspiration temp.
3 300 800 1 1.25 EtOH Aspiration temp.
4 225 700 1 1.25 EtOH Growth temp.
5 225 900 1 1.25 EtOH Growth temp.
6 225 1000 1 1.25 EtOH Growth temp.
7 225 1000 5 1.25 EtOH Injection rate

8 225 1000 10 1.25 EtOH Injection rate

9 225 800 1 0.25 EtOH Catalyst conc.
10 225 800 1 5 EtOH Catalyst conc.
11 225 800 1 5 EtOI;Il(;;)luene Carbon source
12 225 800 1 5 Toluene Carbon source

3.3. Variation of Aspiration Temperature

To elucidate the influence of the aspiration temperature (1st zone in furnace), experiments were
performed using a growth temperature of 800 °C, a 1 mL/h injection rate, a 1.25 wt.% catalyst
concentration, using EtOH as a carbon source (Table 2). The aspiration temperature will influence
the carbon precursor dictating the possible mixture of complex volatile organic compounds that enter
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the reaction zone [39]. This is important because the precursor chemistry has been demonstrated
to influence the CNT morphology [40]. Additionally, the aspiration temperature will also affect the
temperature gradient that is entering the reaction zone. Thus, the aspiration temperature influences
the inlet gas mixture composition and flows that enter the growth zone of the furnace.
Figure 3 shows the Raman characterized G:D ratio and the isolated product yield as a function of
the aspiration (injection zone) temperature. The Raman results (see Supplementary Materials) reveal a
small variance in G:D ratio with aspiration temperature, ranging from 1.25 to 1.56, suggesting that the
aspiration temperature has little influence on the quality of the carbon materials that are produced
under the conditions employed. However, the aspiration temperature is shown to have a significant
influence on the product yield, which increases with increasing aspiration temperature. The increase
in product yield may be attributed to the increase in carbon available for catalysis or alternatively as a
consequence of the pre-decomposition of the EtOH (see below).
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Figure 3. Plot of the Raman G:D ratio (black) and product yield (red) for DLICVD experiments
with variable aspiration temperature (a) with the corresponding Raman spectra (b). Experiments
were performed with a reaction temperature of 800 °C, a 1 mL/h injection rate, a 1.25 wt.% catalyst
concentration, using EtOH as a carbon source.

Figure 4 shows growth of CNTs under all of the experimental conditions, in agreement
with the Raman characterization. The SEM imaging of the product using a 150 °C aspiration
temperature (Figure 4a) consists of various carbon materials, including CNTs, while experiments
that were conducted at 225 °C (Figure 4b) display large CNT bundles. Finally, at an aspiration
temperature of 300 °C (Figure 4c), SEM images show agglomerations of carbon materials with
protruding nanostructures.

Figure 4. SEM images of DLICVD experiments conducted using a reaction temperature of 800 °C,
a 1 mL/h injection rate, a 1.25 wt.% catalyst concentration, using EtOH as a carbon source, and an
aspiration temperature of (a) 150 °C, (b) 225 °C, and (c) 300 °C.

3.4. Variation of Growth Temperature

The growth temperature is expected to influence CNT product and morphology by dictating
both the kinetics of hydrocarbon decomposition, and the thermodynamics of the system, namely the
energy available for carbon structure arrangements. The growth temperature also plays a role in
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determining the catalyst structure and physical state (solid or liquid) that intimately influences the
CNT morphology. Previous studies show that the morphology of product varies with decomposition
temperature: the general trend being that an increasing temperature results in CNTs with a larger
average diameter and a broader diameter distribution [41-43].

Growth temperature experiments were performed by varying the reaction temperature in the
2nd zone (growth zone, see Figure 1) of the furnace using an aspiration temperature of 225 °C, an
injection rate of 1 mL/h, a 1.25 wt.% catalyst concentration, and EtOH as a carbon source (Table 2).
The experimental results for variable growth temperature are shown in Figure 5. The Raman G:D
ratio shows little variance in the 700-900 °C growth temperature range, but at a growth temperature
of 1000 °C the G:D ratio increases ~3x (4.22) as compared to that observed for growth at 900 °C
(1.37). The increase in growth temperature appears to provide a more favorable growth environment
for carbon nanotubes. This transition in CNT growth at temperatures >900 °C agrees with prior
work using FeMoC [16,17,23,24,44], suggesting that FeMoC has a temperature dependent activation
mechanism for CNT growth [26]. Product yield for the growth temperature experiments is shown
to increase when the growth temperature is increased from 700 °C to 900 °C. This is followed by a
decrease in product yield when increasing the growth temperature to 1000 °C. This growth temperature
relationship with product yield likely arises from the temperature dependent behavior of the kinetics
of hydrocarbon decomposition.

a) b)
5 15 700 °C
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Figure 5. Plot of the Raman G:D ratio (black) and product yield (red) for DLICVD experiments
with variable growth temperature (a) with the corresponding Raman spectra (b). Experiments were
performed with an aspiration temperature of 225 °C, a 1 mL/h injection rate, a 1.25 wt.% catalyst
concentration, using EtOH as a carbon source.

The SEM images for the growth temperature experiments are shown in Figure 6. At a growth
temperature of 700 °C (Figure 6a), SEM imaging reveals the presence of CNTs decorated on the surfaces
of large agglomerations. At growth temperatures of 800 °C and 900 °C SEM show long CNT bundles
further corroborating the Raman characterization. The synthesized product at 1000 °C appears to be
dominated by CNTs in agreement with the favorable Raman spectroscopy measurements.

The TEM images at two magnifications for the growth temperature experiments are shown in
Figure 7. At a 700 °C growth temperature (Figure 7a), TEM imaging reveals the presence of MWCNTs,
with an average diameter of 51 nm and agglomerations of catalyst and carbon residue. The curly
and tangled MWCNT morphology makes the reporting lengths and subsequent aspect ratios difficult.
Therefore, only the average diameter is reported here. At an 800 °C growth temperature (Figure 7b),
TEM images display tangled MWCNTs with an average diameter of 27 nm. TEM imaging at a
900 °C growth temperature reveals MWCNTs with an average diameter of 9 nm. At a 1000 °C
growth temperature, MWCNT are observed with a distinctly less curly morphology and an average
diameter of 8 nm. The TEM observations display a decreasing CNT diameter trend with an increasing
growth temperature.
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R T

Figure 6. SEM images of DLICVD experiments conducted using an aspiration temperature of 225 °C,
a 1 mL/h injection rate, a 1.25 wt.% catalyst concentration, using EtOH as a carbon source, and a
reaction temperature of (a) 700 °C, (b) 800 °C, (c) 900 °C, and (d) 1000 °C.

Figure 7. TEM images of DLICVD experiments at high magnification (top) and low magnification
(bottom) conducted using an aspiration temperature of 225 °C, a 1 mL/h injection rate, a 1.25 wt.%
catalyst concentration, using EtOH as a carbon source, and a reaction temperature of (a) 700 °C,
(b) 800 °C, (c) 900 °C, and (d) 1000 °C.

Further characterization of the growth temperature experiments was carried out using
thermogravimetric analysis (TGA), as seen in Figure 8. The TGA results show that the residual weight
decreases with increasing temperature, suggesting that increased growth temperatures improve CNT
product purity. The weight loss onset for 700, 800, and 900 °C growth temperature experiments
begins at ~300 °C accompanied by varying slopes of weight loss. The increasing rate loss slope with
increasing growth temperature suggests that less carbon impurities are present in the CNT product
at higher growth temperatures, which is in agreement with the TEM observations. At the highest
growth temperature, 1000 °C, the TGA results show a weight loss onset temperature at ~500 °C with
the sharpest rate loss slope and least residual weight (22.5%), indicating the highest purity and quality
CNT product, in agreement with both the TEM and Raman characterization.
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Figure 8. Thermogravimetric analysis (TGA) results of DLICVD experiments, performed at an
aspiration temperature of 225 °C, a 1 mL/h injection rate, a 1.25 wt.% catalyst concentration, using
EtOH as a carbon source, and a reaction temperature of 700 °C (red), 800 °C (black), 900 °C (green),
and 1000 °C (blue) with the corresponding residual weights labeled.

3.5. Variation of Injection Rate

The injection rate of the solution into the carrier gas will alter both the C:H ratio and the catalyst:H
ratio. A high catalyst:H ratio may result in incomplete reduction of the pro-catalyst. Additionally,
a high C:H ratio may result in a decreased product yield via catalyst deactivation by encapsulation
of catalytically active sites [45]. Prior work has shown that the C:H ratio in the growth zone has
significant effects on the growth rate of CNTs [30,46]. Furthermore, our research has previously shown
for the DLICVD system that increased injection rates using ferrocene in toluene resulted in lower
yields of CNTs [31]. This is consistent with lower growth rates that are expected for higher C:H ratios.

Injection rate experiments were performed by varying the injection rate of the FeMoC solution into
the furnace using an aspiration temperature of 225 °C, a growth temperature of 1000 °C, a 1.25 wt.%
catalyst concentration, and EtOH as a carbon source (Table 2). The Raman characterization and product
yield results for injection rate experiments are shown in Figure 9. The Raman G:D ratio is shown to
decrease with an increasing injection rate from a G:D ratio of 4.22 to 1.36 for injection rates of 1 and
5 mL/h, respectively. Using an injection rate of 10 mL/h, the Raman G:D ratio is shown to slightly
increase from 1.36 to 1.58 for injection rates of 5 and 10 mL/h, respectively. The injection rate of the
solution into the carrier gas influences both the catalyst:H ratio, and the C:H ratio. Thus, the results
here suggest that reducing the C:H and the catalyst:H ratios provides a more favorable environment
for producing quality CNTs. From Figure 9, we observe that the product yield increases with injection
rate from 3.7 mg to 5.4 mg for 1 mL/h and 10 mL/h, respectively. This increased product yield is likely
due to the increased quantity of both carbon source material and catalyst particles that are available in
the system.

The SEM micrographs for variable injection rate experiments are shown in Figure 10. At a
1 mL/h injection rate, SEM reveals an abundance of CNTs (Figure 10a), as corroborated by the Raman
characterization. Using an injection rate of 5 mL/h (Figure 10b), SEM micrographs show CNTs to a
lesser degree in both quantity and quality. Ata 10 mL/h injection rate (Figure 11c), even fewer CNTs
are observed. Thus, SEM evidence shows that the quantity and quality of CNTs decreases with an
increasing injection rate in agreement with the Raman characterization.
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Figure 9. Plot of the Raman G:D ratio (black) and product yield (red) for DLICVD experiments with
variable injection rate (a) with the corresponding Raman spectra (b). Experiments were performed
with an aspiration temperature of 225 °C, a reaction temperature of 1000 °C, a 1.25 wt.% catalyst

concentration, using EtOH as a carbon source.

Figure 10. SEM images of DLICVD experiments conducted using an aspiration temperature of 225 °C,
a reaction temperature of 1000 °C, a 1.25 wt.% catalyst concentration, using EtOH as a carbon source,
and an injection rate of (a) 1 mL/h (b) 5mL/h, and (c) 10 mL/h.

3.6. Variation of Catalyst Concentration

The catalyst concentration will determine both the catalyst:C and catalyst:H ratios that influence
the resulting CNT morphology and product yield. If catalyst concentrations are too high, catalyst
aggregation may result upon the evaporation of solvent from individual aspirated droplets, which
in turn favors undesirable carbon structures, rather than the intended CNTs. However, if catalyst
concentrations are too low, the CNT product yield may suffer due to limited catalyst site availability.
Therefore, careful consideration of catalyst concentration is required for optimal performance.

To investigate the influence of catalyst concentration experiments were performed using an
aspiration temperature of 225 °C, a growth temperature of 800 °C, a 1 mL/h injection rate, and
EtOH as the carbon source (see Table 2) The Raman G:D ratio and product yield from catalyst
concentration experiments are shown in Figure 11. At a catalyst concentration of 0.25 and 5.00 wt.%,
no synthesized product was recovered, and thus, no Raman characterization could be conducted.
However, at a catalyst concentration of 1.25 wt.%, ~4 mg of the synthesized product was recovered,
with a corresponding Raman G:D ratio of 1.54. It would appear that further optimization would be
beneficial to find the “Goldilocks” zone, i.e., an optimal region between two extremes advantageous to
CNT growth [47].
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Figure 11. Plot of the Raman G:D ratio (black) and product yield (red) for DLICVD experiments with
variable catalyst concentration (wt.%). Experiments were performed with an aspiration temperature of
225 °C, a reaction temperature of 800 °C, an injection rate of 1 mL/h, and EtOH as the carbon source.

3.7. Variation in Carbon Source

The choice of carbon source, hydrocarbons, or increasingly more common alcohols, can influence
the nature of the CNT quality and product yield due to their varying decomposition products that
determine CNT quality, morphology, and growth rate [48]. Furthermore, the choice of carbon source
also impacts the relative C:H and the C:catalyst ratios that also influence CNT morphology and product
yield. If carbon ratios are too low, then CNT product yield may suffer; if carbon ratios are too high,
the catalyst may be “deactivated” via catalyst encapsulation. Therefore, carbon source selection is vital
to optimizing CNT production.

To elucidate the effects of carbon source, experiments were conducted using an aspiration
temperature of 225 °C, a growth temperature of 800 °C, an injection rate of 1 mL/h, a 5.00 wt.%
catalyst concentration, using varying degrees of toluene in EtOH as the carbon source. The Raman
G:D ratio and product yield for the carbon source experiments are shown in Figure 12. Using only
EtOH as the carbon source resulted in no product yield under the conditions that were employed
(Table 2). Using a carbon source consisting of EtOH and toluene (1:1 wt.%) resulted in 52.3 mg product
yield with a corresponding Raman G:D ratio of 1.74. Further improvements were obtained when using
100% toluene as the carbon source, resulting in a product yield of 80.5 mg and a Raman G:D ratio of
3.6. The carbon source is known to influence the nature of synthesized product due to the varying
hydrocarbon decomposition species.

Toluene thermally decomposes by either fission of the C-H bond in the methyl group (Equation (1))
or by cleavage of the C-C bond connecting the methyl and phenyl groups (Equation (2)) [49,50].
The benzyl radical formation (Equation (1)) dominates under the CVD conditions that are employed
here; therefore, the subsequent decomposition is outlined in Equations (3) and (4) [49].

C6H5CH3 — C6H5CH2 +H (1)
C6H5CH3 — C6H5 + CH3 (2)
C6H5CH2 — C3H3 + C4H4 (3)
C6H5CH2 — C5H5 + Csz (4)

EtOH is known to decompose by either the dehydration reaction seen in Equation (5) or
by cleavage of the C-C bond connecting the methyl group and the methylene group as seen in
Equation (6) [51,52]. The dehydration reaction (Equation (5)) dominates under the conditions that are
employed here [52].

CH3CH20H — CyHy + H,O (5)
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CH3CH,OH — CHj3 + CH,OH (6)

The thermal decomposition of carbon sources EtOH and toluene result in the formation of Cx
(x = 2-5) species that are then subsequently used in the growth of carbon nanotubes. These Cy
species differ in metal/support adsorption energies that dictate (1) carbon association with the catalyst
nanoparticle, (2) nanotube quality, and (3) nanotube chirality and growth rate [53]. Therefore, the CNT
growth results observed here are likely a result of the complicated interplay between the thermal
decomposition species and the FeMoC catalyst. In addition, CNT quality and yield are influenced by
the presence of oxygen containing species, such as EtOH and H,O. Oxygen containing species are
known to etch carbon materials under CNT growth conditions [54-56]. This may possibly explain the
decrease in quality and product yield observed with increasing EtOH content.

6 100

—e- G:D ratio
—a— Yield (mg)

480

460

G:D ratio

{40

Yield (mg)

420

EtOH 50/50 Toluene
Carbon Source (Wt.%)

Figure 12. Plot of the Raman G:D ratio (black) and product yield (red) for DLICVD experiments with
the carbon source consisting of varying degrees of toluene in EtOH. Experiments were performed with
an aspiration temperature of 225 °C, a reaction temperature of 800 °C, an injection rate of 1 mL/h, and
a 5.00 wt.% catalyst concentration.

4. Conclusions

We have evaluated the conditions used in scaling up FeMoC synthesis into the gram scale,
and investigated the CCVD conditions employed in CNT growth. The synthesis conditions;
pH environment, air sensitivity, and relative molar ratios of reactants were evaluated. The results
reveal that the successful scale-up of FeMoC is sensitive to both the presence of air, and the pH
environment. Soxhlet purification in air led to degradation. Additionally, experimental results suggest
that successful FeMoC synthesis requires a favorable pH environment (~0.5-2.0); likely to maintain the
desirable ratios of Mo"! and MoV centers required to form the Keplerate cage [34].

Subsequently, DLICVD was used to grow CNTs using FeMoC. The CCVD conditions: aspiration
temperature, growth temperature, injection rate, catalyst concentration, and carbon source, were
investigated. Increasing aspiration temperature was found to enhance product yield with a negligible
influence on CNT quality (as determined by Raman spectroscopy G:D ratio values). The growth
temperature was found to have a pronounced influence over CNT product yield and quality.
The product yield was found to increase from 700 to 900 °C, followed by a slight decrease at 1000 °C.
Notably, a ~3-fold increase in CNT quality was observed from 900 to 1000 °C. This is interesting
to note, given that prior work with FeMoC demonstrated poor catalytic performance at growth
temperatures below 900 °C [16,17,23,24]. The results herein, and from prior work, suggest that FeMoC
has a temperature dependent “activation” mechanism for the catalytic growth of CNTs. The increase
in injection rates resulted in a slight increase in product yield from 3.7 mg to 5.4 mg at the expense of
CNT quality with Raman G:D ratio values of 4.2 to 1.58, respectively. The catalyst concentration results
demonstrated that concentration either too low or too high will fail to produce CNTs, suggesting that
optimized catalyst concentrations are required for CNT growth. The carbon source experiments reveal
that both product yield and CNT quality were improved with increasing addition of toluene (wt.%) in
EtOH, indicating that toluene is a more favorable carbon source under the CCVD conditions employed.
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