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ABSTRACT

The synthesis of carbon nanotubes (CNTs) requires well-defined catalyst nanoparticles that can influence both diameter and chirality. Herein, catalyst nanoparticles
containing both the catalyst and catalyst support material were developed. Binary-metal oxide (AlOx—Fe2O3) nanoparticles was synthesized from a mixture con-
taining both aluminum and iron oleate precursors in the solution phase. The nanoparticles were assembled as a monolayer film on a silicon oxide (SiO3) substrate via
organic linker molecules to synthesize vertically aligned carbon nanotubes (VA-CNTs). Microscopic and spectroscopic characterization of the premade catalyst
nanoparticles and monolayer film assembly revealed the quality of the nanoscale assembly, which facilitated the successful growth of VA-CNTs. The length of the
CNTs synthesized using these AlOy—Fe,O3 nanorice catalyst nanoparticles surpassed that of previously reported CNTs grown on bare SiO surfaces without oxide
buffer layers. In addition, the CNTs appeared to be directly bonded/connected to the SiO, substrate, suggesting CNT formation via the tip-growth mechanism. The
effects of growth temperature and catalyst reduction time were evaluated to obtain high-yield VA-CNTs.

1. Introduction

Carbon nanotubes (CNTs) are important materials for developing
electrically conducting fibers [1], nanoscale electronics, biosensors [2],
and energy storage devices [3,4]. The optical, mechanical, and elec-
tronic properties of CNTs are influenced by their structural properties,
such as diameter and chirality. While few-walled (3-10) CNTs are
valuable because of their unique physical properties such as enhanced
mechanical strength [5,6], semiconducting single-walled CNTs have
additional optical properties and they have employed in the fabrication
of chemical/biosensors for molecular electronics, field-effect transistors,
and optoelectronic devices [7-9]. Vertically aligned CNTs (VA-CNTSs)
can be assembled into electrically conducting fibers or ribbons [10,11].
The excellent mechanical strength of CNTs makes them suitable for
building superstrong fibers, ballistic armor, and even the space elevator
[12]. CNTs are often used to fabricate composite materials with
improved mechanical properties, and longer CNTs have shown
increased mechanical strength and electrical conductivity [13,14].

Chemical vapor deposition (CVD) is the preferred method for large-
scale synthesis of VA-CNT arrays, with catalyst engineering on the
substrate being crucial for success. High nanoparticle density on the
substrate can affect the length, direction, and density of nanotubes [15,
16]. The most common method for preparing catalyst and catalyst
supports is through thin-film formation using physical vapor deposition
(PVD) or CVD techniques, such as sputtering, e-beam deposition, or
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atomic layer deposition [17]. Thermal annealing of this catalyst thin
films convert into nanoparticles for CNT growth. However, controlling
the homogeneity and size of these catalyst nanoparticles is challenging.
Additionally, thin-film catalysts may form intermetallic compounds at
high temperatures, reducing the CNT growth rates by decreasing carbon
consumption [18]. In addition, the techniques used for preparing
thin-film catalysts are expensive because of the high vacuum conditions
required and maintenance costs. Solution-based metal precursors have
also been used to form catalyst particles in situ through mist deposition
[19], and thermal evaporation [20,21] in order to make the synthesis
process less expensive. Premade catalyst nanoparticles that are synthe-
sized in the solution phase and then assembled onto a substrate for
VA-CNT growth provide an alternative for more size and composition
control for scalable high-density CNT growth [22-24]. Compared with
PVD thin-film catalyst preparation, this solution-phase process is ad-
vantageous in terms of cost and potentially controlling the size and
homogeneity, monodispersity, and particle density.

An essential element for VA-CNT synthesis via CVD is the oxide-film
catalyst support placed between the catalyst and silicon oxide (SiO3)
substrate. Diverse forms of Al-oxides have shown to produces small,
narrower size-distribution catalyst nanoparticles, likely due to their
higher acidity of alumina (Al,03) [25]. As a catalyst support, Al,O3 can
reduce the surface diffusion and ripening of metal catalysts to grow
VA-CNTs [17,26]. Additionally, Al;03 has an important carbon cracking
ability, enhancing the decomposition of carbon precursors and
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accelerating CNT growth kinetics [27]. Furthermore, synthesis of long
and good quality of VA-CNTs on bare SiOy (without an Al;O3 buffer
layer) is challenging due to the catalyst particle aggregation, metal ion
diffusion and silicate formations. Typical growth rates of 15 pm/h have
been observed in SiO; substrates [28], while complex patterning in these
substrates has only achieved CNT lengths of tens of microns. In contrast,
Al,O3 substrates typically yield CNT lengths in the hundreds of microns
[29]. Catalyst ripening and subsurface diffusion on SiO5 reduce the
particles density, impacting VA-CNT growth. The properties of SiOs--
supported iron, such as acidity, reducibility, and size distribution, differ
from those of AlyO3-supported iron. Iron dispersion, which determines
the size of the particles formed on both substrates, is greater on Al;03
surfaces than on SiO, surfaces [25]. Without a catalyst support,
VA-CNTs synthesized on SiO3 are larger in diameter, randomly oriented
and short [7,30,31]. Our previous work indicated that shorter VA-CNT
grow on SiOp substrates without an AlyOs support, whereas the
VA-CNT length increases with a catalyst support [24,32]. Therefore, an
AlyO3 catalyst support on the SiOy substrate is crucial for growing
high-density, long VA-CNTs. While PVD and CVD are commonly used to
prepare Al;Og thin films as catalyst supports, there is limited research on
wet-chemistry-based methods for synthesizing VA-CNTs [24,33].

In this study, catalyst nanoparticles known as nanorice, which
include both the active catalyst component Fe and its support (AlOy),
were employed for the synthesis of VA-CNTs on bare SiO, substrates.
These binary metal oxide (AlOx—Fe;O3) nanorice particles were syn-
thesized via the thermal decomposition method, and a monolayer thin
film of nanoparticles was assembled on the SiOy substrate using
bifunctional organic linker molecules. This setup was then utilized for
the growth of VA-CNTs at different temperatures using traditional CVD
methods. The developed wet-chemistry-based approach shows promise
as a simple and cost-effective method for preparing catalysts for the
growth of VA-CNTs. An important objective of this approach is to
dismiss the use of Al,O3 thin films employed as catalyst support for the
growth of VA-CNTs.

2. Experimental
2.1. Materials

Aluminum chloride (ReagentPlus grade, >99 %), iron(III) chloride
hexahydrate (reagent grade, >98 %), oleic acid (technical grade, >90
%), and 11-phosphonoundecanoic acid (PNDA; >90 %) were purchased
from Sigma-Aldrich (St. Louis, MO, USA) and used without further pu-
rification. Sodium oleate (>97.0 %) was purchased from TCI Chemicals
(Tokyo, Japan). Hexanes (ACS grade, >99.5 %), 1-octanol (>98 %), and
ethanol (ACS grade) were purchased from Fischer Scientific (Waltham,
MA, USA). Ultrathin carbon type-A 400 mesh copper grids for trans-
mission electron microscopy (TEM) characterization were obtained
from Ted Pella (Redding, CA, USA). Single-side-mirror-polished SiO,
wafers were purchased from University Wafer (Boston, MA, USA).
Ultrahigh-purity hydrogen (99.99 %), high-purity acetylene (99.99 %),
and liquid argon gas were purchased from Wright Brothers, Inc. (Ohio,
USA).

2.2. Catalyst synthesis

The AlOy—Fe;03 nanorice was synthesized following our previously
reported procedure [34]. A mixture of iron oleate and aluminum oleate
precursors was used in the thermal decomposition reaction to form bi-
nary metal oxide nanoparticles. Iron oleate and aluminum oleate com-
plexes were synthesized separately using ferric chloride and aluminum
chloride salts according to the procedures reported by Park et al. [35]
and Hoque et al. [36], respectively. A mixture of 1.0 g of iron oleate and
5.0 g of aluminum oleate complexes were dissolved in 50 mL of 1-octa-
nol with 4.5 mL of oleic acid as a stabilizing agent. The precursor
mixture was then heated at 100 °C for 30 min to dissolve the precursors
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completely. After increasing the temperature to 195 °C, the reaction was
allowed to proceed for 30 min to promote AlOx—Fe;O3 nanorice for-
mation. The solution was cooled to room temperature and the nanorice
particles were collected by a centrifugation at 15,000 rpm for 90 min.
Purification was performed by dispersing the obtained particles in
hexane and washing twice. Purified AlOy-Fe»O3 nanorice was stored in
hexane until further use.

2.3. Substrate functionalization and monolayer film assembly

A 25.4 x 25.4 mm? SiO, wafer was employed as a substrate for the
synthesis of VA-CNTs using a AlOx—Fe203 nanorice monolayer film. To
assemble a monolayer of AlOx-Fe;O3 nanorice on the SiOy substrate,
PNDA, a bifunctional organic linker, was coupled to the hydroxylated
SiO surface using a previously reported method with some modifica-
tions [24,37]. First, the substrate surface was activated with hydroxyl
(—OH) groups to aid in forming hydrogen bonds with the phosphonic
acid functional groups of the crosslinking molecules. After the SiOq
substrate was cleaned by ultrasonication in acetone for 20 min, the
polished side was hydroxylated using piranha solution (H2SO4:H50o,
3:1) for 30 min [38]. Phosphonate groups have higher affinity for metal
oxide substrates than carboxylate group [39]. Therefore, when the hy-
droxylated SiOg substrate was immersed in a 1 mM PNDA solution
(ethanol:water, 1:1, v/v), the PNDA ligands were attached to the SiO,
surface via hydrogen bonding with the phosphonate group, resulting in a
terminal carboxylate group. X-ray photoelectron spectroscopy (XPS)
was used confirm the binding of phosphonate to the SiO, surface. Sub-
sequently, the substrate was washed with a mixture of pure ethanol and
water. The PNDA-functionalized SiO, substrate was placed in a 3.0
mg/mL oleic acid-coated AlOx-Fe203 nanorice solution for 3 h, and the
carboxylate group of oleic acid on the AlOy-Fe;O3; nanorice surface
underwent ligand exchange with the terminal carboxylate of PNDA.
Thus, this linker molecule anchored the nanorice on the SiO, substrate
to form a monolayer of nanoparticles [37].

2.4. VA-CNT growth

VA-CNTs were synthesized using traditional thermal CVD technique,
in which the AlOy—Fe;03 nanorice monolayer film on the SiO, substrate
was employed as a catalyst. The schematic illustration in Fig. 1 shows
the steps for monolayer formation and VA-CNT growth. Prior to the
growth process, the nanorice monolayer on the substrate was annealed
in open air for 4 h at 360 °C to remove oleic acid from the nanoparticle
surfaces. VA-CNT synthesis was performed using acetylene as the hy-
drocarbon source at a rate of 100 sccm, with Hy (300 scem) and Ar (1000
sccm) as carrier gases at atmospheric pressure. As the premade
AlO4-Fe;03 nanorice was in the oxide form, the FeyO3 catalyst was
reduced at 450 °C for 3 min using H; as a reducing agent to convert from
the oxide to the metallic form. The synthesis of VA-CNTs using the
monolayer catalyst was conducted at three different temperatures (670,
720, and 750 °C). Subsequently, the high-temperature furnace was
cooled to 150 °C under an argon environment to prevent VA-CNT
oxidation.

2.5. Characterization

The size distribution of the Al04-Fe;O3 nanorice was measured using
atomic force microscopy (AFM; Dimension Icon ScanAsyst, Bruker,
Billerica, MA, USA) in noncontact tapping mode with a scan rate of 1 Hz
and a resolution of 512 x 512 pixels. The AFM sample for particle size
measurement was prepared by spin coating a drop of nanoparticle so-
lution on a single-side-mirror-polished SiO, substrate that creates a
sparse low particle concentration. After washing with hexane, the
samples were annealed at 100 °C to remove solvent from the surface.
The shape of the catalyst nanoparticle was investigated by FEI Talos
F200X transmission electron microscopy (TEM; Thermo Scientific,
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Fig. 1. Schematic illustration of the Al0x-Fe;O3 nanorice assembly on a SiO, substrate for VA-CNT synthesis.

Waltham, MA, USA) at 200 kV and the high-angle annular dark-field
(HAADF) STEM images were collected using Super-X EDAX analytical
system connected with the same instrument. For TEM sample prepara-
tion of CNT, a small piece of array was dispersed in ethanol and soni-
cated for 2 min to obtain a homogeneous dispersion. One drop of the
CNT dispersion was drop casted on a TEM grid, which was then annealed
at 70 °C for 24 h to remove solvent from the grid. The crystallinities of
the as-synthesized and annealed AlOy-Fe;03 nanoparticles were studied
using X-ray diffraction (XRD; X’pert multipurpose diffractometer,
PANalytical, Almelo, Netherlands) with a Cu K, (A = 1.54056 10\) source
operated at 40 mA and 45 kV. XPS characterization was performed using
a K-Alpha X-ray photoelectron spectrometer (Thermo Scientific, Wal-
tham, MA, USA) with an Al Ka micro-focused monochromator and a 128
channel detection system. XPS spectra were collected using a spot size of
400 pm and 10 cycles. The XPS spectra were analyzed using Avantage
software (version 5.9918) to determine the content (at%) of each spe-
cies. XPS data acquisition and analysis were performed using OriginPro
8.5 software. First, all the XPS core-level peaks were calibrated using the

C 1speak at 284.8 eV to correct for charging effects. Then, the XPS peaks
were fitted using Gaussian components after background subtraction.
The binding energies of different elements were obtained by comparing
the experimental results with the NIST XPS Database and relevant
literature. Scanning electron microscopy (SEM) micrographs were
recorded using an FEI Apreo SEM (Thermo Fisher Scientific, Waltham,
MA, USA) at acceleration voltages of 5-10 kV and a current of 0.2 nA
with working distance of ~10 mm. Energy-dispersive X-ray analysis
(EDAX) for the elemental composition of nanorice was performed using
the same instrument. The quality of the synthesized VA-CNTs was
investigated by Raman spectroscopy using an inVia™ confocal Raman
microscope (Renishaw, Gluocestershire, UK) with a 633 nm laser at 10
% power.

3. Results and discussion

The main advantage of the AlOx—Fe;O3 nanorice catalyst is that the
catalyst support (AlOy) and active catalyst (Fe;O3) component are

Fig. 2. AFM and TEM images of AlOx-Fe;O3 nanorice particles. (A) AFM image of nanorice particles on the SiO, substrate, (B) height distribution of AlOy-Fe;O3
nanorice particles collected from height sensor AFM images, and (C) low-magnification and (D) high-magnification TEM images of AlOx—Fe,O3 nanorice particles.
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combined in the same particle; therefore, an extra catalyst support layer
is not necessary for VA-CNT synthesis. Moreover, the premade nanorice
particles eliminate the need for expensive instrumentation for catalyst
deposition. The AlOy-Fe,Os nanorice catalyst was prepared from a
mixture of aluminum oleate and iron oleate precursors via a thermal
decomposition reaction [34]. AFM and TEM analysis revealed that the
as-synthesized AlOy-Fe;O3 nanoparticles had rice-shaped structures
with a known composition and relatively small size distribution (Fig. 2).
In particular, the particle size distribution obtained by AFM character-
ization (Fig. 2B) gave an average height of 5.4 nm, which corresponds to
the width of a nanorice particle. The low-magnification (Fig. 2C) and
high-magnification (Fig. 2D) TEM images of the AlOy-Fe;O3 nanorice
show an identical particle structures. The white arrows in the
high-magnification TEM image (Fig. 2D) indicate that the rice-shaped
particles have a length of approximately 38 nm, whereas the width is
only 6.6 nm, consistent the AFM results.

The elemental composition of the AlOy—Fe;0O3 nanorice on the SiOy
substrate was confirmed using EDAX, as detailed in the supplementary
information section. The EDAX results (Fig. S1B) collected from the SEM
image (Fig. S1A) of the Al0x—Fe,03 nanorice indicate the presence of Al,
Fe, and O. The large peak in the EDAX spectrum corresponds to Si, which
originates from the SiO5 substrate used for SEM sample preparation. As a
5:1 atomic ratio of aluminum oleate and iron oleate precursors was used
to synthesize the AlOx-Fe;O3 nanorice, the weight percentage of Al
(60.67 %) is higher than that of Fe (8.49 %). The weight percentage of
oxygen present in the sample is 30.84 %, which might be influenced by
the SiO5 substrate used for sample preparation.

We further characterized the AlOy-FepO3; nanorice particles via
elemental mapping, XPS, and XRD (Fig. S2) to obtain a better under-
standing of their chemical composition, oxidation states, and crystalline
structures. The HAADF-STEM image (Fig. S2A) image of the AlOx-Fe»03
nanorice and corresponding elemental mapping indicate the presence of
Al, Fe, and O in the particles. XPS is a versatile characterization tech-
nique for studying the composition and chemical states of the elements
present on the surface of nanomaterials. The XPS survey spectrum and
core-level spectra (Fig. S2B) of the AlOy-Fe,O3 nanorice (Fig. S2B) show
the presence of Al 2p, Fe 2p, O 1s, and C 1s in the sample. The peak at a
binding energy ~75.0 eV indicates the presence of AlOy in the particles.
The deconvoluted O 1s core-level spectrum has two peaks that represent
Al-OH (~532 eV) and Al-O (~530.8 eV) bonds in the molecular
structure. The ~OH groups could originate from surface-adsorbed H,O or
surface hydroxides of AlOx or FesOs. The Fe 2p core-level spectrum
exhibits Fe 2p;,» and Fe 2ps,» peaks along with their corresponding
satellite peaks in the range of 708-738 eV. The Fe 2p;,» and Fe 2p3/»
peak positions assist to the identification of the chemical state and
environment of Fe on the sample surface [40]. The binding energies of
Fe 2p; /5 and Fe 2p3,5 in the AlOx—Fe03 nanorice are 724.5 and 711 eV,
respectively. In the C 1s core-level spectrum, the peak at 284.8 eV in-
dicates the presence of sp carbon, whereas those at ~286.4 and ~288.5
eV correspond to C-O and O-C=0 surface functional groups, indicating
the presence of oleic acid on the surface of the AlOy—Fe;O3 nanorice
[41].

The amorphous or crystalline nature of the as-synthesized
AlO4x-Feo03 nanorice as well as the samples annealed at 700 and
1100 °C was characterized using XRD (Fig. S3). Crystalline a-Fe;O3 and
amorphous AlOy are present in the as-synthesized nanoparticles,
whereas the nanorice particles are converted from amorphous AlOy into
y-Al;03 and o-Al;O3 after heat treatment inn open air at 700 and
1100 °C, respectively.

Monolayer assembly of the catalyst nanorice particles on the SiO;
substrate was achieved using bifunctional linker molecules according to
a previously reported procedure [24,36]. The SiO, substrate was func-
tionalized with PNDA, which acted as a linker to anchor the nano-
particles, with the phosphonate group interacting with the substrate
surface and the terminal carboxylic group binding to the surface of the
AlOy-Fe;03 nanorice. Successful functionalization of the SiO, substrate
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with PNDA was verified using XPS (Fig. S4). A comparison of the XPS
survey spectra of the bare and PNDA-functionalized SiO; substrates re-
veals the presence of phosphorus (P 2s and P 2p) on the latter surface
(Fig. S4A). In the P 2p core-level spectrum (Fig. S4B), the peak at 132.9
eV confirms that the phosphonate groups are bonded to the SiO5 sub-
strate (Fig. S4A). A monolayer film of AlOx-Fe;0O3 nanorice was formed
on the SiO, substrate via a ligand exchange reaction. The carboxylate
group of the PNDA linker replaces the carboxylate group of oleic acid on
the surface of the AlOy-Fey;O3 nanorice, resulting in the formation a
monolayer film on the substrate surface. The formation of this catalyst
monolayer on SiO; is key for controlling VA-CNT growth because it
eliminates the nucleation of multiple nanotubes at the same location on
the substrate. Monolayer formation allows the positioning of nano-
particles next to each other, thereby creating a sufficient nucleation
density to support the growth of VA-CNTs. In addition, this approach
eliminates the possibility of excess active catalyst nanoparticles, which
can induce a lack of continuity between the CNTs at the bottom and top
of the array. Furthermore, this monolayer of catalyst nanoparticles
would allow carbide formation between C atoms on the CNTs and Si
atoms on the SiO5 surface.

The surface morphologies of the bare and monolayer-functionalized
substrate were characterized using AFM and SEM (Fig. 3). The AFM
images of the bare substrate (Fig. 3A and B) and monolayer-
functionalized substrate (Fig. 3C and D) reveal differences in the sur-
face morphology before and after formation of the nanoparticle mono-
layer film. The amplitude error (Fig. 3A) and height sensor (Fig. 3B)
AFM images of the bare SiO, substrate show a smooth surface
morphology with no particles. In contrast, the AFM images of the
monolayer film of Al0y—Fe203 nanorice (Fig. 3C and D) reveal a uniform
layer of high-density particles on the surface.

Such high-density catalyst particle in a monolayer format for
VACNTs growth was achieved through ligand exchange reactions be-
tween the SiO; substrate surface and the catalyst nanorice surface oxide.
This monolayer formation strategy has been discussed in several liter-
ature publications, including previous work from our group [24,36],
where PNDA linkers are employed for the temporary fixation of nano-
particles on substrates via ligan exchange reactions. Given the nanoscale
size of the catalyst nanoparticles, it is ideal to pack them densely on the
substrate in order to support the synthesis of VACNTs. According to
current literature, a density of 10° to 10'? catalyst nanoparticles per
square centimeter is required to grow VACNTs [42]. Our calculations
show that the nanorice particle density onto silicon oxide substrate is
8.75 x 100 per square cm (AFM image, Fig. 3D), indicating that the
monolayer assembly is suitable for growing VACNTs.

The morphology of the AlOy—Fe»O3 nanorice monolayer on the SiO3
substrate was also characterized using SEM. The low-magnification
(Fig. 3E) and high-magnification (Fig. 3F) SEM images of the
AlOy—Fe203 nanorice monolayer film on the SiO, substrate indicate the
narrow size distribution of these particles on the surface. This approach
departs from traditional techniques, such as spin coating, drop casting,
and dip coating, which cannot guarantee catalyst monolayer formation
to enhance the density of the grown CNTs and the quality of the VA-
CNTs.

VA-CNT synthesis was conducted via CVD using acetylene as a car-
bon source at three different temperatures (670, 720, and 750 °C).
Thermal reduction at 450 °C was performed under flowing Hy (400
sccm) to reduce the oxide catalyst to its metallic form. At high tem-
peratures, hydrogen gas has been extensively employed as reducing
agent and has shown to decompose into atomic hydrogen on metal
catalyst surfaces [43,44], thereby promoting the reduction of metal
oxides to the metallic phase, which is critical for the catalytic activity of
the nanoparticles [45]. The binary metal oxide nature of the catalyst
may play an important role during CNT growth due to the separation of
the metal components during CNT synthesis that would potentially
extend the life of catalyst nanoparticles. Fe, the active catalyst compo-
nent would be bonded to the CNT while the non-active AlOx would
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Fig. 3. AFM and SEM images of the monolayer film of Al0,—Fe,O3 nanorice on the SiO, substrate. (A, B) Amplitude and height sensor AFM images of bare SiO», (C,
D) AFM images of the AlOy—Fe;0O3 nanorice film on the SiO, substrate, and (E, F) low-magnification and high-magnification SEM images of the AlO,—Fe;03
nanorice monolayer.

Fig. 4. SEM images of VA-CNTs synthesized using the binary metal Al0,—Fe,O3 nanorice on a SiO, substrate at 670, 720, and 750 °C, respectively. (A1, B1, C1) Low-
magnification SEM images, (A2, B2, C2) high-magnification SEM images, and (A3, B3, C3) Raman spectra of the synthesized VA-CNTs.
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move away from the CNT. A theoretical work studied similar type of
separation during growth of active and less-active components for
bimetallic catalyst nanoparticles. They found that the more active metal
component of the catalyst become separated from the less active com-
ponents, where C atoms interacting with the less-active component
move towards the CNT increasing CNT bonding on their model, which
resulted in faster CNT growth [46].

VA-CNTs were grown using a conventional CVD technique at at-
mospheric pressure. Among CNT synthesis methods, CVD can achieve
the large-scale production of highly pure CNTs at low temperatures
[47]. A few of the CNT synthesis parameters were varied, while keeping
the synthesis time (20 min) and pressure (760 Torr) constant, to eval-
uate the catalytic activity of the AlOy-Fey;O3 nanoparticles and the
characteristics of the corresponding CNTs. The SEM images in Fig. 4A1,
B1, and C1, which show low-magnification side views of the obtained
VA-CNTs, reveal that heights of 43, 262, and 237 pm were obtained at
growth temperatures of 670, 720, and 750 °C, respectively. Thus, the
longest CNTs (262 pm) were achieved at 720 °C and the shortest (43 pm)
at 670 °C, indicating that the catalytic activity of the nanoparticles is
temperature dependent.

Although VA-CNT synthesis using the AlOx-Fe;O3 nanorice particles
was relatively facile, the alignment of the CNTs within the arrays re-
quires improvement. The high-magnification SEM images of the VA-
CNTs obtained at the three growth temperatures (Fig. 4A2, B2, C2)
show the alignment. Notably, longer CNTs were obtained with more
homogenous nanoparticle assemblies in the monolayer. The calculated
weight density of VACNTSs grown from nanorice catalyst is 1.7 g/cm?,
although at the higher end, agrees with the literature density (1.58-1.90
g/cm3) [48]. To understand well about the catalyst performance, we
have also calculated the area density of carbon nanotube on the sub-
strate using imageJ software which is 6.25 x 10'° per cm? indicating
around 71 % of nanorice catalyst participated in the CNTs formation. In
addition, the quality of the VA-CNTs grown with the binary metal
AlO4-Fe;03 nanorice monolayer film was evaluated using the Ip/Ig ra-
tios in Raman spectroscopy. The Raman spectra of the CNTs grown at
different temperatures are shown in Fig. 4A3, B3, and C3. The G band
near 1590 cm !, known as the graphitic peak, results from sp> C=C
bond vibrations [49]. At the highest temperature (750 °C), the intensity
of the G band increases relative to that of the D band near 1350 cm L.
The intensity ratio of the D and G bands (Ip/Ig), which is commonly
employed to define the purity and quality of CNTs [50,51], had values of
0.99, 0.80, and 0.77 at 670, 720, and 750 °C, respectively. Thus, better
quality, or fewer amorphous carbon contaminants, was observed at the
growth temperature of 750 °C. This behavior is consistent with previous
findings that CNTs become more amorphous (less crystalline) at low
temperatures and highly crystalline CNTs can be obtained using
high-temperature growth [52]. Furthermore, a single radial breathing
mode (RBM) peak was observed at ~170 cm ™!, which typically used as a
signature for single-walled CNTs. The intensity of the RBM peak
increased as the growth temperature increased, with a sharper, larger
peak observed at 720 °C. The sharp peak in the RBM region could
indicate the presence of single-walled CNTs with a diameter of ~1.4 nm
or could be associated with the synthesis of a helical CNT structure ac-
cording to Park et al. [53].

The growth temperature mainly depends on the type of substrate

Carbon 235 (2025) 120086

used during CVD process. Previous studies indicate that the growth
temperature for CNT synthesis using premade catalyst nanoparticles is
in the range of 650-800 °C (Table 1). The CVD reaction conditions
should be optimized in terms of the substrate, catalyst nanoparticles,
and carbon precursors used for CNT synthesis. The optimal concentra-
tions of hydrocarbon and hydrogen gases (Table 1) can play a crucial
role in producing CNTs in high yields. The length of the VA-CNTs grown
using the AlOy-Fe»0O3 nanorice monolayer was maximized at 720 °C on
the SiO, substrate using acetylene as a hydrocarbon source (Fig. 4B1).

The diameter distributions of the VA-CNTs synthesized at different
growth temperatures were analyzed using TEM, as shown in Fig. 5. The
TEM images indicate that the CNTs grown using the AlOx-Fe;O3 nano-
rice monolayer film on the SiO5 substrate at different temperatures have
similar number of walls and diameter distributions. In contrast, owing to
limited control over the size of catalyst particles, CNTs grown using thin-
film catalysts exhibit different diameters. The common techniques for
catalyst particle deposition on a substrate using premade nanoparticles,
such as drop casting or spin coating, provide less uniform particle dis-
tributions over the surface, thereby producing CNTs with comparatively
large diameters. Self-assembled monolayers of premade catalyst nano-
particles have the advantage of producing diameter-controlled VA-CNTs
[58]. To calculate the average diameters of the CNTs, ImageJ software
was used to analyze the collected TEM images of CNTs grown at 670,
720, and 750 °C. The calculated diameters of the CNTs grown at 720 and
750 °C are 5.9 and 5.4 nm, respectively (Fig. 5B2, C2), which is similar
to the size of the catalyst. In contrast, the CNTs grown at 670 °C have a
slightly larger diameter of 6.2 nm (Fig. 5 A2).

High-resolution TEM (HRTEM) was used to investigate the average
number of walls in the CNTs synthesized using the AlOy—Fe;O3 nanorice
catalyst at different temperatures (Fig. S5). To calculate the average
number of walls in the CNTs, more than 20 nanotubes were analyzed,
and a histogram was constructed (Fig. S5). The CNTs grown at 720 and
750 °C have an average of four walls, whereas the CNTs with a larger
diameter grown at the lower temperature of 670 °C have an average of
six walls.

CNTs synthesized using the CVD process can follow two different
growth mechanisms: base growth, where the catalyst particles remain
on the substrate, or tip growth, where catalyst particles move toward the
tips of the CNTs. The mode of CNT growth depends on the adhesion of
the catalyst particles on the substrate [59]. SEM and TEM character-
ization was performed to confirm the position of the catalyst particles in
the CNTs synthesized using the AlOy-Fe;03 nanorice monolayer film on
the SiOy substrate. The low-magnification TEM image of the CNTs
grown at 750 °C (Fig. 6A) show catalyst particles at the ends of the CNTs,
even though some open-ended CNTs are observed. It is worth to mention
that these CNTs were dispersed in ethanol for TEM sample preparation,
therefore both ends of CNTs are expected to be seen.
Higher-magnification TEM images (Fig. 6B-D) also reveal catalyst par-
ticles located on the tips of the CNTs. Catalyst particles were also
observed at the tips of the CNTs in VA-CNT arrays, as shown by the TEM
images at various magnifications in Figs. S6A-C. The high-magnification
TEM image of the top of the CNT bundle (Fig. S6C) indicates that many
catalyst particles are located at the top-end of CNTs, thereby suggesting
the occurrence of tip-growth synthesis. Although the exact reason for
catalyst particle detachment from the substrate remains elusive, we

Table 1

Specific CVD parameters used for the synthesis of VA-CNTs from premade nanoparticle catalysts.
Premade Catalyst Hydrocarbon Source Growth Temp. (°C) H, Con. (sccm) CNT Type Ref.
Fe304 nanoparticles Acetylene 750 400 Multiwalled Hoque et al. [24]
Co nanoparticles Ethanol 650, 700, 750, 800 3% Single walled, multiwalled Cui et al. [54]
CoFe,04, Fe304 nanoparticles Acetylene 750 4% Multiwalled Sato et al. [55]
Fe/Fe304 nanoparticles Methane 650 80 Multiwalled Baliyan et al. [56]
Fe304 nanoparticles Ethylene 800 Multiwalled Beard et al. [57]
AlFe;04, Fe304 nanoparticles Acetylene 750 210 Multiwalled Lee et al. [23]
Fe304 nanoparticles Acetylene 750 400 Multiwalled Alvarez et al. [22]
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Fig. 5. TEM images of VA-CNTs synthesized using the binary metal AlOy—Fe;03 nanorice on a SiO, substrate and corresponding diameter distributions. (A1, B1, C1)
TEM images and (A2, B2, C2) diameter distributions of the CNTs synthesized at 670, 720, and 750 °C, respectively.

suspect that the binary metal oxide catalyst undergoes phase separation
at high temperatures, with some aluminum oxide remaining on the
substrate and iron moving to the CNT tips. However, this behavior is
inconsistent with the fact that the CNTs appear to be connected to the
SiO4 substrate, as discussed vide infra.

Furthermore, SEM analysis of the bottom part of a CNT array was
performed after forcefully removing the CNTs using forceps. The high-
magnification SEM image (Fig. 7B) of the CNT array grown at 750 °C
reveals a surface with a completely different morphology than those
obtained by conventional base growth of CNTs. Raman spectroscopy
characterization of the surface after forceful removal of the CNT arrays
(Figs. S7C and D) confirm the presence of CNTs on SiO,. Both graphitic
and RBM peaks appear in the spectrum, which could indicate that the
CNTs are bonded to SiO; and the lingering CNTs were broken probably
at their defect sites. These observations suggest that during high-
temperature synthesis, carbon may react with SiO5 to form SiC, allow-
ing the formation of covalent bonds between the CNTs and SiO5 surface.

In addition to investigating the influence of growth temperature, the
effect of thermal reduction on the performance of the binary metal oxide
catalyst was studied by varying the hydrogen exposure time. To achieve
suitable growth conditions for high-yield CNT synthesis, catalyst parti-
cles must be reduced into their metallic form. Although the metallic
form is a well-known catalyst that is active for CNT growth, a few studies
have indicated that the metal oxide could act as a catalyst for single- and
multiwall CNTs [60,61]. Flowing H gas (400 sccm) for different lengths
of time (0, 3, 5, and 8 min) at 720 °C before introducing the carbon
precursor into the furnace, the lengths of the obtained CNTs were
compared based on the reduction times. SEM images of the VA-CNTs
obtained with different thermal annealing times are shown in Fig. S8.
Notably, shorter (83 pm) CNTs were synthesized with no thermal
reduction (0 min) (Fig. S8A). The reduction of the catalyst particles over
3 min produced the longest CNTs (254 pm, Fig. S8B), whereas a length of
246 pm was obtained with reduction times of 5 and 8 min. Raman
analysis was used to understand the effect of catalyst reduction on the

quality of the CNTs. The Raman spectra of the CNTs grown with
different catalyst reduction times are shown in Fig. S9. The CNTs grown
without catalyst reduction exhibit the poorest quality, as indicated by
the low intensity of the G peak (Fig. S9A). Irrespective of the reduction
time, all the CNTs grown following catalyst reduction exhibit similar
quality, with a higher G peak intensity.

4. Conclusions

The AlOx-Fep03 nanorice monolayer film, created using a wet-
chemical method, provides an effective approach for the synthesis of
VA-CNT on SiO; substrates without the need of additional AlyO3 catalyst
support layer. These premade binary metal oxide particles, which in-
cludes both Fe;O3 and AlOx, enabled the growth of VA-CNTs on bare
SiOq. The resulting CNT lengths are comparable to those grown on a
sputtered AlyOg thin film. The presence of AlOy in the nanorice should
prevents catalyst ripening on plain SiO; substrate, similar to the effect of
a 10 nm Al,O3 layer of sputtered substrates. The relative narrow dis-
tribution of binary metal oxide nanorice particles in the monolayer as-
sembly aids in the synthesis of about 200 pm VA-CNTs, a process that is
challenging with conventional drop casting or spin coating methods. By
adjusting the growth temperature during the CVD reaction, the struc-
tural features, such as diameter, length, and purity can be optimized.
Thermal reduction in with atomic hydrogen is crucial for converting of
Fe,03 to Fe, which enhances both the length and quality of the VA-CNTs.
These results suggest that the AlOy—Fe;O3 nanorice facilitates the syn-
thesis of VA-CNTs via tip growth. The wet-chemistry preparation of
these catalyst nanoparticles and their monolayer assembly on planar
substrates offers an inexpensive and scalable method for VA-CNT
synthesis.
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Fig. 6. TEM images of catalyst particles on the CNT tips. (A) Low-magnification and (B-D) higher magnification TEM images of catalyst particles on the tips of CNTs
grown using the binary metal AlOy—Fe;O3 nanorice on a SiO; substrate at 750 °C.

Fig. 7. SEM images of VA-CNTs grown at 750 °C. (A) SEM image of the side of the CNTs, (B) high-magnification SEM image of CNT tips with catalyst particles on top,
(C) SEM image showing both the side of the CNTs and the substrate surface after forcefully removing the CNTs, and (D) high-magnification SEM image of the
substrate surface showing randomly attached CNTs.
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