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Abstract

The single-stage floating catalyst chemical vapor deposition (SS-FCCVD) method using the ferrocene route

(e.g. ferrocene: catalyst and camphor: carbon source) offers significant but largely unexplored versatility for

the production of carbon nanotubes (CNTs). Our study used the SS-FCCVD method to grow vertically aligned
carbon nanotubes (VACNTs) on an alumina ceramic reactor surface at 850 °C under a nitrogen atmosphere. The
experimental setup included a camphor/ferrocene ratio of 20:1 and a specific temperature gradient of 21 °C/

cm. To minimize the catalyst agglomeration, we positioned the chemical sources at a distance of 15 cm from

the inlet of the CVD reactor. Alumina ceramic surfaces proved highly effective for VACNT production, showing
minimal agglomeration of iron particles, facilitating the formation of reactive sites essential for VACNT growth. The
VACNTSs grew readily on alumina ceramic surfaces, forming bundled, forest-like structures with segment lengths
up to 1.2 mm and diameters around 60 nm. When compared to conventional substrates, the surface area of

the reaction zone substrate increases by up to 705%, resulting in a significant boost in VACNT vyield. A detailed
evaluation of characterization results confirmed the growth mechanism and behavior of Fe particles such that
carbon-encapsulated particles are attached to the inner and outer surfaces of the CNTs. These VACNT surfaces
exhibited superhydrophobic properties, similar to the lotus leaf effect. The synthesized iron-dispersed CNTs exhibit
exceptional efficiency in Chromium (V1) removal, with an impressive adsorption capacity of 0.206 mmol/m?,
positioning them as a promising solution for effective water treatment. This scalable SS-FCCVD method using the
ferrocene route achieved the longest VACNTs reported to date.
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hydrophobic, Vertically aligned carbon nanotube, Chromium removal
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Introduction

Aligned carbon nanotubes are notable for their unique
property enhancements in various applications [1, 2].
The chemical vapor deposition (CVD) methods are
highly suitable for the production of vertically aligned
carbon nanotubes (VACNTs) due to their safety, easy
customization, and scalability. The CNTs and their vari-
ants are commonly fabricated by floating catalyst CVD
(FC-CVD), using ferrocene-derived Fe’ nanoparticles as
a catalyst and camphor [3-5], toluene [6, 7], or acetylene
[8, 9] as carbon sources i.e. ferrocene route. Two-stage
or higher CVD configurations are often used to produce
VACNTs, yet their adaptation in FC-CVD systems is sig-
nificantly hindered [10-12].

The morphology of VACNTs is strongly influenced by
the size of catalyst nanoparticles and their surface den-
sity (2.1 x 10" cm™) [13]. Notably, when the catalyst sur-
face roughness is below 15 nm, VACNTs tend to grow
with smaller diameters, which promotes vertical align-
ment due to van der Waals interactions between adjacent
nanotubes [14]. When the carbon precursor vaporizes in
the external zone, particle coalescence along the FC-CVD
tube leads to larger particles (>15 nm) [15]. Nearly 99%
of catalysts remain unutilized due to unsuitable particle
size (from Ostwald ripening and amorphous coatings)
and catalyst deposition on reactor walls, which reduces
active sites [16—18]. Typical double-stage CVD systems
yield CNTs only on limited substrate areas (e.g., 10 mm
x 10 mm) at the reaction zone, resulting in low yields
per operation [19].Floating catalysts reduce aggregation,
improving CNT uniformity, while supported catalysts
risk diffusion and agglomeration at high temperatures,
affecting CNT diameter and alignment. Metal precursors
decompose in situ, enhancing catalyst utilization and
yield. Also, camphor vapors condense on the connecting
tube, hindering their effective delivery to the furnace and
causing a significant amount of unreacted chemicals to
remain in the flask, ultimately reducing the CNT yield.

To address this challenge, the FC-CVD system needs
to be optimized to enhance the morphology and depo-
sition of catalyst particles. Kapoor et al. [20] synthesized
metal-filled CNTs using a modified single-step CVD
process with camphor as the carbon source and metal-
locene as the catalyst, growing VACNTs directly on a
quartz surface by integrating an external path for catalyst
delivery. However, a high catalyst-to-carbon ratio led to
iron agglomeration, reducing efficiency, while insufficient
carbon at critical temperatures limited CNT growth [20].
Osorio et al. [21] changed their single-stage CVD setup
by adding an extra quartz tube. The crucible was placed
partially inside the furnace, where ceramic nanopowders
(alumina, silica, and zirconia) were positioned, while the
ferrocene (used as the catalyst and C source) was kept
outside reactor chamber. The low yield with poor quality
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CNTs could be attributed to limited C supply. In another
study, the FC-CVD was modified with inlet ports to the
quartz tube to minimize side reactions from precursor
chemicals. However, the resulting CNTs were randomly
oriented with a low yield [22].

Lee et al. [18] were the first to highlight the significance
of the distance between the precursor chemical source
and the CVD reactor zone in CNT product quality with
improved yield via the ferrocene route. When precursor
chemicals in the ferrocene method were injected directly
at the inlet of the tube, iron particulates approximately
15 nm in size predominated, collecting on the surface of
a rotating rod [18]. However, further research is needed
to determine the optimal catalyst size, CVD configura-
tion, and how it could be adjusted by varying the distance
between the precursor source and the reactor zone.

However, the versatility of single-stage CVD sys-
tems for CNT production using the metallocene route
is often overlooked. Unlike multi-stage CVD setups,
single-stage systems allow for the direct introduction of
precursor chemicals into the reaction zone by position-
ing them near the tube inlet, using pre-mixed substrates
with precise ratios. The high thermal conductivity of the
tube material effectively controls the temperature gradi-
ent in the inlet zone, ensuring it is sufficient to vaporize
the chemical sources required for CNT production. The
vaporized precursor mixes smoothly with the continuous
carrier gas flow, ensuring a uniform feed into the reaction
zone. This setup allows for fine-tuning of the pathway
from the source to the CVD reaction zone, optimizing
conditions for high-yield CNT production. Utilizing the
reaction zone as the substrate facilitates a narrow diame-
ter of catalyst deposition. The high-density active catalyst
area is vital for facilitating increased carbon deposition,
which is crucial for attaining a high yield of VACNTs.

The activity and selectivity of supported catalysts for
growth CNTs are significantly influenced by several key
factors, including the type and structure of the support,
the preparation method, and the loading of active sites,
such as the percentage of iron. These elements play a cru-
cial role in determining the catalysts’ redox properties
and particle size [23]. The " metallocene route” in CVD
production of VACNTSs uses various substrates like sili-
con [24, 25], copper [26], and alumina ceramics [21, 27,
28], each requiring distinct configurations. Silicon and
copper need a specific crystallographic orientation [29]
or buffer layer [30, 31] to enhance VACNT growth, while
alumina ceramics, with their stronger interaction and
high surface area, prevent metal nanoparticle aggrega-
tion and facilitate VACNT formation [28, 32]. Alumina’s
chemical inertness also minimizes iron diffusion. Alu-
mina is commonly used in the construction material
of CVD components, such as tubes, due to its stabil-
ity under heat. In previous studies, most investigations



Sewwandi et al. BMC Chemistry (2025) 19:89

were conducted on separate flat surfaces and ignored the
role of CVD substrates. Stephanie et al. highlighted sev-
eral limitations of CNT growth on concave surfaces and
identified improved processes for growing CNTs on the
inner walls of full tubing [33]. Heated coils in the furnace
transfer heat directly to the inner wall substrate surface,
effectively deposition of catalyst and carbon source. This
approach ensures that the substrate uniformly reaches
the target temperature, creating a stable thermal environ-
ment crucial for the consistent growth of VACNTs. The
single-step CVD processing offers significant potential
for automation from the initial to the final stage product
without multiple steps such as precursor loading, sub-
strate coating, reaction monitoring, and product collec-
tion without any modification.

We optimized a single-stage FC-CVD system for
VACNT production on alumina ceramic surfaces in the
reaction zone using the ferrocene (catalyst) and camphor
(carbon source) route. The VACNTs produced were char-
acterized using scanning and transmission microscopy,
infrared and Raman spectroscopy, thermogravimetric
analysis and X-ray photon spectroscopy. Investigations
on CNT growth mechanisms show that environmental
factors significantly impact growth, with varying theories
on nanoparticle roles contributing to ongoing research.
The growth mechanism and behavior of Fe particles were
analyzed through a detailed evaluation of the character-
ization results, and VACNT hydrophobicity was assessed
through contact angle measurements. When CNTs are
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synthesized via the ferrocene route, additional function-
alization is unnecessary making them widely studied as
promising adsorbents for heavy metals. This synthesis
mechanism shows significant potential for cost-effective,
large-scale production of VACNTs via the metallocene
route in a simple CVD setup under controlled conditions.

Experimental

Materials

Analytical grade ferrocene, H,SO,, H,0,, K,Cr,O,,
NaNO,, methanol, and acetone were received from
Sigma Aldrich (USA). Camphor tablets were also
obtained from McSons Organics (Pvt) Ltd, Sri Lanka.
Non-thermally oxidized- Si (100) plates were donated by
Novena Tec (Sri Lanka). Cu (111) was purchased from
Lanka Brass (Pvt) Ltd, Sri Lanka.

VACNTs synthesis

A single-zone CVD furnace (tube: 75 mm ID and
1000 mm length, made of alumina ceramics) was used
to synthesize VACNTs (KJ-11400, Kejia, PR China). The
zonation of the temperatures in various segments of
the CVD reactor is shown in Fig. 1. Nitrogen (99.999%,
purity) was used as the carrier. Within the CVD the gas
flow rate was controlled at + 1.0 sccm resolution. The
middle zone of the heating coil generates a constant
temperature zone (Zone B) of 300 mm, maintained at
850+ 1 °C within the range of 35 to 65 cm [33]. A temper-
ature gradient naturally forms at the tube ends (Zones A
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Fig. 1 A schematic diagram of the single-zone furnace along with the synthesis of collector materials and b) thermal profile along the axis of CVD
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and C, Fig. 1-b). Therefore, the region between 35 cm and
65 cm is considered optimal for CNT growth [34]. The
nitrogen carrier gas flow was maintained at 400 cm®*STP/
min (sccm) from the initial step to ensure laminar flow
along the reactor’s coaxial axis [35]. Residence time,
controlled by adjusting the flow rate, plays a crucial role
in ensuring complete precursor pyrolysis and effective
interaction with catalyst sites, promoting uniform CNT
growth [36]. Longer residence times (~52s) facilitate
effective interaction between reactive species and the
more active catalyst sites on the alumina surface, result-
ing in uniform and high-quality CNT deposition.

Producing VACNTs using the standard CVD proce-
dure with a camphor/ferrocene system encountered
issues due to lab-specific conditions. In our setup, gas-
phase vapors from the camphor and ferrocene mixture
condensed inside the connecting copper tube (from the
round-bottom flask to the CVD furnace) due to tem-
perature differentials between the inner and outer tube
surfaces (Fig. 1-S). Insulating the tube did not resolve
the issue. This condensation prevented the vapors from
effectively reaching the furnace, resulting in a signifi-
cant amount of unreacted chemicals remaining in the
flask and, consequently, a reduced CNT yield. Given our
current limitation to a single-stage CVD setup, we posi-
tioned the chemical sources within the inner tube. We
adapted a simplified, reliable method to overcome these
condensation and vapor flow challenges. This adjustment
is the primary motivation for transitioning to a single-
stage floating catalyst CVD approach.

A mixture of camphor and ferrocene in a ratio of 20:1
was placed near the left end (15 cm) of the ceramic tube.
Then, the alumina ceramic boat was placed on the alu-
mina ceramic tube in the middle zone (Fig. 2-S). In a
typical experiment, the furnace was heated to the desired
temperature (850 °C) at a heating rate of 10 °C.min™"
while under atmospheric pressure, and N, (400 sccm)
was purged into the tube. We predominantly used an alu-
mina ceramic substrate to grow CNTs, however we also
tried Si (100) and Cu substrates. A comparison of the
materials thus resulted is given in support documenta-
tion. In that case, the Cu/ Si substrates were kept at the
center of the tube as shown in Fig. 1-a.

The formation of VACNTSs started on the surfaces at
850 °C and continued for 1 h with a steady flow rate of
high purity N, at 400 sccm. (Fig. 3-S). Further, the N, feed
was maintained until the reactor achieved ambient tem-
perature. The CNT products on the silicon wafer, copper
plate, ceramic boat, and inner wall of the tube were col-
lected, individually.

The ferrocene and camphor were pre-mixed in a
ceramic container to ensure homogeneity and then
placed in the CVD reactor’s pre-heat zone (Zone A).
This zone has a temperature gradient of 21 °C/cm and is
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situated 0 to 35 cm from the reactor zone (Zone B). The
mixture was maintained under a N, carrier flow. The
temperature profile inside the CVD reactor composed
of ferrocene, camphor, and their degradation products
under the N, flux stabilized within 90 min (Fig. 3-S). The
wettability of the substrates thus produced was deter-
mined by contact angle measurement using Image]J soft-
ware [37].

VACNTSs characterization

The carbon nanotubes (CNTs) thus collected from the
various substrates were examined by X-ray diffraction
spectrometer (XRD) at a scanning speed of 4° min~"
and 20 ranges from 10° to 60° (Rigaku Ultima IV Cu-Ka
radiation, A =0.154056 nm, Japan). Transmission electron
microscopy (TEM, JEM-1400flash, Japan) and scanning
electron microscopy (SEM, ZEISS EVO 40 SE detec-
tor, Germany) measurements were used to analyze the
morphology and microstructures of the VACNTs. The
materials’ functional groups and near-surface elemental
composition were investigated by X-ray photoelectron
spectroscopy (ESCALAB250Xi Thermo, USA). A Raman
spectrometer (Thermo Nicolet DXR, USA, A=780 nm)
was used to obtain the spectrums of the substrates.
The FTIR spectra were recorded in transmission mode
to characterize surface sites with an IR spectrometer
equipped with a DTGS detector (model iS50 Thermo
Scientific, USA). Thermal analysis of the sample was also
performed using DSC-TGA equipment (TA SDT 650).

Chromium(VI) adsorption

The Cr(VI) removal by 5.00+0.01 g/L. CNTs was deter-
mined using a simulated water sample with the com-
position: pH 5.00+0.01, 2. mg/L Cr(VI). Chromium
adsorption isotherm for CNTs was constructed at 298 K
using the following initial conditions; 1.0-10.0 mg/L,
CNTs 5.00+£0.01 g/L, pH 5.0+ 0.01. The 20 mL of chro-
mium and CNTs suspensions were equilibrated in 50 mL
centrifuge tubes using an end-to-end shaker (MS-RD-Pro
Rotor, HINO- TEK China). The particulate separation
from the solution was carried out using 0.22 um syringe
filters. The chromium was measured by using a UV spec-
trophotometer (Shimadzu 2450 UV-VIS) at a wavelength
of 540 nm. The chromium removal efficiency by CNTs
was determined as follows:undefined

Chromium removal Efficiency
_[Cr (VI)]initial— [Cr (V)] final

.
[Cr (VI)] initial X 100%

The chemical kinetics of chromium adsorption by CNTs
was examined using a 500 mL batch reactor containing
2.5 mg/L Cr(VI) and 5+£0.01 g/L CNTs at pH 5.20+0.01
in 0.01 M NaNOj; at 298 K. When VACNTSs are mixed
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with a solution, the bundles break apart into individual
CNTs, which are subsequently referred to as CNTs in
Sect. 3.5.2.

Result and discussion

Single-stage FC-CVD for VACNTs growth

We initially implemented a CVD system derived from
SSCVD that used an external heater to vaporize the
camphor (C source) and ferrocene (Fe catalyst). In this
process, CNTs were synthesized on the silicon (100) sub-
strate using camphor and ferrocene at 850 °C. The SEM
images reveal the morphology of randomly oriented
CNTs grown on the silicon substrate, with an average
diameter of approximately 80 nm (Fig. 4-S). The low yield
of nanotubes resulted in bent structures that grew in ran-
dom directions, lacking support from neighboring nano-
tubes. Thus, the bundles of CN'Ts formed to appear more
loosely packed and agglomerate with a “combed yarn”
structure. The high-magnification SEM image shows
denser agglomerates with a “bird’s nest” structure (Fig. 4.
b-S). The non-uniform evaporation of ferrocene and
camphor during the synthesis process led to less dense
CNTs with low carbon content, poor alignment, and ran-
dom orientation of the nanotubes. Since sufficient vapors
did not reach the tube and a surplus of mixed chemicals
remained in the flask after the process, the formation of
VACNTs could not be observed.

To mitigate this challenge, we employed a single-stage
floating catalyst chemical vapor deposition (SS-FCCVD)
system using ferrocene and camphor without an external
heater and an explicit growth substrate for VACN'Ts pro-
duction. In contrast to SS-FCCVD, double or multi-stage
(DS) ECCVD systems are commonly employed to fabri-
cate CNT variants. DS-FCCVD allows independent tem-
perature control for each oven [38], yet rapid temperature
gradients especially during substrate transfer from low to
high-temperature ovens may induce amorphous material
formation alongside the desired product. We posit that
SS-FCCVD exhibits higher temperature gradient hetero-
geneity than DS-FCCVD. Additionally, SS-FCCVD sys-
tems offer greater customization to specific requirements
compared to their DS counterparts (Table 1-S).

Further, SS-FCCVD offers significant advantages, one
of the key benefits is the simplified setup, which requires
fewer resources and operational steps. Unlike double-
stage systems, SS-FCCVD eliminates the need for addi-
tional setup and complex catalyst pre-deposition steps.
SS-FCCVD also ensures consistent temperature and gas
flow conditions, optimizing the growth environment
for VACNTs and resulting in faster growth rates and
enhanced uniformity. The direct introduction of precur-
sor chemicals into the reaction zone allows for better
catalyst efficiency and more uniform distribution, lead-
ing to higher-quality CNTs with consistent alignment
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and diameter. Moreover, SS-FCCVD reduces energy con-
sumption by maintaining a more uniform thermal profile
and optimizing the use of chemical sources, which con-
trasts with double-stage CVD that requires more energy
to control multiple reaction zones. Additionally, the sin-
gle-stage process allows for direct CN'T growth onto sub-
strates, eliminating the need for pre-deposited catalysts
and making it a more scalable and efficient method for
large-area production.

In SS-FCCVD, distinct zones such pyrosis, nucleation
and reaction zones play a crucial role in ensuring the
efficient catalyst activation, carbon feedstock decom-
position, and VACNTs formation, respectively (Fig. 2).
Both the pyrosis and nucleation zones are interpreted
in Fig. 1 as Zone A. The shorter flow paths for catalyst
transfer to the reactor zone (Zone B) result in more effi-
cient reactant throughput. Typically, the particle diam-
eter is increased along the CVD tube due to the collision
and coalescence [15]. Controlling the nucleation zone in
a CVD process reduces the size of Fe particle, a shorter
distance minimizes the time particles have to aggregate,
leading to finer particles with less opportunity for coales-
cence (Fig. 2). It is crucial, however, to maintain steady-
state temperature in zones for the success of the method
(Fig. 1. a).

Both ferrocene and camphor possess comparable boil-
ing and melting points (ferrocene melting point, MP, 174
°C, boiling point, BP, 249 °C; camphor MP, 180 °C, BP,
204 °C), therefore they can form a homogeneous gas-
eous mixture at camphor /ferrocene ratio 20:1 around
850 °C. Due to the difference in heat of vaporization
(AH,) (ferrocene, AH, 74+3 kJ/mol; camphor AH, 51.9 +
0.8 kJ/mol) and camphor/ferrocene ratio 20:1, camphor
is dominant in the gaseous phase [39]. To optimize the
precursor placement along the CVD tube effectively, it is
crucial to understand the thermal decomposition behav-
ior of ferrocene, which predominantly occurs at tempera-
tures exceeding 500 °C, resulting in the formation of Fe
atoms [40]. By positioning the precursor 15 cm from the
inlet (pyrolysis zone), within the operational temperature
range of 400 °C to 600 °C, the precursor is subjected to
a sufficiently high-temperature gas flow that enhances its
decomposition and subsequent transition to catalyst par-
ticles (Fig. 2). This strategic placement not only ensures
effective exposure to optimal thermal conditions but also
facilitates the formation of catalyst particles within the
narrow size distribution, which is critical for catalytic
efficiency [18]. Furthermore, this configuration allows for
a dynamic adjustment of precursor positioning based on
real-time monitoring of particle characteristics, leading
to improved catalytic activity and product quality.

The structural properties of the reaction zone, such as
its curvature and area, play a vital role in enhancing the
quality and high-density growth of VACNTs. The precise
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Fig. 2 Schematic of the Single-Stage Floating Catalyst CVD (SS-FCCVD) system for VACNTSs synthesis, and illustrating the role of each zone

temperature control within the reaction zone, along with
the expanded active substrate area up to 705% (with a
diameter of 75 mm and a length of 300 mm), improves
the effective deposition of tiny iron particles with high
density. (Fig. 2) This enhancement increases the number
of active catalyst sites and facilitates the steady produc-
tion of high-quality VACNTs. As the VACNT forest grew
perpendicular to the concave substrate, the decreas-
ing circumference constrained the available space. As
a result, the increased circumferential compression
caused the CNT ends to press against each other, pro-
moting high-density CNT growth on concave surfaces
[33]. However, using the inner walls of the CVD tube as
a concave substrate is a notable novelty of this work. Our
results indicate that inner wall of alumina ceramic sur-
faces, unlike silicon (Si) or copper (Cu), can be directly
used as substrates for large-scale VACNT production
without any modifications.

Alumina ceramics morphology for VACNT growth

The yield and quality of VACNTs are determined by both
the composition and morphology of the solid substrate
used, as well as the CVD configuration, with both fac-
tors being equally important [41] (Table 2-S). Mosallane-
jad et al. [23] discussed the surface chemical properties

of alumina, noting that the positively charged surface of
alumina (the point of zero charge;7 to 9) assistances in
minimizing agglomeration by enhancing electrostatic
repulsive forces and reducing the size of catalyst clusters.
Alumina-supported iron oxide catalysts exhibit stron-
ger interactions between the iron species and the sup-
port, leading to more stable configurations and higher
coordination environments [42]. In contrast, silica-sup-
ported iron oxide formed larger surface particles due to
weaker interactions with the support, which influenced
the adsorption behavior of molecules such as NO [23].
Microscopy images revealed that the catalyst particles
are nearly spherical with a relatively small diameter on
alumina surface. Also, iron dispersion on alumina was
significantly better compared to silica, as indicated by
CO-chemisorption measurements showing a disper-
sion of 6.2% on alumina versus only 1.95% on silica [23].
(Fig. 3) This higher availability of active sites on the iron
surface has also led to higher carbon deposition [43].
Although, surface roughness also plays a pivotal role
in suppressing the diffusion and coalescence of catalyst
particles, a key factor in facilitating the growth of aligned
CNTs. In terms of roughness, commonly used substrates
for CNT growth can be graded as follows: Si (atomically
smooth, such as polished wafers) <SiO, (low roughness,
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Fig. 3 Surface chemical properties of alumina, SiO, and silica surface for Fe particle distribution and growth of different morphology of CNTs

higher than silicon) < Al,O; (typically rough, with surface
roughness ranging from 1 to 10 nm). However, Cao et
al. observed that while aligned CNTs grew on SiO, sub-
strates, both excessively high surface roughness (rough
polycrystalline ceramic substrates) [28] and low surface
roughness (Silicon (111) plate) [44] resulted in randomly
oriented CNTs. Interestingly, breaking a Si (111) wafer
creates a rough cross-section, which enhances surface
roughness and accelerates the growth of aligned CNTs.
Regardless of the oxidation process, the degree of rough-
ness effectively prevents catalyst particle diffusion and
unification [44]. Therefore, controlled surface roughness
is a critical parameter for achieving aligned CNT archi-
tectures. These chemical and physical properties make

ALO; an ideal substrate for promoting the growth of
VACNTs. (Fig. 3)

Table 1 shows the yield of CNT produced on different
ceramic substrates by FC-CVD using different C sources
in the presence of ferrocene catalysts. However, the pre-
cursor mass introduction methods into the synthesis
chamber and the configurations of the CVD differ which
seem to affect the CN'T quality and yield.

The SS-FCCVD method allows to generation of small
iron particles in the gas phase before deposition, enhanc-
ing control over their final characteristics (Fig. 2). Simul-
taneously, carbon precursors decompose on these
well-dispersed catalytic nano-Fe particles within the
non-catalytic ALLO; matrix, promoting the formation of
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Table 1 The different morphology of CNTs on different ceramics
substrates in the ferrocene catalyst FC-CVD system is shown

CSource Substrate CVD Growth Limitation  Source

system Rate

Melamine Polycrys-  Three 1.66 um/  Randomly Cao
talline stage CVD  min oriented etal.
ceramic CNTs 2007
wafers (60 min) 28]

Camphor Ceramics  Double 30um/  VACNTs Braga

dissolved plate stage CVD  min L:0.3 mm etal.

in hexane (10 min) 2020

[27]

Ferrocene Ceramic  Single (No data) Randomly Osorio
powders  stage oriented etal.
(alumina/  (Extra CNTs 2013
silica/ equip- [21]
zirconia) ment)

Camphor Alumina  Single 20um/  VACNTs This
ceramic stage min L:1.2mm work
boat

Camphor Alumina  Single 16 um/  VACNTs This
ceramic stage min L:1.0mm work
tube

well-aligned CNT arrays. The alignment of CNTs is a
result of the “crowding effect” and van der Waals interac-
tions, where each CNT finds support from its neighbor-
ing counterparts, contributing to the overall well-aligned
structure [45]. In addition to using a solid growth mate-
rial externally, the surfaces of the reactants’ containers
such as alumina ceramic tubes or ceramic boats were
also utilized as growth substrates. In our process, CNT
growth was observed on alumina ceramic segments of
the SS-FCCVD, distinguishing it from other studies. In
contrast, CNTs tend to grow in random directions on
larger iron particles deposited on the smooth silicon sur-
face, consistent with the findings of Cao et al. (Fig. 5-S).

Inside the inner walls of the ceramic tubes (inner diam-
eter 7.5 cm and 100 cm long), CNT tubes of 1.0 mm and
50 nm diameter are grown orderly. Due to a flow perpen-
dicular to the face surface of the ceramic boat, VACNTSs
grow about 1.2 mm with a dimension of 60 nm. Com-
pared to these results our method resulted FC-CVD with
the highest CNT length so far reported (e.g., 1.2 mm on
the boat with a growth rate of 20 um/min). This experi-
ment produced approximately 10 g of the VACNTs with
low impurities, employing 17 g of camphor as the carbon
feedstock (productivity ~60%). A brittle carpet of amor-
phous and graphitic carbon structures was observed on
a copper substrate (Fig. 6-S). Research indicates that the
addition of catalyst supply layers is critical for the suc-
cessful deposition of CNTs on copper plates [46]. Bare
copper, without a barrier layer, is generally incapable of
supporting nanotube growth. This limitation may stem
from the atomic diffusion of the catalyst into the copper
substrate, leading to insufficient catalyst availability for
CNT formation.
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VACNTSs characterization

SEM and TEM images of the side and surface of a
VACNTs array are shown in Fig. 4. When initiating CNT
formation, the growth of the tube tends to continue in
the same direction and is reinforced by the presence of
surrounding nanotubes (Fig. 4. a). In both occasions, the
CNTs are well aligned and smooth with consistent hol-
low structures and are self-assembled into bundle-like
structures. Due to van der Waals interactions, the nano-
tubes are orderly packed.

Additionally, the TEM images reveal instances of
bridged tube walls filled with carbon-encapsulated
Fe particles in the growing process. (Fig. 4. b, ¢, and
d). In the latter case, ~5 graphitic layers’ surround
Fe moieties (Fig. 4.d). As in Fig. 7-S, the Fe particu-
lates possess cylindrical and spherical shapes (Dark
nanoparticles). Additionally, the inner channels of
multi wall CNTs are typically hollow or mostly empty.
When these Fe moieties are covered with graphitic
structures, their catalytic activity seems reduced and
protects the metal core from oxidization or other reac-
tions [10]. Further, the C-coated Fe particulates are
heavier than their bare analogs. Therefore, bare Fe
seems to cluster in the gas phase whereas graphitic
structures coated Fe tend to deposit on the growth
surface. The surface-adhered graphitic structures on
Fe may loosen to nucleate CNT. But, these findings
are in contrast with the previous studies [10]. Based
on our characterization results, it was concluded that
carbon-encapsulated particles in the gas phase can
directly attach to both the inner and outer surfaces of
the CNTs. When deposited on the inner surface, addi-
tional carbon layers grow, covering these encapsulated
particles. (Fig. 4. )

The crystallographic features of VACNTs can be
confirmed with TEM, XRD, and Raman data. The dis-
tinct XRD peaks at 20=26.2° (d=3.40 A) and 20=44.2°
(d=2.05 A) correspond to the graphitic structures can
be assigned as to (002) and (100) planes, respectively.
As shown in TEM and XRD data, the VACNT has a
layer distance of ~0.35 nm (Fig. 5. a). The highest crystal
dimensions of 6.44 nm and d,, of VACNTs grown on the
inner wall were estimated according to the Debye-Scher-
rer method and Bragg’s equation. As shown by narrow
peaks, well-crystalline CNT substrates were obtained
[47] (Fig. 5. a). These results reveal that the crystalline
graphitic sheets are parallel to the tube axis and well-
aligned. Thus, the inner diameter of CNTs is around
10 nm and consists of ~15 layers of concentric graphitic
sheets. (Fig. 5).

A detailed analysis of the 20 range from 35° to 55°
reveals several distinct peaks corresponding to various
forms of iron. (Fig. 5. a) However, the lower intensity
peaks at the XRD spectrum for iron species confirm that
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Fig. 4 Images of VACNTs on the ceramic surface. (a) SEM images of oriented long VACNTs array bundles 1 mm in length. Inset is the enlarged image.
(b) TEM images of individual straight VACNTs with the iron nanoparticle. The direction of growing paths slightly changes due to the iron particles. (c) An
individual nanotube with graphitic carbon layers (~5 layers) and a diameter of the iron particle is ~17 nm in the nanotube. The inner diameter of CNTs
is around 10 nm and d) TEM image of a carbon-encapsulated iron core with ~ 15 graphitic layers in the nanotube (VACNT can also be designated as

VA-MWCNT)

these CNTs contain a lower concentration of iron parti-
cles compared to those produced by other methods, even
when ferrocene is used as the catalyst in FC-CVD [48].
At elevated temperatures ranging from 700 to 900 °C,
iron readily reacts with carbon to produce iron carbide
(Fe;C). This process is driven by the high carbon avail-
ability and the thermal conditions in the reaction zone.
The presence of an XRD peak at 26 =37.9° indicates the
formation of Fe;C. This Fe;C phase frequently serves as
a catalyst, facilitating the ongoing decomposition of car-
bon precursors, which in turn promotes the growth of
CNTs and the encapsulation of iron particles. The peak
at 20=45.2° confirms the presence of bare metallic iron
(zero-valent iron) on the CNTs. Additionally, the peaks
at 20 =35.6° and 53.5° indicate the presence of iron oxide,
primarily formed due to oxygen exposure from release
from camphor and the ambient air at room temperature
[49].

The small presence of certain defects, such as kinks,
twists, or breaks can also be observed as distortions
of the lattice pattern. The graphitic G mode (tangential

mode, E2g band) and the second-order double-resonance
2D peak, arising from the double-resonance mechanism,
are observed at 1581 cm™ and 2651 cm™, respectively.
The disordered structure-related D peak (breathing
mode, Alg band) is observed at 1315 cm™}, corresponding
to CVD-synthesized VACNTs [50]. Upon further analy-
sis of our Raman spectra, a hematite peak was observed
in the lower range (200-800 cm™).(Fig. 5.b) In geologi-
cal sample analysis, the mineral fingerprint region (200—
800 cm™) is typically used to identify metal oxides and
other inorganic compounds, while the carbon first-order
region (800-1800 cm™) is used to study carbon-based
materials [51].The hematite-associated peaks observed
in our analysis include those at ~185 cm™ (Fe,Os) [52],
~231 cm™ (a-Fe,Os) [53], ~288 cm™ (associated with
nanosizing effects on hematite lattice and magnon
modes) [54], ~392 cm™ (a-FeOOH) [55], ~494 cm™ and
~609 cm™ (a-Fe,0s) [53], and ~720 cm™ (y-Fe,O;) [55]
(Fig. 5.b).

Typically, both the relative magnitudes of (Ip/Ig)
and (Ip/I;p) ratios can be used to assess the degree
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of defect or disorder of the nanotubes. The (Ip/Ig)
and (Ip/Izp) values of the VACNTSs are 0.81 and 0.83
respectively. The high-intensity 2D band indicates highly
organized nano graphite with few graphene sheets or low
defect density 3D structures [56]. However, these defects
can be functionalized in the presence of adventitious O,
resulting in hydrophilic groups as -C-OH, -C=0, and
-COOH [57, 58]. Notably, the hematite peak appears
within the 1315-1350 ¢cm™ range, which overlaps with
the carbon D-band. Even Raman spectrometer vendors
have occasionally misidentified hematite as carbon. This
overlap is attributed to the odd symmetry IR-active pho-
non of hematite, which can easily be misidentified as the
D-band of carbon [50]. This spectral overlap complicates
accurate phase identification, especially when iron oxides
are present with carbonaceous materials, potentially
leading to the erroneous conclusion of a higher defect
density in carbon structures.

FTIR and XPS spectrums further confirm the presence
of functional groups in VACNTs (Fig. 5). The bands at
3446 cm™!, 1726 cm™!, and 1650 cm™! can be assigned
to symmetrical stretching vibration mode of O-H groups
[59], stretching of carboxyl group C=0 [60]and carbon-
carbon double bond [61], respectively. Thus, the peaks
at 2941, 2856 cm™ !, and 1381 cm™! were a result of C-H
bonds [62]. The FTIR bands at 1106 cm™! and 672 cm™!
are due to C-O-C carbonyl group [63] and—OH bending.
The band at 550 cm™, attributed to the Fe-O stretching
vibration, also confirms the formation of iron particles on
CNTs, as evidenced by FTIR data [64].

The XPS survey spectrum shows characteristic bands
appear at Cls (284.8 eV), Ols (532.6 eV), and Fe 2p
(707.5 eV). The Ols band deconvoluted into 530.1 eV,
530.7 eV, 531.6 €V, 532.6 eV, 533.3 eV, 533.9 eV, and
534.4 eV peaks (Fig. 5.e) [56]. The spectrum of physi-
cally absorbed O1 (O-VACNT) shows some inten-
sity at the corresponding Binding energy (BE) of O1
(530.7 eV) [65]. The peaks 531.6 €V, 532.6 €V, 533.3 eV,
534.4 eV, and 533.9 eV show the presence of the C=0,
O-H, and C-O, C-O-C, and -COOH functional groups
on VACNT, respectively [66, 67]. As in Fig. 5.f, the Cls
deconvoluted into peaks correspond to sp? C (284.7 eV),
C-C (285.3 eV), C-OH (285.6 ¢V), and 7 -7 * interac-
tions (291.0 eV). With a continuous supply of ferrocene,
Fe® particles accumulate on the outer walls of VACNTs
following growth. These iron particles can eventually
oxidize into Fe,O; when exposed to air. The peak at BE
(530.1 eV) corresponds to oxygen-metal (O-Fe) bonds
(Fig. 5.d) [68]. Detecting Fe-C bonds in XPS is challeng-
ing due to overlapping peaks, surface sensitivity, low
bond concentration, and the less polar nature of Fe-C
bonds, which result in weak or indistinguishable signals.
As a result, direct observation of Fe-C bonding via XPS is
often difficult.
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The overall characterization results showed that differ-
ent key reactions of ferrocene occur at high temperature
in a SS-FCCVD system. Decomposition of Ferrocene:
Fe(C;H;), — Fe+ C;H; +H,.

High-Temperature Reactions: Fe+C — Fe;C (iron
carbide).

Fe+ O, — Fe,0; (iron oxide).

Encapsulation: Fe or Fe;C+C — Carbon-encapsu-
lated Fe or Fe;C.

As iron is released from ferrocene, Fe particles rapidly
flow through the CVD tube and quickly enter the reac-
tion zone. In the high-temperature zone, these Fe par-
ticles react with carbon to form Fe;C and with oxygen
to form Fe,O;. In a controlled SS-FCCVD environment,
oxygen levels are carefully kept low to prevent significant
oxidation.

TEM-EDX mapping analysis of the synthesized CNTs
(Fig. 6) revealed the random deposition of low iron par-
ticles and oxygen concentrations along the CNTs. Spe-
cifically, in the regions of carbon-encapsulated Fe and
the inner core of Fe (circular areas 1, 2, and 3 in Fig. 6A),
the low oxygen content indicates minimal oxidation.
Once deposited on the substrate or present in the gas
phase, Fe;C or Fe° particles promote the breakdown of
carbon sources, leading to the continuous deposition of
carbon and the formation of CNTs or carbon-encapsu-
lated iron. Over time potentially encapsulating the Fe;C
core is deposited on both the inner and outer surfaces.
This process is confirmed by the TEM and TGA analysis
shown in Figs. 6A and 7. Despite the presence of carbon-
encapsulated Fe or randomly distributed atoms along the
tube, they do not seem to contribute to CNT growth or
the formation of amorphous carbon.

The thermogravimetric behavior of VACNTs was
investigated under oxidative conditions by heating the
samples to 1000 °C at a rate of 10 °C/min in air (Fig. 7).
The TGA curves revealed two distinct weight loss
regimes, accompanied by residual metal oxide forma-
tion. An initial minor mass loss (~1.301%) was observed
between 100-450 °C, attributed to the decomposition of
oxygenated functional groups (e.g., carboxyl, hydroxyl)
and lower level of amorphous carbon [69, 70]. CNTs
containing iron exhibited significantly reduced thermal
stability, with oxidation starting at 454 °C, whereas pure
CNTs began to degrade at approximately 550 °C [71].
This destabilization is likely due to the catalytic role of
iron oxide nanoparticles, which enhance localized heat
transfer and accelerate carbon oxidation [70]. After
combustion of CNT walls exposed to air (450-634 °C),
followed by the degradation of carbon-encapsulated car-
bon structures (553-650 °C). The oxidation of residual
iron nanoparticles from carbon-encapsulated carbon
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Fig. 6 (A) TEM images and (B) Carbon, (C) Iron and (D) Oxygen energy-dispersive X-ray spectroscopy (EDX) spectrum of VACNTs

structures (Fe or Fe;C) to Fe,O3/Fe;O, is demonstrated by
the overlap of degradation stages around 600 °C [71]. The
temperature fluctuations highlighted that the dynamic
interplay of adsorption energy and oxidation kinetics,

showcasing the transition from metallic iron or iron car-
bide to iron oxides as the dominant phase. The weight
loss % after 700 °C suggested that the completion loss of
carbon leaving only metal oxides. The low residual mass
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of 4.986% was observed, corresponding to iron nanopar-
ticles embedded within the VACNT matrix, confirming
a high carbon purity of approximately 95% for the syn-
thesized VACNTs [71]. These results align with the high-
quality graphitic structure observed in TEM and Raman
analyses, as well as the data presented in Figs. 4 and 5.b.

Growth mechanism of VACNTs

In SS-FCCVD, with a short 20 cm distance between
pyrolysis and reaction zones(nucleation zone), high Fe
vapor density enriches the reaction zone with small Fe
particulates [72, 73]. Fe atoms nucleate into clusters
(4-18 nm) in the gas phase [10], and carbon encapsula-
tion occurs when reaching~10 nm. Larger Fe;C clus-
ters (>17 nm) impede carbon encapsulation, influenced
by system conditions [10] (Fig. 4. b). In the reactor zone,
catalyst particles densely intercalate in the range of 20
to 35 nm, settling uniformly on the alumina surface and
different collectors. Low laminar flow velocity near inter-
nal surfaces prolongs residence times, enhancing iron
vapor condensation and forming clusters on the reac-
tor wall. Alumina ceramics act as heterogeneous sites,
lowering agglomeration, and promoting CNT forma-
tion [74]. Beyond the reaction zone (zone C), decreasing
temperature halts Fe evaporation, maintaining constant
mass density in the vapor phase, leading to reduced CNT
growth in region C. At 850 °C, camphor predominantly
degrades into benzene, with trace amounts of naphtha-
lene and phenanthrene forming [75, 76]. Benzene serves
as a building block for CNTs by interacting with the cata-
lyst without breaking down into atomic carbon, result-
ing in more curved or hunched CNT structures [75-77].
Polyaromatic hydrocarbons (PAHs) arise through ben-
zene ring fusion and potentially react with gaseous
Fe clusters. Naphthalene-like PAHs, forming a penta-
gon ring structure through dehydrogenation, are not a
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dominant route for CNT formation [78, 79] (Fig. 8). TEM
images of our results confirmed low atomic carbon levels
with minimal impurities and revealed the bridged walls
of CNTs, characteristic of benzene derivatives. Conse-
quently, the inner carbon layers show slight curvatures,
and the tubes themselves are also curved. Fully covered
graphitic layers can deactivate iron, affecting its interac-
tion with the tube surface during CNT growth through
heterogeneous pathways [10, 80]. Carbon-encapsulated
iron particles facilitate CNT growth influenced by inter-
facial energy and contact angle [81].

Further, ferrocene decomposition increases to gener-
ate high iron vapor density of the nucleation sites forcing
to grow the CNTs upward due to the “crowding effect”.
In the floating catalyst process, the catalyst moves con-
tinuously with the carbon source, while its morphology
is shaped by growth parameters such as flow rate, tem-
perature, and CVD geometry [17]. These conditions drive
its self-assembly and influence CNT growth, rather than
relying on direct substrate deposition. In contrast, the
supported catalyst method allows for more precise con-
trol during the initial deposition step, ensuring uniform
distribution based on specific requirements [82]. How-
ever, the growth mechanism, whether base or tip growth,
in both supported and floating catalyst methods is pri-
marily influenced by key factors such as catalyst-substrate
interactions (wettability and adhesion) and catalyst size
[83-85]. In this SS-FCCVD system, the characterization
data confirm that iron particles are distributed along the
tube, with carbon-encapsulated iron or bare iron trapped
inside the tube without disrupting its growth. However,
TEM data confirmed the base growth model for CNT
growth with an open-ended tube structure (Fig. 7-S).

Furthermore, iron particles are chemically stable in the
total SS-FCCVD process time. As a result, small dimen-
sions of iron particles effectively lead to the growth of
very dense carbon nanotube arrays in the ceramic tube’s
high-temperature region. Encapsulated and bare Fe is
deposited on the outer surface during the parallel growth
process of CNTs. Reducing the secondary condensation
reaction rate decreases the formation of PAHs. More-
over, the abundance of benzene is increased. As a result,
it increases mobility and the ability to bend and interact
with iron particles to grow VACNTs.

Although VACNTs grown on the reactor’s inner walls
can be effectively collected using a handmade scraper
tool (Fig. 8-S). Additional optimization was achieved
by using ceramic plates as substrates and testing dif-
ferent camphor/ferrocene ratios (20:1 and 15:2). These
plates, cut into 4x4 cm® sections, were positioned per-
pendicular to the gas flow. By systematically varying the
carbon source ratio, this study investigated the influence
of camphor and ferrocene proportions on the growth
and properties of VACNTs. A comparative analysis of
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CNT quality, yield, and length revealed that utilizing the
reactor’s inner walls as a substrate resulted in more effi-
cient VACNT growth due to the uniform deposition of
high-density catalysts (Fig. 9-S). Furthermore, optimiz-
ing substrate structural properties by adjusting CVD
system such as tube diameter and reaction zone’s area in
SS-FCCVD systems is essential for enhancing the quality
and yield of VACNT growth. Notably, these nanotubes

on ceramic plate hold potential as bulk VACNT mem-
branes for water purification.

Encapsulated catalysts with graphitic carbon offer ener-
getic advantages and enhance iron properties, including
hardness, corrosion resistance, magnetic properties, and
electrical conductivity [20, 86]. Iron oxide-coated CNTs
exhibit outstanding adsorption capacities for heavy met-
als, including chromium (Cr), lead (Pb), and zinc (Zn)
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[87]. These CNTs are highly effective for direct water
purification without requiring additional modifications.

Application of VACNTs

Super hydrophobic properties

The molecular mechanisms governing the manifesta-
tion of super hydrophobicity remain unresolved yet. This
property is often characterized by dual surface rough-
ness and low surface energy, assessed through contact
angle (CA) measurements (superhydrophobic surface:
CA>150° and roll-off angle<10°). Various fabrication
methods, such as bundling nanotubes into micro-scale
pillars or regrowth, have been employed to achieve dual
roughness [88, 89]. Babu et al. [90] demonstrated that
freshly prepared VACNTs exhibited hydrophobicity with
a contact angle of 110°~120°, while the regrowth process
increased it to around 142°. Figure 9.d illustrates the con-
tact angles of CNTs grown on silicon (Si) and alumina
ceramic substrates at a carbon source loading of 17 g
with a fixed camphor/ferrocene ratio of 20:1. As shown
in Fig. 9, this VACNT surface shows lotus-leaf-like super-
hydrophobic topography [91].

The micro-patterns in VACNTs bundles create a
micro-scale of roughness while the individual nanotubes
contribute to the nano-scale roughness. (Fig. 9.a and
e). The dual roughness creates a hierarchical structure
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composed of micro- and nanoscale features [92]. This
structure traps a layer of air between water droplets
and the surface, preventing direct contact and causing
water to roll off the surface. This is a self-cleaning behav-
ior of contaminants known as the Lotus effect [93, 94].
Nanotube orientation significantly influences surface
roughness, analyzed using Image] with the y-axis indi-
cating Gray Value (roughness) and the x-axis represent-
ing lateral tube distribution (Fig. 9.c and f). A uniform
CNT distribution on alumina ceramic (Fig. 9.f) leads to
homogeneous fluctuations in the y-scale with high sur-
face roughness. High surface roughness correlates with
low surface energy, which enhances water repellency
and imparts superhydrophobic properties to the surface.
On silicon plates, non-uniform CNT growth results in
cluster formation and lower roughness. Adjusting the
weight of camphor has been shown to improve superhy-
drophobicity, as demonstrated in Fig. 10-S. The inherent
hydrophobicity of CNTs also contributes to their strong
oleophilic properties, enabling effective oil removal [95].
This single synthesis method allows for the production of
carbon nanotubes with varying morphologies, tailored
for specific oil-water separation requirements.

Our study highlights the impact of CNTs orientation
on collector surfaces, enabling the synthesis of diverse
CNT surface morphologies by adjusting experimental
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parameters. This exploration of various nanostructures
optimizes superhydrophobicity, extending applications
from oil removal, and self-cleaning to coatings with
improved water repellency and other desired properties
[96, 97].

Chromium(VI) adsorption

The Fe/CNT composite, with a point of zero charge
(pHzpc) at approximately 5.0, promotes strong interac-
tions with HCrO,~ ions in aqueous media [98]. This is
particularly effective at pH 6, where chemical speciation
analysis confirms HCrO,™ as the dominant chromium
species [99]. As shown in Fig. 10. b, Cr(VI) adsorption
onto CNTs within the pH range of 5-6 aligns with the
Langmuir isotherm model and follows pseudo-second-
order kinetics. These findings underscore the composite’s
exceptional efficiency and high adsorption capacity for
Cr(VI) removal, positioning it as a promising material for
water treatment applications.

Figure 10.a illustrates our hypothesis that hydroxyl-
ation occurs on the outer surface of CNTs, facilitated by
iron centers and other surface features such as defects,
kinks, and steps. Iron particulates within the CN'Ts may
also contribute to localized hydroxyl group formation at
the proximal outer sites of the CNTs. Consequently, the
surface sites on the CNTs are predominantly heteroge-
neous but may contain localized homogeneous “islands”
that enhance Cr(VI) adsorption, in agreement with the
Langmuir model [100]. However, due to the limitations
of the current data, more detailed measurements are nec-
essary to fully characterize these reactive sites. Our pre-
liminary data suggest that maximum Cr(VI) adsorption
occurs at 0.0481 mM, 66.73 mM/m?, and pH 5.0.

Despite having a relatively low BET surface area of
62.438 m®/g, Fe/CNTs demonstrate an exceptionally high

Cr(VI) adsorption capacity of 0.206 mmol/m?. This per-
formance can be attributed to a synergistic combination
of structural, electronic, and mechanistic factors that
enhance adsorption efficiency beyond the conventional
surface-area-dependent physisorption (Table 3-S). With
a mean pore diameter of 8.84 nm and a low total pore
volume of 0.138 cc/g, the CNTs exhibit limited poros-
ity. Nevertheless, Cr(VI) adsorption on CNTs follows the
Langmuir model, with a surface coverage of 0.828 pumol/
m?, as shown in Fig. 10.b.

During SS-FCCVD synthesis, iron from ferrocene is
directly integrated into the CNT lattice or anchored as
nanoparticles on its surface (Fig. 6). This in-situ inte-
gration process facilitates the formation of strong Fe—C
covalent bonds, stabilizing smaller Fe nanoparticles
(~1-5 nm) within the carbon matrix and preventing
agglomeration (Fig. 6.C). As a result, Fe species includ-
ing elemental Fe, Fe;O,, and FeOOH are uniformly dis-
persed within or on the CNT structure. This method also
improves the thermal and chemical stability of the mate-
rial, as the Fe nanoparticles become structurally locked
within the carbon framework during high-temperature
growth (850 °C).

In contrast, post-synthesis functionalization methods
such as wet impregnation typically result in larger Fe par-
ticles (>20 nm) with weaker adhesion to the CNT sur-
face and a higher tendency for agglomeration. However,
the well-dispersed and stabilized Fe active centers in our
synthesis play a crucial role in detoxifying pollutants by
providing more reactive adsorption sites per unit area
compared to oxidized CNTs or FeOOH, thus increas-
ing efficiency [101]. Furthermore, chemical binding and
redox reactions significantly contribute to the adsorp-
tion process, with Fe species facilitating the reduction of
Cr(VI) to Cr(III), which is more readily adsorbed, thereby
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further enhancing the overall adsorption capacity [102,
103]. To fully explore the potential of these materi-
als, future research will employ advanced characteriza-
tion techniques to assess their structural, chemical, and
functional properties, which contribute to improving the
adsorption capacity.

Conclusions

We employed a single-stage floating catalyst chemical
vapor deposition (SS-FCCVD) method to synthesize
vertically aligned carbon nanotubes (VACNTSs) using
camphor and ferrocene precursors without an external
growth substrate. Fe is released from ferrocene and trans-
forms into various low-coalescence species, facilitating
smoother integration into surrounding structures. The
use of alumina surface in the CVD reactor significantly
enhanced VACNT growth, achieving record lengths. This
cost-effective and scalable method offers mass produc-
tion of high-quality VACNTs. The super hydrophobicity
of VACNT surfaces can be tailored by adjusting precur-
sor composition. With an impressive adsorption capacity
of 0.206 mmol/m?, the synthesized iron-dispersed CNTs
emerge as a highly effective solution for Cr(VI) removal,
ensuring outstanding efficiency in water treatment. How-
ever, the precise growth mechanism of VACNTs using
SS-FCCVD requires further investigation such as con-
firming the growth model at the atomic scale.
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