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Abstract

Efficient synthesis of carbon nanotubes (CNTs) remains challenging due to catalyst nanopar-
ticle agglomeration during catalytic chemical vapor deposition (CCVD). In this study,
biomorphic carbon materials (BCMs) derived from natural wood were coated with LTA
zeolite and used as structured supports for cobalt-catalyzed CNT synthesis. The carbonized
BCMs preserved their hierarchical cellular architecture, while the LTA zeolite coating pro-
vided a microporous interfacial layer for cobalt catalyst loading. CNTs were synthesized
by CCVD using acetylene at 650 °C. CNT growth was successfully achieved on the LTA-
zeolite-coated biomorphic supports, with TGA-derived carbon deposition values ranging
from 2.21% to 21.82%. Red pine and red cedar exhibited comparatively low carbon de-
position values of 2.40% and 2.21%, respectively, whereas cypress and Gorman spruce
showed substantially higher values of 21.82% and 21.01%, respectively. The highest car-
bon deposition value was obtained for the cypress-derived BCM. Transmission electron
microscopy confirmed the formation of well-developed multiwalled carbon nanotubes
with support-dependent diameters and highly graphitized walls. The results demonstrate
successful CNT growth on LTA-zeolite-coated biomorphic carbon supports and reveal pro-
nounced support-dependent differences associated with the biomorphic pore architecture
and gas-transport characteristics.

Keywords: biomorphic carbon material; carbon nanotube; catalytic chemical vapor deposition;
LTA zeolite; permeability

1. Introduction

Carbon nanotubes (CNTs) have attracted sustained interest because of their high
surface area, large aspect ratio, and distinctive structural, electrical, and physicochemical
properties. Owing to these features, CNT-based materials have been investigated for a
broad range of applications, including adsorption, catalysis, energy storage, sensing, and
membrane-related systems [1-4]. In porous architectures, CNT incorporation is particu-
larly attractive because it can provide interconnected pathways for mass transport while
preserving the functional characteristics of graphitic nanocarbons.

CNTs are generally synthesized through the catalytic decomposition of hydrocarbon
gases, such as methane and acetylene, over transition-metal catalysts including Fe, Co, and
Ni [5,6]. However, uniform and efficient CNT growth remains difficult to achieve because
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catalyst nanoparticles tend to agglomerate at elevated temperature. Such agglomeration
reduces the number of active sites, broadens the CNT diameter distribution, and lowers the
overall growth efficiency [7].

Various porous templates and catalyst supports, including alumina, mesoporous silica,
and zeolites, have been employed for CNT synthesis [8-12]. LTA zeolite is of interest as a
catalyst-support material because of its well-defined microporous structure and its capacity
to host metal species [11,12].

Biomorphic carbon materials (BCMs) derived from natural wood provide an addi-
tional advantage as structured carbon supports. After carbonization, wood preserves its
intrinsic cellular architecture, resulting in an anisotropic yet interconnected porous carbon
framework [5,13-15]. This hierarchical pore network can facilitate precursor-gas transport
and provide a three-dimensional scaffold for catalyst deposition and CNT growth. Because
the pore morphology varies with wood species, the resulting BCMs may exhibit different
permeability and transport characteristics, which can, in turn, influence CNT formation
during CCVD.

In this study, LTA-zeolite-coated biomorphic carbon supports derived from red pine,
red cedar, cypress, and Gorman spruce were used for cobalt-catalyzed CNT synthesis by
CCVD. The effects of the wood-derived hierarchical pore architecture on CNT morphol-
ogy, carbon deposition, and gas-permeability characteristics were comparatively evaluated
under the same catalyst-loading and CCVD conditions. The synthesized composites were
characterized by field-emission scanning electron microscopy (FESEM), transmission elec-
tron microscopy (TEM), Raman spectroscopy, thermogravimetric analysis (TGA), and
gas permeability measurements, while the phase identity of the LTA-zeolite coating was
supported by previously reported XRD characterization [16].

2. Experimental
2.1. Raw Materials

Tetramethylammonium hydroxide (TMAOH, Sigma-Aldrich, St. Louis, MO, USA),
aluminum isopropoxide (AIP, Sigma-Aldrich, St. Louis, MO, USA), tetraethyl orthosilicate
(TEOS, Sigma-Aldrich, St. Louis, MO, USA), and sodium hydroxide (NaOH, Sigma-Aldrich,
St. Louis, MO, USA) were used for the synthesis and coating of the LTA zeolite template on
the BCMs. Cobalt (II) chloride hexahydrate (CoCl2 e 6H20, >97.0%, SAMCHUN Pure
Chemical Co., Ltd., Pyeongtaek-si, Republic of Korea) was used as the cobalt precursor for
catalyst loading. Ethanol (Daejung Chemicals & Metals Co., Ltd., Siheung-si, Republic of
Korea) was used for washing the samples after cobalt impregnation. Nitrogen (N,, Messer
Korea Co., Ltd., Ansan-si, Republic of Korea) was used as the inert gas during carbonization
and thermal treatment and as the process gas during CCVD. Acetylene (C,H,, SAMJUNG
GAS Co. LTD, Incheon, Republic of Korea) was used as the carbon source for CNT growth
at a flow rate of 10 sccm. Carbon nanotubes were grown by the CCVD method at 650 °C for
60 min.

2.2. Preparation of Biomorphic Carbon Materials

Natural wood precursors, including red pine, red cedar, cypress, and Gorman spruce,
were used to prepare biomorphic carbon materials. The specimens were carbonized under
flowing N, to preserve their intrinsic cellular structures. Samples were heated at 0.5 °C
min~! to 600 °C under an N, flow of 10 cm® min~" for 6-8 h, followed by heating to 1000 °C
at 3 °C min~!. During pyrolysis, the lignocellulosic components gradually decomposed
and volatile species were removed, resulting in a carbon-rich framework that retained the
natural cellular morphology as a biomorphic porous structure (Figure 1).
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Figure 1. Schematic illustration of the carbonization of natural wood to form biomorphic carbon
materials (BCMs).

2.3. Synthesis of LTA-Zeolite-Coated BCMs and CNT Growth

To synthesize the LTA zeolite coating on the BCMs, the mother solution was prepared
at a molar ratio of AIP: TEOS: TMAOH: NaOH: H,O = 1:2.2:2.4:0.3:200 [15]. For LTA
coating, 20.8 g of AIP was dissolved in 280 g of distilled water and stirred for 2 h, after
which 87.0 g of TMAOH was added. Separately, 1.0 g of NaOH was dissolved in 80.0 g of
distilled water, followed by the dropwise addition of 46.0 g of TEOS. The two solutions
were then mixed and stirred until the mother solution became clear, and the solution was
transferred to a Teflon-lined container containing the BCM specimens. After aging overnight
at room temperature, the sealed container was placed in an autoclave and maintained at
90 °C for 3 days for hydrothermal synthesis of the zeolite coating. The phase identity of
the hydrothermally synthesized LTA coating prior to CCVD was previously verified by
XRD in our earlier study (see i Ref. [16]). After zeolite coating, cobalt catalyst species were
introduced onto the LTA-coated BCMs by a wet impregnation/ion-exchange process. The
zeolite-coated BCMs were placed on a stainless-steel mesh in a beaker containing 250 mL
of an aqueous CoCl,-6H,0 solution. Accordingly, the cobalt loading condition is reported
in terms of the nominal precursor amount used for impregnation (1.2 mmol CoCl,-6H,O
in 250 mL, corresponding to 4.8 mM). The samples were stirred at room temperature for
24 h, washed with ethanol, and dried in a forced-convection oven at 323 K for 24 h. The
dried catalyst-loaded supports were subsequently calcined at 450 °C under N,. The same
nominal cobalt precursor amount, precursor concentration, and catalyst-loading procedure
were applied to all wood-derived BCM supports to maintain consistent catalyst-preparation
conditions. Before acetylene exposure, the catalyst-loaded supports were heated under N,
to 300 °C over 60 min and maintained at this temperature for approximately 30 min. The
temperature was then increased to 650 °C over 80 min, followed by a 15 min stabilization
period at 650 °C under N,. Acetylene was subsequently introduced, and CNT growth
was carried out at 650 °C for 60 min. No separate H, reduction step was described in the
original preparation procedure. The overall catalyst-loading and CNT-growth procedure is
summarized schematically in Figure 2.
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Figure 2. Schematic illustration of the hydrothermal synthesis and coating of LTA zeolite on the BCM
surface and growth of CNTs on Co-loaded LTA-zeolite-coated BCMs by CCVD.

CoCl,-6H,0 aqueous solution

2.4. Characterization

The morphology of the BCMs, LTA-zeolite-coated BCMs, and CNT-grown composites
was examined using field-emission scanning electron microscopy (FESEM, LEO 1530 VP,
LEO Elektronenmikroskopie GmbH, Oberkochen, Germany) operated at an acceleration
voltage of 1.0 kV. Transmission electron microscopy (TEM, JEOL JEM-3011, JEOL Ltd.,
Tokyo, Japan) operated at 200 kV was used to observe CNT morphology and wall structure.
Phase identification of the zeolite-coated BCMs was previously carried out by powder X-ray
diffraction (XRD, Rigaku D/max 2500 VL/PC, Rigaku Corporation, Tokyo, Japan) using
Cu Ka radiation (A = 1.5418 A) at 40 kV and 40 mA, as reported in our earlier study [16].
Diffraction patterns were collected over a 26 range of 10-70°. Raman spectroscopy (FRA-
106/S, Bruker Optik, Ettlingen, Germany) with a 1064 nm Nd: YAG laser was employed to
assess graphitic ordering and defect-related characteristics through the D and G bands. The
Raman ratios, TGA-derived carbon deposition values, and permeability results are reported
as individual experimental values because replicate datasets sufficient for statistical analysis
were not available. Accordingly, standard deviations and error bars are not reported, which
represents a limitation of the present study.

2.5. Permeability Analysis

Gas permeability was evaluated using a custom-built apparatus based on Darcy’s
law. The device consisted of a steel frame, polyurethane tubing with a diameter of 6 mm
for nitrogen inlet and outlet, one-touch fittings for sample mounting, pressure gauges for
measuring upstream and downstream pressures, and a bubble flow meter for determining
the gas flow rate. Each sample was mounted in a polymethyl methacrylate (PMMA) cuvette,
sealed with Teflon tape to prevent gas leakage, and fixed using epoxy adhesive as shown in
Figure 3.

The permeability of the CNT-grown, zeolite-coated BCMs was calculated using
Darcy’s law:
KA (Pdw - Pup)

U L

where Q is the volumetric gas flow rate (m?® s7!), « is the permeability (m?), A is the sample

cross-sectional area (m?), y is the gas viscosity (Pa-s), P,, and P, are the upstream and
downstream pressures (Pa), respectively, and L is the sample length (m).
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Figure 3. Schematic diagram of the custom-built permeability measurement apparatus used for
evaluating gas transport through the CNT-grown, LTA-zeolite-coated BCM samples.

3. Results and Discussion
3.1. Structural Evolution of Biomorphic Carbon Materials

During pyrolysis, the wood precursors underwent devolatilization and decomposition
of hemicellulose, cellulose, and lignin, producing carbon-rich chars while preserving their
original anatomical structure [14]. Our previous study showed that the XRD patterns
of biomorphic carbon materials (BCMs) derived from red pine, red cedar, cypress, and
Gorman spruce exhibited broad peaks at approximately 24° and 43° (28), corresponding to
the (002) and (100) planes of turbostratic graphitic carbon [14]. The broad diffraction peaks
indicate disordered graphene-like layers with limited long-range order. Similar diffraction
patterns among all BCMs suggest comparable carbonization, with minor differences at-
tributed to variations in wood composition and pore development. These results confirm
the formation of porous graphitic carbon frameworks that retained the biomorphic structure
and served as suitable supports for zeolite coating and catalyst loading. The crystalline
phase of the hydrothermally synthesized zeolite coating was previously characterized by
XRD before CNT growth [16]. The LTA-coated BCM exhibited characteristic reflections
at approximately 26 = 10° (220) and 24° (600), consistent with the LTA reference pattern
(JCPDS No. 97-002-4901). The previous XRD analysis identified the coating as a single LTA
phase, confirming that the zeolite used in the present study corresponds to LTA rather than
an MFI-type phase.

3.2. Morphology and Pore Architecture of BCMs

FESEM images (Figure 4) confirmed that the intrinsic cellular architecture of the wood
was preserved after carbonization, producing honeycomb-like porous carbon scaffolds with
aligned channels and interconnected voids. Although all biomorphic carbon materials
(BCMs) retained similar porous networks, pore morphology varied with wood species.
Red pine exhibited relatively open pores (28-39 um), red cedar showed denser structures
with smaller pores (21-38 um), cypress displayed a more uniform pore arrangement, and
Gorman spruce had highly symmetrical, open cellular features. These structural differences
can influence gas transport, diffusion, and catalyst accessibility during CCVD. The preserved
macroporous architecture provides gas-transport pathways while serving as a stable scaffold
for zeolite coating and subsequent catalyst loading.
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Figure 4. FESEM images of biomorphic carbon materials produced from (a) red pine, (b) red cedar,
(c) cypress, and (d) Gorman spruce after carbonization, showing the preservation of the wood-derived
cellular architecture and species-dependent pore morphology.

3.3. CNT Morphology and Support-Dependent Growth Behavior

TEM analysis confirmed the successful growth of multiwalled carbon nanotubes
(MWCNTs) on all LTA-zeolite-coated biomorphic carbon monolith (BCM) supports
(Figure 5). The CNTs exhibited well-defined tubular morphology with highly graphitized
concentric walls, although their diameter and wall structure varied with the biomass-
derived support. Red pine and red cedar produced CNTs with average diameters of approx-
imately 30.6 nm and well-ordered graphitic layers, whereas cypress yielded smaller CNTs
(~20.1 nm), indicating support-dependent variation in CNT diameter. Gorman spruce
produced CNTs with an average diameter of ~30.1 nm and highly crystalline graphitic
walls. HRTEM images revealed well-stacked graphene layers with interlayer spacings of
approximately 0.296-0.34 nm, confirming good crystallinity. Overall, the TEM/HRTEM
observations confirm the successful formation of MWCNTs on all LTA-zeolite-coated BCM
supports and reveal clear support-dependent differences in CNT diameter and graphitic
wall structure. These variations are discussed in relation to the distinct biomorphic archi-
tectures of the wood-derived supports.

3.4. Raman Analysis and TGA-Derived Carbon Deposition

According to our previous study, the Raman spectra of the synthesized CNT composites
exhibited characteristic D and G bands near 1340 and 1600 cm™?, respectively (Table 1) [14].
The D band is associated with structural defects and disorder, whereas the G band represents
the in-plane vibration of sp?>-bonded graphitic carbon. The I, /I ratio, commonly used
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to evaluate graphitization and defect density, ranged from 0.80 to 1.00, consistent with
CVD-grown MWCNTs [17-19]. These Iy /I values reflect differences in the relative degree
of graphitic ordering and defect density among the CNT-containing samples.

(c) Cypress (d) Gorman spruge
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Figure 5. TEM and HRTEM images of CNTs synthesized on LTA-zeolite-coated BCMs at 650 °C for
60 min using (a) red pine, (b) red cedar, (c) cypress, and (d) Gorman spruce supports, showing

well-developed MWCNTs with support-dependent diameters and highly ordered graphitic layers.

Table 1. Raman characteristics and TGA-derived carbon deposition of CNT-grown LTA-zeolite-

coated BCMs.
Sample Name Reaction . Raman Ratio TGA-]?efrivec} Carbon
Temperature [°C] [Ip/1g] Deposition [ %]
Red pine 650 1.00 2.40
Red cedar 650 1.00 221
Cypress 650 0.99 21.82
Gorman spruce 650 0.80 21.01

TGA-derived carbon deposition values were used for comparative assessment of the

four CNT-grown BCM samples under identical nominal catalyst-loading and CCVD condi-
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tions. Accordingly, these values are used for comparative assessment of carbon deposition
among the four supports rather than as catalyst-normalized CNT yields. The TGA re-
sults were interpreted together with the TEM/HRTEM and Raman analyses because the
deposited carbon may contain both MWCNTs and non-tubular carbon species formed
during CCVD.

The TGA-derived carbon deposition values varied markedly among the four wood-
derived supports, ranging from 2.21% to 21.82% (Table 1). Red pine and red cedar exhibited
lower carbon deposition values of 2.40% and 2.21%, respectively, whereas cypress and
Gorman spruce showed higher values of 21.82% and 21.01%, respectively. Among the
investigated supports, the cypress-derived BCM exhibited the highest TGA-derived car-
bon deposition value. These differences indicate support-dependent variation in carbon
deposition during CCVD. The observed trend is consistent with differences in biomor-
phic pore architecture and associated gas-transport characteristics, which may influence
acetylene accessibility to catalyst-containing regions. Collectively, these analyses reveal
support-dependent differences in carbon deposition and graphitic structural characteristics.

3.5. Porosity, Permeability, and Transport Characteristics

Figure 6 summarizes the porosity and mechanical properties of the four wood-derived
BCM supports investigated in this study. As shown in Figure 6a, red pine and cypress
exhibited the highest open and total porosities (~87-90% and ~83-85%, respectively), indi-
cating highly interconnected porous structures favorable for gas transport. Red cedar and
Gorman spruce showed comparatively lower porosities (~75-82%). Red cedar and Gorman
spruce showed moderate porosity (~75-82%). Despite the general inverse relationship
between porosity and strength, species-dependent differences were evident (Figure 6b).
Cypress exhibited the highest compressive strength among the four investigated supports
(52.65 MPa), followed by red pine (36.78 MPa) and Gorman spruce (29.19 MPa), whereas
red cedar exhibited the lowest compressive strength (23.76 MPa). As shown in Figure 6¢,d,
pore size alone did not determine strength. The mechanical performance appears to reflect
the combined effects of wall thickness, pore morphology, and overall cellular architecture
rather than pore size alone. Cypress, which exhibited the greatest wall thickness among
the investigated supports, also showed the highest compressive strength. These results
demonstrate that the anatomical structure of the biomass plays a critical role in determining
the mechanical stability of the biomorphic carbon supports.

These findings indicate that cell-wall thickness contributes significantly to the me-
chanical stability of the porous carbon framework. Overall, differences in porosity, pore
size, and wall thickness among the wood-derived supports are expected to influence gas
transport (Table 2). High open porosity enhances precursor accessibility, while sufficient
wall thickness and structural integrity preserve the biomorphic architecture during catalyst
loading and CNT growth.

Therefore, the structural characteristics provide an important basis for interpreting the
permeability behavior and the support-dependent differences in CNT growth observed in
this study.

3.6. Permeability and Transport Characteristics

Permeability (k) measurements revealed marked differences in gas transport behavior
among the wood-derived BCM supports (Figure 7). Red pine exhibited the lowest perme-
ability (x = 1.998 x 1078 m?), indicating a relatively dense and less interconnected pore
structure. Red cedar showed a slightly higher permeability (x = 7.113 x 10~® m?), whereas
Gorman spruce exhibited a substantially higher value (k = 1.092 x 107® m?). The highest
permeability (k = 1.519 x 107® m?) was observed for cypress, indicating a highly open
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and interconnected pore network. These permeability differences are consistent with the
FESEM observations of the biomorphic structures. Supports possessing more open and
continuous pore channels are expected to permit more efficient transport of acetylene to
the catalyst sites during CCVD. Improved reactant accessibility can enhance carbon supply
to catalyst-containing regions and reduce diffusion limitations within the interior of the
structured support. Consequently, variations in pore architecture and permeability are
likely to contribute to the differences in CNT growth behavior and carbon deposition among

the samples.
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Figure 6. Comparative structural and mechanical properties of the four wood-derived BCM supports
investigated in this study: (a) open and total porosity, (b) porosity—strength relationship, (c) pore

size and strength, and (d) wall thickness and strength.

Table 2. Physical Properties and Morphologies of Biomorphic Carbon Materials.

Sample Name Compressive Pore Size and . Wahll Pore
Strength [MPa]  Porosity [pum]/[%] Thickness [pm] Morphology
Red pine 36.78 26.10/90 1.72 Square
Cypress 52.65 19.60/85 2.30 Hexagonal
Red cedar 23.76 25.00/82 1.40 Hexagonal
Gorman spruce  29.19 21.20/78 2.21 Square
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Figure 7. Permeability (k, m?) of the four wood-derived BCM supports, showing a trend from low
permeability in red pine to high permeability in cypress.

4. Conclusions

LTA-zeolite-coated biomorphic carbon materials were successfully prepared from nat-
ural wood-derived carbon supports and used as structured substrates for cobalt-catalyzed
CNT synthesis by CCVD. The carbonization process preserved the intrinsic cellular archi-
tecture of the wood precursors, producing interconnected biomorphic pore networks that
served as hierarchical transport pathways. Among the four wood-derived supports, cypress
exhibited the highest compressive strength (52.65 MPa), followed by red pine (36.78 MPa)
and Gorman spruce (29.19 MPa), whereas red cedar showed the lowest compressive strength
(23.76 MPa). The LTA-zeolite-coated BCMs provided a common catalyst-support platform
for CNT synthesis across the four wood-derived structures. Multiwalled CNTs were success-
fully synthesized on all investigated supports, with support-dependent differences in CNT
diameter and graphitic wall structure. The carbon deposition values varied substantially
among the wood-derived supports, ranging from 2.21% to 21.82%. Red pine and red cedar
exhibited comparatively low carbon deposition values of 2.40% and 2.21%, respectively,
whereas cypress and Gorman spruce showed considerably higher values of 21.82% and
21.01%, respectively. The highest carbon deposition value was obtained for the cypress-
derived BCM. These results demonstrate a pronounced support-dependent variation in
carbon deposition during CCVD and indicate that the biomorphic pore architecture and
associated transport characteristics are important factors influencing carbon growth on the
structured supports. Future work should focus on quantitative characterization of cobalt
particle-size distributions, loading efficiency, and chemical state before and after CCVD,
optimization of CCVD parameters, and application-oriented evaluation of the resulting
CNT/BCM composites.
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