Downloaded via UNIV OF MINNESOTA on May 13, 2025 at 16:28:20 (UTC).
See https://pubs.acs.org/sharingguidelines for options on how to legitimately share published articles.

IEEAPPLIED
NANO MATERIALS

Www.acsanm.org

Sustainable Manufacturing of Vertical Carbon Nanotube (CNT)
Arrays Inside Insulating Nanoporous Membranes Using Nickel

Magnetic Nanowires (MNWs)

Roman Kolisnyk,* Morgen L. Smith, Nicholas C. A. Seaton, Michael L. Odlyzko, Olha Masiuchok,
Jeanne Riga, Placidus B. Amama, and Bethanie J. H. Stadler*

Cite This: ACS Appl. Nano Mater. 2024, 7, 24866—24874

I: I Read Online

ACCESS |

[l Metrics & More ’

Article Recommendations |

Q Supporting Information

ABSTRACT: Carbon nanotubes (CNTs) were successfully
synthesized using industrial waste gases by chemical vapor
deposition inside vertically oriented nanopores of insulating
membranes. Importantly, the waste products from Fischer—
Tropsch synthesis were used as the carbon source rather than
typical purified sources, and this recycling of carbon is important
for the sustainability of our environment. Specifically in this work,
vertical CNT arrays were achieved using nickel (Ni) magnetic
nanowires (MNWs) catalysts that were prepared by template
electrochemical deposition inside 50 pm-thick nanoporous
anodized aluminum oxide (AAO). Here, the nanopore diameter
(20—200 nm) and Ni MNW length (45 and 25 pum) were varied to
study the impact on CNT growth characteristics. Raman
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spectroscopy, scanning electron microscopy, transmission electron microscopy, and field emission spectroscopy were used to
characterize CNTs on Ni MNWs. For long MNWs (45 pm), the Ni catalyst was just below the AAO surface, so CNT diameters did
not change appreciably with the MNW diameter. Alternatively, for short MNWs (25 pm), the carbon source gases had to diffuse
into the AAO nanopores before reacting with the Ni catalyst, and both the CNT diameter and yield increased with the nanopore
diameter. Highly crystalline CNTs were formed from particles of Ni catalyst, although for smaller diameter nanopores, the Ni
catalyst particle could be blocked by template pore wall defects, resulting in subsequent amorphous nanofiber growth above the
blocked particle. Optimally, CNT synthesis was observed for 25 ym MNWs grown in 80 nm AAO nanopores, maximizing field
emission current at 480 yA/cm? (at electric field 0.5 V/um) with a turn-on field of 0.26 V/um.
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1. INTRODUCTION

Carbon nanotubes (CNTs) are desired in various techno-
logical applications due to their remarkable intrinsic properties:
high mechanical strength, outstanding thermal and electrical
conductivity, and chemical stability." All of these make CNTs
potential candidates for nanoscale applications as capacitors,”
field emitters,>~° sensors’ ™ and other related devices.'*~
The most scalable and controllable growth of CNTs is
catalytic or noncatalytic chemical vapor deposition (CVD)."
Synthesis of CNTs via the CVD process requires strict control
of conditions in terms of catalyst properties, temperature, and
feedstock type and composition."* The growth typically occurs
on a transition metal (Co, Fe, or Ni) catalyst'* supported by a
refractory oxide (such as SiO, or ALO;) and utilizes purified,
expensive hydrocarbon gases as feedstocks. Additionally,
commonly used feedstocks, such as ethylene and acetylene,
are produced via technologies that are not environmentally
sustainable, and their use in CVD growth requires tight process
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control and extensive optimization. Therefore, efforts to
achieve widespread applications of CNTs will benefit
significantly from the development of scalable, sustainable,
and controllable growth processes.

An important application of CNTs is field emission.
Effective field emitters must possess a low turn-on field, high
emission current density, long emission stability, and high field
enhancement factor.'” These parameters are mainly controlled
by the emitter aspect ratio, density, and structure. CNT's satisfy
all of the above and offer high emission currents at low electric
fields in comparison to other field emitters.'” Unlike CNTs,
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graphene and graphene-based materials are planar emitters,
which only show acceptable field emission properties with
vertical alignment.”’

The first successful field emission testing of CNTs”"** is
credited to their high aspect ratio, excellent electrical
properties, and strong carbon—carbon bonding.”"*’ Since
then, CNTs have been subjected to deep fundamental and
technological investigations.'”” Multiwalled CNTs withstand
ion bombardment and irradiation during emission more
effectively than single-walled CNTs.”” When CNTs are
grown on catalytic metals, good electrical and thermal contact
at the catalyst-nanotube interface facilitates electron transport
and heat dissipation from the cathode, respectively.”***

Gate-type CNT cathodes have been of particular interest for
new space applications, such as electric propulsion,”® where
deep-space missions require uniform electron emissions that
can be best obtained by gated electrodes. Hung”® and
Nilsson”” showed that some gates can even self-bias, but
screening can still be a problem.

This paper revisits a fabrication method previously
employed for flat screen displays, namely CNT growth in
anodic aluminum oxide (AAO) with a catalyst, here Ni
magnetic nanowires (MNWs).”*~** MNWs have been popular
recently for applications as nanobarcodes,” which were
decoded using first-order reversal curves,”> and for many
bioapplications™ as ferromagnetic alternatives to super-
paramagnetic iron oxide nanoparticles.””>> Although MNWs
are not commonly used as substrates, their size facilitates the
easy nanoparticle formation on the surface before growing
CNTs. ™

Here, we demonstrate for the first time the use of industrial
gaseous waste from the Fischer—Tropsch synthesis (FTS)
process for CVD growth of CNT arrays from MNWs
embedded in an AAO. The growth of CNTs employing
these nontraditional substrates and geometries is enhanced by
the unique properties of the feedstock. The growth process,
along with the use of an earth-abundant metal as a catalyst, will
enhance the long-term sustainability of CNT manufacturing
and provide a viable pathway for the scalable and controllable
growth of CNTs. Given the high proportion of methane (30
vol %) in the industrial waste used as a feedstock, the study will
also benefit research efforts aimed at improving the utilization
of natural gas. Many countries, including the United States, are
well positioned to benefit from any technology that can utilize
the enormous reserves of shale gas resources, including the
growth of vertically oriented CNTs presented here. In
addition, this study elucidates the influence of the MNW
diameter (40—200 nm) and length (45 and 25 ym) on CNT
growth behavior. Whereas the pore spacing of the AAO
template can be precisely controlled, the emitters can be grown
at the closest possible spacing before shielding from adjacent
emitters becomes problematic, which allows for fine-tuning for
optimal field emission. When also considering the environ-
mental sustainability and reduced manufacturing cost
associated with using industrial waste products as feedstock,
this well-controlled CNT growth process is highly promising.

2. EXPERIMENTAL SECTION

2.1. Fabrication of Ni Magnetic Nanowires in AAO. The
preparation of Ni MNWSs was conducted by templated electro-
chemical deposition using AAO membranes (13 mm diameter, SO ym
thickness) with various nanopore diameters (20, 40, 120, and 200
nm) from InRedox. One side of the AAO template was sputtered with

a 7 nm adhesive layer of titanium, followed by a 500 nm layer of
copper as a working electrode. A nickel mesh was used as the counter
electrode, and Ag/AgCl was used as the reference electrode from
which all of the reduction potentials below are referred. Ni MNWs
were deposited from an aqueous electrolyte of 0.5 M H;BO; 1 M
NiSO,-(H,0)¢ with pH 3 at 20 °C using a potentiostat (Gamry
Instrument) with a pulsed potential (—0.85/—0.95 V). An initial 10
min treatment using a lower pulsed voltage (—0.8/—0.85 V) was used
first to initiate a slow ion transport rate at the beginning of
electrodeposition to nucleate MNW growth in the nanopores. The
AAO templates were attached to a rotating disk electrode (Gamry) to
linearize the diffusion boundary layer near the cathode, which
enhances the uniformity and slows the deposition rate to ~3.3 nm/s.
A slow deposition rate enables the MNW length to be accurately
controlled by varying the total electroplating time. After Ni growth,
the samples were cleaned with deionized water and ethanol in an
ultrasonic cleaner. For the four AAO nanopore diameters, MNWs
were grown to two lengths: full (~4S pm) and half (~25 ym) AAO
thickness.

2.2. Synthesis of CNT Arrays from Ni Nanowires Embedded
in AAO. CNT growth was conducted by means of a unique CVD
process that utilizes industrial waste products from FTS, as the
feedstock. The gaseous waste from the FTS process (FTS-GP) was
supplied by Matheson Inc. with the following composition: H, (40%),
CH, (30%), C;Hj (8%), C,H, (6%), CO (5%), CsHg (5%), N, (4%),
and C;Hg (2%). The Ni MNWs embedded in the AAO template
described in Section 2.1 served as catalysts to nucleate CNT growth
after thermal annealing and prereduction steps. Growth was carried
out at atmospheric pressure using the EasyTube 101 CVD system
(CVD Equipment Corporation), equipped with several essential
features to facilitate the repeatability of the growth process, including
a LabView-based process control software, a control system for
precise temperature control, and a static mixer for optimum gas
mixing. A typical growth run involved heating the AAO/Ni substrate
to 700 °C at a rate of 45 °C/min in the Ar atmosphere. At 700 °C, the
substrate was exposed to an excess amount of H, in combination with
Ar for 2 min to reduce the catalyst; the respective flow rates were 250
standard cubic centimeters per minute (sccm) of H, and 250 sccm of
Ar. Thereafter, CNT growth was initiated by introducing a growth gas
mixture of 25 sccm FTS-GP and 250 sccm Ar for 15 min. After the
growth run ended, the samples were rapidly cooled in H,, followed by
gradual cooling to room temperature in an Ar flow (700 sccm). A
schematic roadmap that reflects the steps described in Sections 2.1
and 2.2 is shown in Figure SI.

2.3. Characterization. AAO, MNWs, and CNTs were studied by
X-ray diffraction (BRUKER D8 DISCOVER, Co Ka radiation),
Raman spectroscopy, and scanning electron microscopy (SEM; JEOL
6S00F 0.5—30 keV, Thermo Apreo 2S Lo-Vac 0.2—30 keV), and
transmission electron microscopy (TEM; Thermo Talos F200X 200
keV, Thermo Talos F200C 200 keV). Raman spectra of the CNTs
were acquired at multiple spots from each sample using a Renishaw
Invia Raman Microscope, equipped with a 532 nm laser as the
excitation source (1% laser power, 15 acquisitions, 3-s exposure). The
measurements were then normalized and averaged, and peaks were
fitted with the Lorenz function. I,/ ratio was calculated as the mean
value of ratios for all measured spectra of the sample. The standard
deviation (SD) of Ip/Ig is shown in Figure 4. For SEM
measurements, the studied surface was sputtered with a S nm layer
of conductive material (Au or Pt). For TEM imaging of CNTs, AAO
templates were dissolved in 1 M NaOH, then MNWs with CNTs
cleaned and drop casted onto a TEM copper grid. Figure 1 shows a
cross-sectional drawing of the experimental apparatus for emission
testing of small (<1 cm?®) samples at low powers, withstanding high
temperatures without distortion. The chamber was evacuated to a
pressure of 100 mTorr and then to ~6 X 107% using mechanical and
turbomolecular pumps (Agilent Technologies), respectively. The
anode support structure consists of two coaxial, threaded cylinders.
The outer cylinder is rigidly mounted to the vacuum chamber, while
the inner cylinder can be rotated to adjust the height of the anode
above the cathode. The emission current from the cathode was
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Figure 1. Schematic illustration of the emission testing apparatus.

measured using a picoammeter (Keithley 6485) with a detection limit
of 0.01 pA. Stray emission was minimized by using ceramic insulators
between the rotating anode cylinder and the anode holder. The input
voltage was applied using a S kV power source (Keithley 2290-5). The
anode is a 1/4 inch diameter molybdenum cylinder with rounded
edges positioned 1 cm above the cathode samples. Sample holders
were custom machined from 304SS to mount 1 cm diameter samples
and slide into a holder base centered under the anode in the vacuum
chamber, where it makes metal-to-metal contact with the base. As the
anode diameter and thus area are smaller than those of the cathode
samples, the anode dimensions define the effective emission area,
which is 0.3167 cm”.

3. RESULTS AND DISCUSSION

First, AAO templates were annealed at different temperatures
to determine their limits for the high-temperature CVD growth
of CNTs. Figure 2 shows that AAO annealed over 850 °C

A 1100 °C
> A ]\ 1000 °C
g AL 950 °C
E . A /\ 900 °C
A N AN 850 °C
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reference

35 40 45 50 55 60 65

26 (°)

Figure 2. X-ray diffractograms of the annealed AAO templates.

experiences a structural transformation to polycrystalline y-
AL O;. This transformation led to brittle behavior, and the
templates were deformed. Moreover, templates with small
MNW diameters (20 nm) were very brittle after the high-
temperature CVD process.

Figure 3 shows typical fracture surfaces of AAO templates
after the growth of Ni MNWs. The MNWs were deposited
uniformly in the nanopores. There are pores where MNWs are
deformed or missing due to breaking off during template
fracture. The AAO templates were SO pm thick, so the “full”
AAO MNW length was chosen to be just below the AAO
surface (Figure 3a) to ensure that Ni outgrowths (often called
mushrooms*’) did not form because that would lead to
uncontrolled catalyst diameters for the subsequent CNT
growth. The half-filled nanopores had 25 ym long MNWs
inside (Figure 3b), with the remaining 25 um of AAO
thickness presenting empty nanopores above the MNW
catalysts to encourage vertical CNT growth. The AAO pore
density is in the range of 10°~10'° cm™2 and is shown in Table
1.

Table 1. Pore Density and Porosity of the Templates Used
in This Study

pore density (cm™2) porosity (%)

pore diameter (nm)

200 + 24 5% 10 16 + 3
120 + 14 1.5 x 10° 16 +£2
80 + 10 3% 10° 1S +2
40 + 4 1 x 10 12 +2
20+ 3 5 % 10%° 12 +£2

Raman spectroscopy is routinely used to evaluate the
structural quality of the graphitic lattice in CNTs.”*
Representative Raman spectra of the CNTs grown on Ni
MNWs with different aspect ratios are shown in Figure 4a,b.
The presence of D- and G-bands indicates that these are
multiwalled CNTs.*' The G-band between 1580 and 1600
cm™! is assigned to the in-plane vibrational of sp® carbon—
carbon bond in the CNTs, and the D-band at ~1340 cm™!
represents the number of defects, including vacancies,
nonuniformity, corrugation, and twisting in the CNTs.*' The
D’ peak located in the vicinity of ~1615 cm™ is associated
with microcrystalline graphite, a byproduct frequently observed
in carbon nanomaterials.”” CNT G-band shifts to wave-
numbers above the graphite peak (@, = 1582 cm™) are
associated with CNTs curvature” and the presence of
nanocrystalline graphite,44 whereas amorphous carbon broad-
ens the peak and shifts it to lower wavenumber.** The intensity

Figure 3. SEM backscattering images of AAO fracture surfaces showing Ni MNWs (bright vertical lines) with nanopore diameters/nanowires

lengths of (a) 200 nm/4S ym and (b) 200 nm/25 ym.
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Figure 4. Raman spectra for the CNTs grown on (a) 45 and (b) 25 ym Ni MNWs.
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Figure 5. SEM images of the top surface (upper edge of cross sections shown in Figure 3) of AAO showing CNTs grown out of the nanopores
(diameters labeled in the above images). The Ni MNWs shown here are either just (a) below the surface (45 ym) or (b) halfway down inside the
nanopores (25 um). Local high CNT yield shown inset (b) for 20 nm.
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Figure 6. CNT mean diameter (a) and yield (b) depend on the AAO nanopore diameter and MNW length.

ratio of the D-to-G peaks (Ip/Ig, Figure 4ab) serves as a I; ratios somewhat increase with increasing nanopore diameter
measure of the degree of disorder of CNTs, with low values for 25 ym MNWs, whereas they fluctuate for 45 ym MNWs.
serving as a standard indicator of high CNT quality."" The I,/ The decreasedratio can be associated with both reducing CNT
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Figure 7. Images of CNT/MNW samples after release from the AAO template (40 nm nanopore sample). (a—c) Coupled HAADF—STEM—EDS
images, where Ni is brighter/yellow and C is darker/red. (d—f) BF-TEM images for (d) bottom growth mode, (e) top-growth mode, and (f) mixed
tip growth mode CNTs, where the numbers are in order of growth direction (from the CNT/MNW interface to the CNT tip) and boxes show the

location of HAADF and EDS maps.
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Figure 8. BF-TEM images of (a) region 3 from Figure 7d, (b) region 2 from Figure 7e, and (c) region 3 from Figure 7f.

density, thus diminishing the quantity of defective coiled
CNTs contributing to the D peak and decreasing amorphous
carbon (a-C). Although the difference is not very significant,
the I /I ratios indicate that the most crystalline CNT samples
were obtained when CVD growth occurred inside the
templates (25 um Ni MNW catalyst) with smaller diameter
nanopores. Moreover, the Ip/I; ratios for CNTs grown inside
both (25 and 45 ym Ni MNW catalyst) 80 nm templates are
close to 1, and 80 nm samples also demonstrated the best field
emission, which is discussed later.

SEM images are shown in Figure 5. The CNTs were
observed to grow out of the AAO nanopores with curling
morphologies. The mean diameter of the CNTs was fairly
constant at 30—40 nm for all diameters of catalyst MNWs
when the tips of the MNWs were close to the top of the AAO
surface (Figures Sa and 6a). However, when the catalyst
MNWs were short, the CNTs grew deep (25 um) inside the
AAO nanopores, and the initial catalyst diameter appeared to
have an effect. For 20 nm diameter MNW catalysts (and
therefore also small nanopore diameters), the CNTs were of
comparable diameter (Figures Sb and 6a). However, at larger
diameters, it is likely that each catalyst MNW nucleated more
than one CNT (Figure S2). The yield was estimated by the
fraction of the surface containing CNTs, and it is summarized
in Figure 6b.

The relatively high CNT nucleation density and growth
activity are attributed to the unique properties of the feedstock.
There are two primary roles of the feedstock in the growth
observed. First, the feedstock promotes high carbon flux to the
catalyst due to the complete dissociation of the hydrocarbon
gases, including methane, which has high stability. Complete
methane utilization requires temperatures above 800 °C."’

However, complete utilization of the methane fraction in our
feedstock is possible because free radicals are formed from the
dissociation of relatively less stable unsaturated hydrocarbons
(with much lower Gibbs free energies). These free radicals
attack methane at our growth temperature (700 °C) to form
carbon species. Second, the feedstock supports long catalyst
lifetimes. Even though there is a high carbon flux to the
catalyst, deactivation is suppressed due to the in situ
generation of water in the vicinity of the catalyst via the
reaction between hydrogen and CO.**® In situ water
generation has been verified experimentally and by thermody-
namic calculations.”” The formation of water close to the
catalyst means coking can be suppressed as excess amorphous
carbon formed can be removed via oxidation. This unique
feature of FTS-GP can lead to an increase in the CNT
nucleation density and catalyst lifetime. The low yield of CNTs
from the embedded MNW in AAO can be improved with the
optimization of many growth parameters.

The nucleation of CNTs from oversaturation of catalyst
particles is similar to the classic catalysis mechanism described
for thin films.*® However, in the case of AAO with a short
MNW, the feedstock gas supply must diffuse through the
nanopore opening and down the nanopore to the Ni catalyst.
As the AAO nanopore diameters decrease, diffusion may limit
the ion species that can reach the Ni catalyst,” so the CNT
yield decreases (Figure 6b). The maximum achieved CNT
yield is 55% for 200 nm pore diameter and 45 ym MNW long
and appears to be close to the average MNWs seed density
(60—70% of pore density in Table 1).

TEM characterization was conducted to gain a better
understanding of growth modes, specifically inside the AAO.
Figures 7 and 8 show a difference in the bottom (Figure 7a,d),
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Figure 9. Suppression mechanism of top-growth mode by template pore wall defect: (a) schematic and (b) TEM image of such a mechanism (at
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Figure 10. Field emission measurements of CNTs grown using (a) 45 and (b) 25 ym Ni MNW catalysts in AAO nanopores (diameters of emitters
shown, where 20 nm did not yield field emission). Fowler—Nordheim plots are shown in the inset.

top (Figure 7b,e), and mixed (Figure 7c,f) CNT growth for a
typical 40 nm nanopore diameter sample. High-angle annular
dark field scanning TEM (HAADF-STEM) images show
contrast when the atomic mass changes, so Ni is brighter than
C in Figure 7a—c on top. X-ray energy dispersive spectroscopy
(EDS) maps are element specific, and Ni is shown in yellow
and C in Figure 7a—c below. Finally, several regions are
marked in the bright-field TEM (BF-TEM) images of Figure
7d—f to show locations of the zoomed-in images of Figure 8,
where the numbers go from “1” at the CNT/MNW interface,
“2” along the CNT growth direction to “3” the tip of the CNT.

The bottom growth mechanism, where the pore diameter is
small (20—40 nm) and gas diffusion is limited, mainly
produces short CNTs (Figure 7a,d) with well-graphitized
outer walls (Figure 8a) and inner areas filled with a-carbon,
especially in the vicinity of the catalyst mass (Figure 7d, region
1). Some stacking wall defects are present (Figure 8a), which
may be responsible for increasing the effective emission area.’’

Top growth proceeds from a mass of Ni that has been lifted
off of a MNW by the growing CNT. In contrast, the top-
growth mode has a few distinctive features compared to the
common one for thin films, where the moving catalyst is not
restrained by any geometry and growth suppression is
considered as least likely. Instead, suppression mechanisms of
CNT growth inside an AAO template have been shown to
include: precipitation of a-C onto the pore wall, thereby
blocking the pore opening,SI’52 formation of multiwall

24871

nanotubes on the pore wall,”* and inhibition of precursor gas
diffusion during bottom growth mode.””>* Here, we report
another distinct mechanism wherein Ni catalyst particles can
become stuck at defects in the nanopore, which stops top
growth (Figure 9). When a catalyst particle has a diameter D
that is bigger than pore opening d at the defect site (Figure 9a,
stage 1), then the particle is compressed by template walls and
elongated, maintaining graphitic walls that follow the con-
strained pore geometry (Figure 9a, stage 2). After that, three
cases may occur. First, the elongated particle may continue
catalysis. Second, the elongated particle fragments due to
friction or constraining forces of template walls™ (Figures 7e,f
and 9b). In this case, the separated particle may continue the
catalysis of crystalline CNTs (Figure 7e, region 2) or
amorphous carbon nanofibers (Figure 7f, region 2). Third,
fragmentation may be accompanied by fast wall formation atop
the catalyst, which leads to particle inactivation (Figures 9a,
stage 3; 9b). Figure S3 shows more evidence of template pore
wall defects and irregular MNWs and CNTs, supporting that
the described mechanism is valid.

Moreover, the fragmentation phenomenon of the Ni catalyst
mass can also be associated with a higher rate of CNT wall
formation behind the catalyst. CNT wall compression can then
cause deformation of the Ni mass stimulated by both elevated
temperature and carbon oversaturation. The remnant mass
remains stuck within the nanopore, which can cause wall
defects, such as canting (Figure 8b). Another aspect to be
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mentioned that prevailed in a curled CNT region (Figure 7e/f,
regions 3) is small catalyst particles (5 and 20 nm) separated
from the dominant one (Figure 8c). They can still act as a
catalyst, but graphitic walls formed concentrically. In the case
of multiple particles located in neighbors, they deactivate each
other. Crystalline areas alternate with amorphous.

In spite of defects and growth suppression, this templated
CNT growth process predominantly produces highly aligned
crystalline CNTs regions. Also, Ni catalyst masses were not as
likely to be stuck in larger diameter (80—200 nm) AAO
nanopores, so bottom growth was more prominent. In fact,
simultaneous growth of several CNTs from one MNW was
observed with 200 nm MNWs (Figure S2).

While the primary focus of this work is the sustainable
manufacture of Ni MNW catalyzed CNTs, one of our
applications of interest is field emission. A low-power Keithley
2290-5 S kV power source was used to measure the field
emission characteristics of the samples, shown in Figure 10.

Values of 1—6 V/um for the voltage required to reach a
turn-on current of 10 yA/cm” were reported in the literature
for similar samples’****” as well as freestanding CNT
arrays”'” produced as possible field emitters. Our turn-on
voltages to achieve the same current density were significantly
lower, ranging from 0.2 to 0.5 V/um. Moreover, our results are
comparable to recent ones.”'® Xiao et al. reported threshold
electric fields of 0.4 V/um and emission currents of 70 #A/cm?
at 0.65 V/ ﬂm.3 Here, similar results were found with the 45
pum long MNWs, and even higher current densities were
possible with 25 ym long MNWs, presumably due to the
alignment of crystalline CNTs inside the nanopores before
reaching the surface. Smaller diameter nanopores (20 and 40
nm) were shown above to yield shorter crystalline CNTs due
to Ni catalyst masses being stuck inside the nanopores during
the crystalline-producing top-growth mechanism. Larger
diameter nanopores (120 and 200 nm) could produce several
CNTs per nanowire, which appeared to limit emission, perhaps
due to shielding. Therefore, 80 nm diameter nanopores appear
to yield optimal performance in this initial study.

CNTs produced by sustainable manufacturing with a
feedstock mixture of waste gases exhibited a field emission of
480 pA/cm? at 0.5 V/um comparable to those formed from
typical precursor gases,””” showing promise for future gate
electrode configurations. These results pave the way for future
important applications, which can be realized with recycled
waste resources.

4. CONCLUSIONS

CNTs were sustainably synthesized using industrial gaseous
waste by thermal CVD inside nanopores of insulating
membranes on predeposited nickel MNWSs. This template-
assisted thermal CVD manufacturing process is limited to
temperatures below 800 °C due to structural transformation in
anodic aluminum oxide templates. CNT yield increases with
both pore diameter and the distance from the tip of MNWs to
the template surface. A new CNT growth suppression
mechanism was observed, namely, template pore wall defects,
which can inhibit the motion of catalyst particles during top
growth, especially in small pores. CNT defects result in wall
canting, small particle inclusions with competitive catalytic
activity, and, undesirable, particle inactivation. The highest
field emission current (480 wA/cm® at 0.5 V/um) was
obtained with a 0.26 V/um turn-on field from CNTs
synthesized in templates with 80 nm pore diameters and 25

pum long Ni MNWs. This result is promising for future gate
electrode applications.
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