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Abstract: Synthesis of low-dimensional carbon nanomaterials
such as carbon nanotubes (CNTs) is a key driver for achieving
advances in energy storage, computing, and multifunctional
composites, among other applications. Here, we report high-
yield thermal chemical vapor deposition (CVD) synthesis of
CNTs catalyzed by reagent-grade common sodium-containing
compounds, including NaCl, NaHCO3, Na2CO3, and NaOH,
found in table salt, baking soda, and detergents, respectively.
Coupled with an oxidative dehydrogenation reaction to crack
acetylene at reduced temperatures, Na-based nanoparticles
have been observed to catalyze CNT growth at temperatures
below 400 8C. Ex situ and in situ transmission electron
microscopy (TEM) reveal unique CNT morphologies and
growth characteristics, including a vaporizing Na catalyst
phenomenon that we leverage to create CNTs without residual
catalyst particles for applications that require metal-free CNTs.
Na is shown to synthesize CNTs on numerous substrates, and
as the first alkali group metal catalyst demonstrated for CNT
growth, holds great promise for expanding the understanding
of nanocarbon synthesis.

Nanocarbon structures, such as CNTs[1] and graphene,[2]

have underpinned enhancements to new and existing appli-
cations across a host of industries. Such materials have been
demonstrated to exhibit high electrical conductivities, result-
ing in improved circuits and electronics; e.g., CNT transistors,

radios, and battery electrodes have been demonstrated.[3] The
C�C bonds in the hexagonal lattices of these carbon
allotropes enable high mass-normalized stiffness and strength
properties[4] attractive for engineering robust yet lightweight
structures in demanding applications such as automobiles,
aerospace vehicles, and sports equipment. Applications such
as advanced flexible electronics, displays, sensors, and aero-
space composites have already benefited from CNTs inte-
grated via transfer methods.[3] However, there exists tremen-
dous untapped potential for applications that require direct
growth of CNTs on substrates.[5] Until now, candidate
substrates for direct CNT growth have been limited by the
high temperatures (usually greater than 700 8C) and catalyst
materials (e.g. Fe, Ni, and Co) that are typically required. In
addition, many applications require an economically and
environmentally sustainable method of removing metallic
catalysts from nanocarbons post-growth, for example in
biomedical engineering, where toxicity is a concern. For
instance, transition-metal-catalyzed CNTs via thermal CVD
typically contain residual catalysts, which requires a host of
post-processing steps and harsh chemicals such as digestion
and boiling in HNO3, HF, and HCl.[6] While non-metallic
catalysts have been a focus for development of CNT growth
methods,[7] we show here that Na, an alkali metal, enables
growth with atmospheric CVD at record-low growth temper-
atures of below 400 8C, in contrast to prior works aimed at
lowering growth temperatures requiring low pressures or
plasma assistance. As Na has not been previously observed to
be active towards or characterized in the context of CNT
synthesis, here we highlight this new catalyst, and its
versatility for enabling CNT growth over a wide range of
substrates and growth temperatures suggests great promise
for its use in applications that may benefit from CNT
integration.[3, 8] Furthermore, a mechanistic understanding of
Na as a CNT catalyst may pave the way for advances in
graphene synthesis as well.

A variety of low-cost, common ingredients are shown here
to serve as catalyst precursors that support high-yield syn-
thesis of CNTs. Table salt (NaCl), baking soda (NaHCO3),
washing soda (Na2CO3), and lye (NaOH) can be used to grow
CNTs on various substrates. Aqueous catalyst solutions with
Na-based compounds were prepared using reagent-grade
precursors (e.g., semiconductor-grade NaOH from Sigma
Aldrich, product number 306 576 > 99.99%)[9] to avoid
contamination with common CNT growth elements (Ni and
Fe). Dip-coating was used to coat flat and fibrous substrates.
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Substrates were dried by evaporation in ambient conditions
and then subjected to low-temperature atmospheric thermal
CVD at 480 8C as a baseline recipe, using a 1:1 ratio of
CO2:C2H2 that allows for cracking of C2H2 through oxidative
dehydrogenation.[10] Scanning electron micrographs (SEM) of
CNTs grown on carbon fibers (CFs) show a consistent and
high-yield conformal CNT coating around fibers for all
attempted Na precursors (Figure 1).

TEM was also performed along with electron energy loss
spectroscopy (EELS) on the resulting nanostructures reveal-
ing hollow CNT with short-range-ordered C walls having 20–
40 nm diameters. High-resolution TEM images and FFT
diffraction patterns of as-grown CNT walls after 15 min at
480 8C show nanocrystallites of carbon that are not amor-
phous: fine-grain structures with an inter-wall distance of
� 0.3 nm (Figure S3). Crystallite size quantification from
Raman spectroscopy curve-fitting of as-grown CNTs in
Figure S4 show a D/G ratio of 2.54 and a crystallize size of
7.54 nm. This result is corroborated by X-ray photoelectron
spectroscopy (XPS) spectra, which reveal the presence of C�
C double bonds and the p-p* transition peaks (Figure S5),
and by Raman spectra (Figure S4), which indicate the
presence of sp2- and sp3-hybridized C bonds.[11]

Energy dispersive X-ray spectra (EDS) of CNTs and
catalysts formed on silicon nitride TEM grids (Figure 2) show
only Na, C, and O peaks, and no other elemental contami-
nation. To further rule out the potential for growth from
transition-metal contaminants, NaOH-dip-coated fiber sam-
ples were only subjected to the initial reduction step inside the
CVD furnace and stopped immediately before C-containing
gas introduction. SEM EDS spectra and mapping of these
specimens (Figure S6), show that the catalyst nanoparticles
correspond to Na (and O) with no evidence of common
transition metal catalysts Fe, Ni, and Co.

Na was found to be effective for catalyzing CNT growth
on numerous substrates (Figure S1). Alumina fibers and CFs
conformally coated with polymer (sized CFs) both yield
growth that is indistinguishable from that on bare non-coated
(desized) CF fabrics. Successful direct CNT growth on sized
CFs shows the potential compatibility of Na-based CNT
growth on polymer substrates, including high-temperature
stable (above 400 8C) structural polymers that may be
mechanically and multifunctionally enhanced by CNTs. Na
catalyzes high-yield CNT growth on flat substrates as well,
including but not limited to Si wafer chips and Ti sheets. CNT
areal yields were estimated to be � 95 tubes/mm2 for silicon
nitride TEM grid substrates, which is on the same order as
previous high-yield results on the same substrate.[12]

An aqueous NaOH solution was drop-cast and spin-
coated onto each flat substrate to allow for an even
deposition. TEM was performed for each sample to confirm
the tubular morphology of the resultant carbon nanostruc-
tures. The successful growth in each case indicates that the
range of substrate materials amenable to CNT growth with
Na is diverse. For each substrate, control samples without Na-
compound deposition were also subjected to the CVD process
and yielded no CNTs (Figure S7). This further supports Na as

Figure 1. High yields of CNTs grown on CFs dip-coated in Na-contain-
ing solutions. SEM images showing CNTs grown on 7-mm diameter
CFs dip-coated in solutions of a) washing soda (Na2CO3), b) table salt
(NaCl), c) baking soda (NaHCO3), and d) lye (NaOH). Insets show
TEM images of individual CNTs, all having similar structure. Scale bars
of 5 mm for SEM images and of 50 nm for TEM images are the same
for all images.

Figure 2. CNT growth trajectory for NaOH-drop-cast silicon nitride
TEM grids. The nominal 480 8C growth process was stopped at a) 0 s,
b) 113 s, c) 225 s, and d) 900 s after the introduction of CO2 and C2H2.
Na nanoparticles were observed to reduce in size during growth, with
large particles forming at 0 s then no longer apparent after 900 s of
growth. Each column has the same scale bar, and each row is for the
same specimen. Note that the circles in the left column are TEM grid
pores that facilitate imaging and analysis.
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the catalyst for growing CNTs. It should be noted that the
CNT growth on CFs (Figure 1) has direct applications in
energy storage devices and aerospace, which benefit from
high electrode surface areas and multifunctional composites,
respectively.[3]

Growth temperature was also varied while keeping all
other conditions constant, including the nominal 15 min
growth duration. The temperature range of CNT growth
examined spanned from 390 8C to 720 8C, with higher CNT
tortuosity observed at higher temperatures (Figure S2). We
envision that further study toward a mechanistic understand-
ing of Na-catalyzed growth will expand this temperature
range.

The experimental results show that the catalytic activity
exhibited by Na-containing compounds is independent of
precursor counter-ion and Na oxidation state. This observa-
tion suggests that Na in its metallic form may be acting as the
catalyst. Indeed, Na2CO3, which by itself is inactive as
a catalyst for C condensation, is reduced carbothermally in
the presence of a C source with lower reduction potential to
produce metallic Na as Na2CO3 + 2C ! 2Na + 3CO.[13] For
other Na-containing compounds used in this study, note that:
1) above 80 8C, NaHCO3 decomposes to produce Na2CO3, 2)
NaOH reacts with CO2 to produce Na2CO3, and 3) NaCl can
be converted into NaHCO3 in the presence of moisture and
CO2.

[14]

A plausible CNT growth mechanism is outlined as
follows: 1) C2H2 reacts with metallic liquid Na to produce
Na2C2: a C2H2 + bNa ! c NaxCy + dH2,

[15] where sodium
carbide could have several stoichiometries,[16] and 2) Na2C2

decomposes at the reaction temperature in the presence of
H2, producing metallic Na and free C precursor: Na2C2 !
2Na + 2C.[17] Once free condensed C is present on the
surface, graphitic structures can assemble. As revealed in the
TEM images, elevated temperatures lead to coalescence and
sintering of Na atoms to form nanoparticles. The nano-
particles commensurate in size to CNTs then lead to the C
assembly to form CNTs. This growth mechanism is supported
by all observations and trends observed here, although
additional work is required due to the numerous competing
reactions and the presence of CO2 in the reaction.

While Na-containing compounds catalyze CNT growth at
480 8C, Fe, a common catalyst for CNT growth, is less active
(based on the rate of CNT formation). To understand this
finding, we performed electronic structure density functional
theory (DFT) calculations to compute the energetics of
adding C atoms to the growing edge of a CNT, in the presence
of Na and Fe atoms (Figure S8). Fe is compared with Na as
a representative transition metal catalyst benchmark since it
is reported to result in comparable CNT growth yields as Co
and Ni catalysts via thermal CVD at temperatures as low as
400–450 8C.[10] The weaker but stable binding of Na atoms to
the growing CNT edge, as evinced by longer C�Na bonds as
compared to C-Fe bonds, implies that C incorporation into
the growing CNT will be faster for Na. According to the
Sabatier principle in catalysis, interactions between the
catalyst and the substrate should be neither too strong nor
too weak. DFT calculations were executed for the two
extreme cases of armchair (AC) and zigzag (ZZ) edges of

CNTs. For the AC edge (Figure S8a,c–h), the Na atom is
found to marginally lower the energy requirement (by
0.09 eV) for the propagation of the edge, as compared to an
Fe atom. On the other hand, for the ZZ edge (Figure S8b,i–p),
the Na atom is found to considerably lower the energy
requirement (by 2.08 eV) for growth initiation relative to that
of the Fe atom. These findings can be discerned from the
energy profile vs. reaction coordinate plot in Figure S8q. It is
also important to highlight that beyond the ability to catalyze
CNTs below 400 8C, Na is a more advantageous catalyst
compared to Fe, Co, or Ni due to its versatility in CNT growth
on a variety of substrates and less deleterious interactions
with some substrates. For instance, Fe- or Co- or Ni-catalyzed
CNT growth on CFs results in surface damage, which
compromises the underlying fiber strength by almost
60%.[18] Here, Na catalyzes conformal CNT growth on CFs,
while preserving the underlying fiber surface and mechanical
properties.

Unlike traditional transition-metal catalysts, Na-catalyzed
CNT growth also exhibits a unique vaporizing catalyst
phenomenon, in which the catalyst vaporizes after growth.
Initial observations of relatively long CNT growth from Na on
silicon nitride TEM grids reveal CNTs with no observable
catalyst particles at the base, tip, or internal to the tubes. To
explore this phenomenon, CVD was performed on NaOH-
drop-cast silicon nitride TEM grids for different growth
durations, and samples were characterized via ex situ TEM
and EDS analyses. No-growth samples (0 s of growth time),
which had only been reduced with H2 and had no exposure to
CO2 and C2H2, resulted in the formation of Na-based
nanoparticles. These particles were observed to have strong
electron beam interaction, often vaporizing after several
minutes of imaging at 120 keV, and observed as a consistent
decrease in Na EDS intensity (Figure S9).[19] Specimens with
900 s of CNT growth time do not reveal particles attached to
either the CNT base or tip (Figure 2). Likewise, scans across
the full length of tubes do not reveal any metallic nano-
particles including common transition-metal (contaminant)
nanoparticles such as Fe or Ni, which can be easily identified
in TEM and scanning transmission electron microscopy
(STEM) by the sharp contrast arising from crystallinity
differences and their significantly higher atomic numbers,
respectively, as compared to those of C. Further, growths
terminated at intermediate times of 113 s and 225 s reveal
nanoparticles at the base of short and newly nucleated tubes.

EDS confirms these nanoparticles are comprised primar-
ily of Na and detects only C and O as additional peaks that are
not associated with the background. These nanoparticles
vaporize upon electron beam imaging at � 180 s at 120 keV
(Na displacement energy � 10 eV, which results in electron
displacement threshold energy � 100 eV at room temper-
ature), similar to the vaporizing behavior of Na nanoparticles
formed at 0 s of growth time (reduction only) upon beam
exposure. Taken together, this suggests that the catalyst
nanoparticles can be removed from the grown CNTs with
extended times at growth temperature sans C introduction.

These ex situ observations of the vaporizing Na catalyst
are further corroborated by in situ TEM performed during
CVD. A key advantage of the in situ experiments is that they
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eliminate any effect of post-growth ambient interactions (e.g.,
nanoparticle changes through air exposure), such that the
nanoparticles observed represent the actual catalyst state
responsible for CNT nucleation and growth.

In situ TEM was performed within an environmental
transmission electron microscope (ETEM) in which NaOH-
drop-cast silicon nitride TEM grids were heated to 480 8C and
subjected to the flow of the same gas feedstocks as those used
in the CVD tube furnace. Growth of carbon nanostructures
was successfully achieved while performing real-time imaging
and characterization (Figure S10). Carbon nanostructures
grown in the ETEM chamber initially appear as solid
nanofibers (Figure S11). However, an EELS line scan across
the structure reveals a core–shell structure: high intensities
indicating C walls on the outside, with the inner core having
relatively high counts of Na and carbonate (O and C). These
core–shell nanofibers have C walls that are closely related to
the hollow and partially filled CNTs found in ex situ results
(Figure S12). This suggests a core depletion mechanism
during tube CVD processing at extended times and temper-
atures that is not identically replicated in a vacuum ETEM
growth environment, and provides new insight into the
growth process and location of the Na catalyst in this process
in absence of interactions with air that occur in the ex situ
work.

Further TEM imaging of the solid nanofiber formed
inside the ETEM yielded a previously unobserved phenom-
enon (Figure 3) as annotated snapshots of Supplemental
Video 1 (SV1). Due to the electron beam interaction with Na,
the Na-rich core of the nanofiber depletes, starting at the tip
of the CNT and moving towards the base. Subsequently, at
even longer beam exposures, the attached Na nanoparticle at
the base of the CNT also vaporizes, and a second depletion
front emerges and approaches the first, eventually fully

hollowing out the core–shell structure and yielding a CNT
that is similar morphologically to those observed in ex situ
experiments at longer growth times in this work. Most
importantly, this suggests that the Na nanoparticle catalyst
can be selectively removed.

We engineered a post-growth annealing process to have
a similar effect of removing Na and created catalyst-free
CNTs in an ordinary tube furnace process. Figure S3 and
Figure S4 show that the walls of annealed CNTs have
turbostratic wall structures that are similar to that of as-
grown CNTs processed at 15 min on CFs, exhibiting interwall
spacings of � 0.3 nm and a crystallite size of � 10.15 nm
within the CNT wall. Na levels of the CNTs vaporizes with
this post-growth heat treatment of CNTs grown on alumina
fibers (Figure 4). Here, EDS analysis of CNTs that were
subjected to heating at 1000 8C in Ar for 60 min after ex situ

growth revealed no Na peak, thereby demonstrating selective
removal of the Na catalyst material. Solid core–shell nano-
fibers that were exposed to the TEM beam displayed slightly
lower Na-to-C ratios once the core was removed, consistent
with in situ EELS line-scan analyses (Figure S11). Moreover,
since both the core material and the catalyst particles exhibit
similar electron beam interactions (Figure 3) to those that are
observed to remove Na from catalyst particles, it is expected
that core removal also results in the slight decrease of the Na

Figure 3. The vaporizing catalyst phenomenon-snapshots from SV1 of
electron beam-induced etching (core depletion) of a CNT with core–
shell morphology grown in situ on a NaOH-coated silicon nitride TEM
grid within an ETEM. TEM images were taken in vacuum at room
temperature after CNT growth at 480 8C at several electron beam
exposure times: a) a nanofiber structure at the beginning of beam
exposure; b) the onset of core depletion from the tip of the tube after
60 s; c) the continued core depletion towards the base, revealing
a hollow carbon tube identical to the CNT found in ex situ-grown
specimens, after 120 s; d) the onset of base Na nanoparticle depletion
and start of base core depletion after 180 s.

Figure 4. Core–shell CNTs (filled & unfilled) grown on NaOH-dip-
coated alumina mfibers using the nominal growth process at 480 8C for
15 min. TEM images were taken of a filled core–shell CNT a) after
growth; b) after the TEM electron beam hollowed out the core of the
CNT; and c) after a core–shell CNT was annealed at 1000 8C in Ar for
60 min. EDS, d) was taken over each image area and the Na-to-C
intensity ratio approached zero after the inert annealing process,
leaving a catalyst-free CNT. EDS spectra were normalized by the Cu Ka

(8.040 keV) background peak of the TEM grid holder. All TEM images
have the same scale bar.
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peak. This ability to remove the Na catalyst is attractive for
applications where metal contaminants (including growth
nanoparticles) are undesired, thus expanding its potential for
use in biological and other applications. It is important to note
that an annealing step at 1000 8C is a conservative heat
treatment to ensure full removal of Na and is not required
because it is observed that Na particles vaporize with the
increased duration of heating at 480 8C beyond growth
termination (Figure 2). This process is advantageous for
enabling a one-pot synthesis of hollow and catalyst free-
CNTs, as it obviates any need for sample removal and post-
processing steps, and could therefore be industrially suitable.
To tune this further, future studies can be executed to
understand the threshold time and temperatures to better
optimize catalyst removal at lower temperature by varying
the duration of heat treatments.

In summary, the unique core–shell CNT structure
observed, found primarily during in situ experiments employ-
ing Na-based catalysts, may suggest a possible new mecha-
nism for CNT growth in which the core structure formation
facilitates C wall formation before being later removed in the
process due to prolonged high-temperature exposure. Under-
standing the growth mechanism will involve characterizing
the in situ chemical state of the catalyst particles prior to, and
during, C-containing gas feedstock introduction. It is under-
stood that salt precursors in transition-metal based CNT
growth are decomposed prior to growth, and previous in situ
TEM studies have revealed that the reduced transition metals
form metastable carbides that decompose to provide C for
CNT growth.[20] One study has reported CNT growth using
a Na salt as a precursor, but does not offer evidence to
elucidate the catalyst state and confirm the absence of
contaminants that catalyze growth, especially at the high
temperatures employed (820 8C).[21] All observations in our
work, including in situ TEM and DFT analyses, suggest that
metallic Na may be catalyzing growth similar to that resulting
from traditional metal catalysts: 1) lower CNT growth yields
are observed with Na catalysts when no H2 is flowing during
reduction and ramp-up to growth temperature, 2) in situ TEM
videos show the movement of a liquid-like flow front during
ramp-up to temperature (see SV2), consistent with a melting
point of bulk metallic Na well below growth temperature, 3)
no discernible differences in CNT morphology are observed
regardless of the Na precursor compound employed, despite
the precursors having different decomposition pathways, and
4) in situ EELS performed on catalyst particles formed during
temperature ramp and reduction steps reveal the presence of
Na but virtually no counts of O and low counts of C (likely
residual aliphatic C on the TEM grid), consistent with ex situ
XPS measurements of as-received TEM grids (Figure S5).
Moreover, the unique nanostructures formed here (both
hollow and core–shell structures), the lack of catalysts present
after long duration low-temperature growth, and elemental
analyses performed confirm the lack of common transition
metal catalysts contaminants. Many opportunities exist for
further study of the growth mechanisms of Na-mediated CNT
growth beyond this communication scope, and would benefit
from advanced surface chemistry analysis such as in situ XPS.
Here, atmospheric thermal CVD forms CNTs primarily

composed of turbostratic walls with a fine grain structure
with both sp2 and sp3 bonds as evidenced by the somewhat
crystalline structures via HRTEM and Raman spectroscopy.
This is a morphology of interest for electrochemical sensors,
electrochemical energy systems, and nanoengineered compo-
sites in which defective carbon nanofibers are advanta-
geous.[22] Follow-on work will also entail process tailoring,
catalyst solution modifications (e.g., investigating the pH
effects), and post-growth treatments that could enable control
over the degree of graphitization and morphology of the
resultant CNTs. In addition, our own preliminary work has
also shown that alkali metals with similar chemical reactivity
to that of Na, particularly K, can catalyze growth of CNTs
under similar CVD environments. The presented new Na
catalyst and associated findings offer a new facile and scalable
method for CNT growth using an alkali metal, and offer many
directions for further study, including catalysis mechanisms,
catalyst-free CNT formation, and process tuning for mor-
phology tailoring.
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Low-Temperature Growth of Carbon
Nanotubes Catalyzed by Sodium-based
Ingredients

Carbon nanotubes (CNTs) can be grown
from common ingredients containing Na.
Table salt, baking soda, lye, and washing
soda can be dried onto substrates and
subjected to a low-temperature chemical

vapor deposition (CVD) process below
400 8C, resulting in grown CNTs. Residual
Na catalyst can be removed through an
inert heat treatment anneal, resulting in
catalyst-free CNTs.
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Experimental Section 

Catalyst solutions. Aqueous catalyst solutions were prepared by dissolving semiconductor-grade NaOH (Sigma 
Aldrich, product number 306576 > 99.99%) in reagent-grade deionized water (VWR Chemicals, product number 
BDH1168-1LP) with the following concentrations: 0.18 mol/L, 0.018 mol/L, and 0.0018 mol/L. Likewise, analogous 
aqueous solutions with equivalent molar concentrations were prepared from reagent grade Na2CO3 (Sigma Aldrich, 
product number 451614 > 99.999%), NaHCO3 (Sigma Aldrich, product number S6014 > 99.7%), and NaCl (Sigma 
Aldrich, product number 450006 > 99.999%), respectively. To enable fast and uniform deposition on TEM grids, 
NaOH solutions with the same molar concentrations were also prepared using reagent-grade methanol (VWR 
Chemicals, product number  BDH85800.100E > 99.9%).  

Deposition of catalyst onto fibers. Uncoated, bare carbon fibers (commercially thermally desized carbon fibers), 
polymer-coated (sized) carbon fibers, and alumina fibers were immersed in 0.18 mol/L NaOH(aq) solutions for 5 min 
and then dried on a hydrophobic rack to allow for solvent to evaporate. To generate the specimens shown in 
Figure 1, desized CFs were also dip-coated in 0.18 mol/L solutions of Na2CO3, NaHCO3, and NaCl. 

Deposition of catalyst onto wafers. Wafer-based substrates comprising 200 nm of thermal silicon oxide on 
silicon were cut into 2 cm × 2 cm squares, abraded with diamond particulates (60 µm to 80 µm diameter), and 
dropcast with 0.018 mol/L NaOH in methanol.  

Deposition of catalyst onto transmission electron microscropy (TEM) grids. TEM grids with silicon nitride 
membranes were dropcast with 20 µL of 0.018 mol/L NaOH in methanol and allowed to evaporatively dry in 
ambient air. Care was taken to allow for the majority of the deposition to occur directly over the grid window to 
facilitate CNT imaging over membrane holes. These TEM grids were then transferred onto quartz slides for 
thermal chemical vapor deposition (CVD) processing in a tube furnace, described below, or placed inside a grid 
holder for CVD processing in an in situ TEM system, also described below. 

Thermal CVD growth of CNTs. Dip-coated (catalyst-applied) samples were placed inside a fused quartz tube 
furnace (22-mm inner diameter, 25-mm outer diameter, 30-cm heated section of the furnace) and flushed with Ar. 
While heating to the growth temperature setpoint (nominally 480 ± 1 °C), 300 µmol/s of H2 was introduced while Ar 
was adjusted to 75 µmol/s to initiate the reduction phase, during which catalyst nanoparticles were formed. At 
480 °C (or at the growth temperature setpoint), both Ar and H2 were turned off, and 12.5 µmol/s of CO2 and 125 
µmol/s of 10 % C2H2 in Ar were introduced into the tube to execute the growth phase. The standard growth time 
was 15 min. For sub-400 °C growths, Ar and H2 were held for 1 min at growth temperature before introducing 12.5 
µmol/s of CO2 and 12.5 µmol/s of pure C2H2. After growth, both gases were switched off, and Ar was flushed 
through the tube as the furnace cooled to ambient temperature for sample extraction. Growth times and 
temperatures were varied for this study: e.g., 0-min growth time corresponded to a reduction-only process in which 
gases were turned off and the furnace was cooled right after ramping to growth temperature. 

To determine growth conditions that would enable the migration of the growth process from an atmospheric-
pressure tube furnace to a reduced pressure in situ TEM growth environment, the thermal CVD process was 
modified by pulling vacuum on the exhaust of the tube furnace throughout all steps to maintain tube pressures 
below 500 Pa. Additionally, pure C2H2 was flowed at higher rates of 150 µmol/s along with CO2 at 150 µmol/s to 
maintain a 1-to-1 ratio.  

Scanning electron microscopy (SEM), energy dispersive x-ray spectroscopy (EDS), and Raman 
spectroscopy. SEM was conducted without gold sputtering/coating on any of the specimens. EDS spectra and 
maps were acquired for specimens to look for contaminants that could catalyze growth (e.g., Fe, Ni, and Co). No 
such contaminants were found, with only Na and O corresponding to the nanoparticles formed on the bare carbon 
fiber immediately after the reduction steps observable. At least five locations were observed for each sample for 
CNT growth on carbon fibers, alumina fibers, silicon nitride grids, and thermal silicon oxide on silicon wafers. 
Representative SEM images of CNT growth on each substrate are shown in Figure 1, Figure S1, and Figure S2. A 
representative SEM image with EDS mapping is shown in Figure S6. Raman spectroscopy was performed using 
532-nm laser excitation.  

Transmission electron microscopy. Ex situ TEM imaging was performed with several different instruments 
including an uncorrected TEM at 200 kV, Cs-corrected TEM at 80 kV, and scanning transmission electron 
microscopy (STEM) mode at 80 kV. EDS was performed at different magnifications to determine the location of 
catalyst particles. Imaging was performed relatively quickly (< 30 s) on nanoparticles before exposure to the beam 
completely removed the particles. A minimum of three randomly selected locations on each substrate examined 
were imaged for each growth time and treatment investigated. Representative imaging of grown CNTs and catalyst 



particles are shown in Figure 2 and Figure S9, respectively. Representative images of partially filled CNTs and 
open-ended CNTs are shown in Figure S12.  

In situ transmission electron microscopy and electron energy loss spectroscopy (EELS) during CVD 
growth of CNTs. In situ TEM of CVD growth of CNTs from Na-based catalysts was performed at NIST 
(Gaithersburg, MD) using an environmental TEM that allows for controlled introduction of gas flow over a heated 
grid. NaOH-drop-cast silicon nitride TEM grids were placed on a holder with a heating element and then inserted 
into the TEM chamber. Next, 0.3 µmol/s of H2 was flowed over the sample during controlled ramp to a setpoint 
temperature of 500 ± 5 °C at a pressure of 110 Pa. Once the setpoint temperature was reached, stage locations 
were recorded across the specimen to allow for image sampling across a large area of the sample, after which 
0.075 µmol/s of CO2 and 0.075 µmol/s of C2H2 were flowed for 30 min at a chamber pressure of 1400 Pa. Imaging 
was performed at each of the recorded stage locations. EELS scans were performed before initiation of the CVD 
process, during ramp up to the setpoint temperature under H2 flow, during CNT growth, and finally immediately 
after growth without ever breaking containment in the chamber. After growth, the TEM was switched to STEM 
mode to enable contrast imaging and to perform EELS line scans across resulting nanostructures. More 
specifically, line scans were conducted through the cross-section of the nanostructures, along the length, and 
across the base particles (the latter two not presented). It is important to note that Na interacts strongly with the 
electron beam. As a result, the line scans were destructive towards the Na-filled core of the core-shell CNTs and 
the base-growth nanoparticles, and thus resulted in an asymmetric Na and O composition profile through the 
thickness of the core-shell CNTs. At least five different nanostructures were imaged, scanned, and observed to 
undergo core depletion. Figure 3, Figure S10, and Figure S11 show representative nanofiber structures that 
become hollow CNTs under beam exposure.  

Heat treatment for removing catalysts from CNTs. Alumina fibers coated with CNTs grown at 480 °C for 15 min 
according to the methods described above were placed inside the same quartz tube furnace used for CNT growth. 
It should be noted that we qualitatively observe filled core-shell CNTs on alumina microfibers in a far minority 
proportion to hollow core-shell CNTs, in contrast to growth on carbon microfibers which yields primarily 
unfilled/hollow CNTs. Ar gas was flushed through the tube at 563 µmol/s for 2 min and then switched to 375 µmol/s 
after which the temperature was then ramped to 1000 ± 1 °C. The furnace temperature and Ar gas flow were held 
for 60 min before cooling back to room temperature. Representative nanostructures were then removed from the 
fibers and characterized by TEM and EDS. The following nanostructure samples were analyzed: three separate 
solid nanofibers after growth without catalyst removal treatment, three CNTs after growth followed by e-beam 
exposure, and three CNTs after growth and catalyst removal annealing step as described above. A representative 
TEM image and EDS spectrum for samples from each treatment are shown in Figure 4.  

X-ray photoelectron spectroscopy (XPS). XPS with an Al Kα X-ray source was performed on the following four 
samples prepared on silicon nitride TEM grids: (i) TEM grids as-received, (ii) NaOH-drop-cast TEM grids, (iii) 
reduced-only NaOH-drop-cast TEM grids, and (iv) NaOH-drop-cast TEM grids after 15-min CVD growth 
processing.  

Electronic structure density functional theory (DFT) modeling. Electronic structure DFT was used to 
understand the growth of armchair (AC) and zigzag (ZZ) CNTs in the presence of Na and in the presence of Fe 
catalyst atoms. These calculations were used to elucidate why metallic Na atoms are able to catalyze CNT growth 
at comparatively lower temperatures. Since the diameters of the CNTs grown in this work are between 
approximately 20 nm to 40 nm, which are relatively large for CNT, the growth front of the AC and ZZ CNTs was 
modeled as the growing edge of AC and ZZ nanoribbons, respectively. DFT calculations were performed in the 
open-source package cp2k, using the mixed Gaussian and Plane Waves (GPW) approach [33]. For the Gaussian 
part, the molecularly optimized triple zeta basis sets with polarization (MOLOPT-TZV2P) were used to represent 
the valence electron density for the carbon atoms and the double zeta (short range) basis sets (MOLOPT-DZVP-
SR) were used to represent the valence electron density for the sodium and iron atoms. The plane wave basis sets 
were cut off at an energy level of 450 Ry. The generalized gradient approximation (GGA) Perdew-Burke-Ernzerhof 
(PBE) functional [34] was used to represent the exchange-correlation energy of the system, which has been 
typically used in studying carbon nanomaterial systems. Forces on the atoms were minimized using the Broyden-
Goldfarb-Fletcher-Shanno (BFGS) algorithm until the maximum force on all atoms was less than 8.25 pJ/m (= 
1×10-4 Eh/a0). Dispersion interactions were accounted for using Grimme’s D3 approach [35]. Fermi-Dirac smearing, 
at a temperature of 300 K, was used in order to accelerate the convergence of the spin-polarized DFT calculations. 
We specified the initial multiplicity of the system as 1 in the case of the iron atom and 2 in the case of the sodium 
atom. The graphene nanoribbons were oriented with their surface normal in the z direction. Vacuum space of 2 nm 
was provided in the z direction, as well as in the lateral direction. The molecular schematic of the growth process 
for an AC CNT is shown in Figure S8a, wherein the repeated addition of atoms 1 and 2 will lead to the propagation 
of the growing front. Similarly, the molecular schematic of the growth process for a ZZ CNT is shown in Figure S8b, 
wherein the addition of atom 1 is required to initiate growth, following which the repeated addition of atoms 2 and 3 
will lead to the propagation of the growing front. In order to obtain insight into the growth process for these two 
extreme cases (note that the chiral angle for any nanotube other than AC or ZZ type lies between 0° and 30°, and 



therefore calculations for these two cases are expected to reveal the growth energetics of any type of CNT), we 
calculated the energy change associated with the addition of atoms 1 and 2 at the AC edge and atoms 1, 2, and 3 
at the ZZ edge, in the presence of Na and Fe atoms. For calculating the above energy change, the energy of the 
added carbon atom was taken to be the energy of a single carbon atom in monolayer graphene. According to the 
Evans-Polanyi relation [36], the activation barrier for a process is expected to scale linearly with the energy change 
associated with the process. The energy-minimized structures corresponding to the addition of atoms 1 and 2 at 
the AC edge in the presence of Na and Fe atoms are shown in Figure S8c-e and Figure S8f-h, respectively. 
Similarly, the energy-minimized structures corresponding to the addition of atoms 1, 2, and 3 at the ZZ edge in the 
presence of Na and Fe atoms are shown in Figure S8i-l and Figure S8m-p, respectively. It is evident that the Na 
atoms in general bond weakly at the nanoribbon edges, as evinced by the longer C-Na bond lengths, compared to 
C-Fe bond lengths, in all cases. However, the C-Na bond lengths are shorter than the sum of the van der Waals 
radii of carbon and sodium atoms, indicating a sufficiently stable bond. In Figure S8q, we depict the energy profile 
of the system as a function of the number of carbon atoms added to the edge of the growing nanoribbon. It is 
evident that, for the ZZ edge, the addition of atom 1, i.e., the initiation process, requires the highest endothermic 
energy change, out of the addition of atoms 1, 2, and 3, for the case of both Na (1.59 eV) and Fe (3.67 eV) atoms. 
Therefore, the initiation step (addition of atom 1) is expected to be the rate determining step (RDS) in both cases. 
On the other hand, for the AC edge, the addition of atom 1 (0.86 eV) and atom 2 (0.95 eV) is expected to be the 
RDS, in the presence of Na and Fe atoms, respectively. Thus, from the energy profile (q), one can conclude that 
for the AC edge, the presence of a sodium atom, as compared to an iron atom, lowers the energetics associated 
with the propagation of growth marginally (0.09 eV). On the other hand, for the ZZ edge, the presence of a sodium 
atom, as compared to an iron atom, lowers the energetics associated with the initiation of growth considerably 
(2.08 eV).  

 

 

 

 

 

  



 

 

Figure S1. CNTs were grown on a variety of substrates by dip-coating with Na-based solutions, and using the nominal 
CO2 and C2H2 CVD reaction at 480 °C flowing for 15 min. a, SEM image showing CNTs grown on alumina fibers; b, 
SEM image showing CNTs grown on a silicon nitride TEM grid; c, SEM images showing CNTs grown on sized carbon 
fibers; d, SEM image showing CNTs grown on thermal silicon oxide on Si wafer. TEM images are shown in the inset 
for each specific substrate with the same scale bar. 

  



 

Figure S2. Temperature study of NaOH catalyst precursor growth using nominal CO2/C2H2 CVD process. a, 
Micrographs of carbon fibers subjected to the CNT growth process at 390 °C, b, 480 °C, c, 720 °C, and d, 820 °C. SEM 
micrographs are displayed in the top row and TEM images of grown CNTs are shown in the bottom row. CNTs were 
observed to form across the tested temperature range of 390 °C to 720 °C, with no growth observed at 820 °C. 

 
 



 

Figure S3. High resolution and aberration corrected TEM analysis of CNT wall structures. Both as-grown and 
annealed (in Ar at 1000 °C for 1 h) NaOH-catalyzed CNTs using the nominal growth process at 480 °C for 15 min are 
observed to have fine grain structures with wall distances of ~ 0.3 nm as shown in a and b respectively. FFT diffraction 
patterns corroborate the short-range order of CNTs grown at 480 °C for 15 min in c. CNT interwall distances were 
calculated from measuring distances between gray value peaks through the wall thickness. 

  



 

Figure S4. Quantification of crystallite size from curve fitting of Raman spectra for as-grown and annealed CNTs, 
showing fine-grain wall structures, as well as Raman spectra for NaOH-drop-cast silicon nitride TEM grids that have 
been subjected to CVD growth process at different growth temperatures. As-grown NaOH-catalyzed CNTs using the 
nominal growth process at 480 °C for 15 min are observed to have D/G ratio of 2.54 and a crystallite size of 7.54 nm 
shown in a. 1000 °C annealed NaOH-catalyzed CNTs using the nominal growth process at 480 °C for 15 min are 
observed to have D/G ratio of 1.89 and a crystallite size of 10.15 nm as shown in b. It is important to note that this 
curve fitting quantification may be affected by the presence of residual Na in the wall for a. D/G ratios of 0.85, 0.91, 
and 0.81 were found for growths performed at 480 °C, 720 °C, and 390 °C, respectively in c. 

  



 
Figure S5. Ex situ X-ray photoelectron spectra of NaOH-drop-cast TEM grids (exposed to air right after processing and 
before scans). Scans were performed for binding energy levels corresponding to C 1s and Na 1s (where available) 
peaks for a, As-received silicon nitride TEM grids, b, NaOH-drop-cast TEM grids, c, reduced only NaOH-drop-cast 
TEM grids, and d, NaOH-drop-cast TEM grids after 15 min growth processing. Carbon-carbon double bond and a Π-
Π* transition peaks can be observed after 15 min of growth consistent with CNT formation. In addition, the proportion 
of NaOH to Na2CO3 diminished after growth, consistent with ETEM line-scans. 



 

 

Figure S6. NaOH-dip-coated desized carbon fabrics were subjected to the initial steps of CVD processing for CNT 
growth and then terminated right before the introduction of CO2 and C2H2 at 480 °C. SEM imaging with EDS mapping 
was performed showing the presence of catalyst nanoparticles: a, SEM image showing catalyst particles on the surface 
of the carbon fiber; b, EDS map showing that the nanoparticles are composed of Na; c, EDS map showing that the 
nanoparticles contain O; d, EDS map showing no detectable Fe contamination; e, EDS map showing no detectable Co 
contamination; f, EDS map showing no detectable Ni contamination; d, EDS spectra showing only Na, O, and C as 
major detected peaks.  

 



 

Figure S7. Controls of as-received substrates (without dip-coating in NaOH) were subjected to the nominal CO2 and 
C2H2 CVD reaction at 480 °C and yielded no observable CNTs. Scanning electron micrographs of CVD-processed 
substrates are shown in a, as-received sized carbon fiber, b, as-received silicon nitride TEM grid, c, as-received 
diamond-abraded thermal silica on Si wafer, d, as-received thermal silica on silicon wafer, and e, as-received water-
rinsed sized CF. 

  



 

 

Figure S8. Modeling of the energetics associated with the growth of armchair (AC) and zigzag (ZZ) edges in a CNT, 
represented as a periodic graphene nanoribbon: a, atoms 1 and 2 need to be repeatedly added at the AC edge to 
propagate the edge; b, atom 1 needs to be added to initiate the growth of a ZZ edge, followed by the repeated addition 
of atoms 2 and 3, to propagate the ZZ edge; c-h, energy minimized atomic structures corresponding to the sequential 
addition of carbon atoms (1 and 2), depicted in green, at an AC edge in the presence of a sodium atom, depicted in blue 
within c-e, and an iron atom, depicted in cyan within f-h; i-p, energy-minimized atomic structures corresponding to the 
sequential addition of carbon atoms (1, 2, and 3), depicted in green, at a ZZ edge in the presence of a sodium atom, 
depicted in blue within i-l and an iron atom, depicted in cyan within m-p, where the minimum C-Na and C-Fe bond 
lengths in the system are indicated on the top right hand corner of each panel; q, energy profile of the system as a 
function of the number of carbon atoms added, corresponding to panels a and b, respectively, for an AC and ZZ edge, 
for both sodium (blue) and iron (red) atoms. The energy changes associated with the rate determining steps are shown. 
Solid lines depict the ZZ edge and dashed lines depict the AC edge. 

  



 

Figure S9. NaOH-dip-coated silicon nitride TEM grids were subjected to reduction-only CVD processing (0 min of 
CO2/C2H2 flow at 480 °C) resulting in the formation of sodium catalyst nanoparticles: a, TEM image showing 
immediate electron beam interaction; b, TEM image shows complete removal of the nanoparticle from the field of view 
within 30 s of electron beam exposure; c, EDS spectra showing a complete removal of the Na peak corresponding to 
nanoparticle removal. These results show that catalyst nanoparticles are composed of sodium, which is removed by the 
strong interaction with the TEM electron beam, likely boiling off the metallic sodium. EDS spectra were normalized by 
the dominant Cu Kα (≈8.040 keV) background peak that is from the TEM grid holder. 

  



Figure S10. Imaging of NaOH-drop-cast silicon nitride TEM grids subjected to 480 °C CVD in situ growth processing 
within the ETEM. Real-time imaging was performed right after CO2 and C2H2 were introduced at 480 °C for growth 
durations of: a, 0 s; b, 180 s; and c, 960 s. Extrusions of CNTs can be observed from Na nanoparticles. 

  



 

Figure S11. Structure and chemical composition of core-shell CNT revealed by EELS line scans: a, annular dark 
field (ADF) image of CNT grown in situ inside of the ETEM on NaOH-drop-cast silicon nitride grids, taken 
immediately after growth with EELS line scan (direction, and position indicated by the white arrow), revealing the 
structure and chemical composition of the tube; b, ADF image of the same CNT taken after the line scan, noting that 
line scan results in apparent removal of material from the core, which results in position shifts of the maximum 
intensities of elements in the core in c; c, intensity profiles of the elements (C, O, and Na) from the EELS line scan 
reveal a core-shell structure with carbon walls and sodium-rich core. 

  



 

 

Figure S12. CNTs grown from NaOH-dip-coated carbon fabrics were observed under the TEM to reveal two types of 
CNTs from sodium-based growth: a, open-ended CNTs without catalyst particles observed at base or tip and b, half-
filled hollow CNTs were observed. Neither of these features are typically observed with CNT growth from traditional 
transition metal catalysts. 

  



Movie SV1 
The “vanishing catalyst phenomenon” – video of electron-beam induced etching 
(core depletion) of a CNT with filled core-shell morphology grown in situ on a 
NaOH-coated silicon nitride TEM grid within an environmental TEM. Video was 
taken in vacuum at room temperature after CNT growth at 480 °C while electron 
beam exposure of a filled core-shell CNT structure progressively resulted in core 
depletion from the tip to the base of the tube, revealing a hollow carbon tube after 
120 s of beam exposure that is qualitatively identical to the CNTs found in ex 
situ-grown specimens. 

Movie SV2 
Video of a fluid-like flow front of deposited catalyst on a NaOH-coated silicon 
nitride TEM grid recorded within an environmental TEM chamber. Samples were 
observed during ramp-up to 480 °C while hydrogen was flowing. 

 




