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ment and significant research efforts

over 20 years,' surprisingly little is
known about the formation mechanism of
carbon nanotubes (CNTs).2 4 Synthetic effi-
ciencies still do not exceed 3%,® and recent
studies have shown that undesirable
byproducts are formed during CNT produc-
tion via catalytic chemical vapor deposition
(CVD) of ethylene,® a common route for
high-volume manufacture. Lack of knowl-
edge regarding chemical formation mecha-
nisms of CNTSs (1) limits true nanometer-
scale control of CNT structure (e.g., chirality
and defect density), (2) precludes advances
in carbon conversion and energy efficiency,
and (3) threatens the ultimate success of
the CNT-based product market due to real
and/or perceived environmental or public
health threats.

We aim to surmount these limitations
through an improved mechanistic under-
standing of CNT formation. In general, CNT
growth by CVD involves the introduction of
a gaseous carbon precursor (e.g., C;H4 or
CH3CH,0H) to a heated (e.g., 450—1300 °C)
reaction zone that contains a free-floating
or substrate-supported “catalyst”. The cata-
lyst is typically a transition metal or oxide
nanoparticle that is thought to mediate the
reaction, although true catalytic activity
has not been demonstrated. While the cur-
rent understanding is limited with respect
to chemical details,>~“ the prevailing notion
is that the carbon-containing precursor ad-
sorbs onto and then dissociates at the cata-
lyst. Initially, a closed carbon network is
thought to form the CNT “cap”, and then
carbon adds to the growing lattice by con-

l n spite of broad industrial develop-
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ABSTRACT Thermal treatments of feedstock gases (e.g., (;H,/H,) used during carbon nanotube (CNT) synthesis
result in the formation of a complex mixture of volatile organic compounds and polycyclic aromatic hydrocarbons.
Some of these are likely important CNT precursors, while others are superfluous and possibly degrade product
quality, form amorphous carbon, and/or contribute to growth termination. To simulate the effect of thermal
treatment without this chemical complexity, we delivered trace amounts of individual hydrocarbons, along with
ethylene and hydrogen, to a cold-wall atmospheric pressure reactor containing a locally heated metal catalyst (Fe
on Al,05). Using these compound-specific experiments, we demonstrate that many alkynes (e.g., acetylene, methyl
acetylene, and vinyl acetylene) accelerate multiwalled CNT formation with this catalyst system. Furthermore,
ethylene is required for enhanced CNT growth, suggesting that the alkyne and ethylene may react in concert at
the metal catalyst. This presents a distinct CNT formation mechanism where the chemical precursors may be intact
during C—Cbond formation, such as in polymerization reactions, challenging the widely accepted hypothesis
that precursors completely dissociate into C (or C;) units before “precipitating” from the metal. Armed with these
mechanistic insights, we were able to form high-purity CNTs rapidly with a 15-fold improvement in yield, a 50%
reduction in energetic costs, and order of magnitude reduction in unwanted byproduct formation (e.g., toxic and
smog-forming chemicals and greenhouse gases).

KEYWORDS: carbon nanotube growth - catalytic chemical vapor deposition -
alkyne - acetylene - methyl acetylene - vinyl acetylene - efficiency - environment

tinual dissociation at, diffusion into or over,
and precipitation from the catalyst.?’

As a result of the focus on precipitation
from the catalyst, few studies have evalu-
ated the role of gas-phase reactions in CVD
reactors. However, these gas-phase reac-
tions play a critical role in CNT growth. We
demonstrated that independently heating
the carbonaceous feedstock prior to im-
pingement on a metal catalyst accelerates
CNT formation by up to a factor of 20.8° The
thermal pretreatment step generates a
suite of volatile organic compounds
(VOCs),*1°712 some of which may be respon-
sible for enhanced CNT formation,® while
others may diminish CNT quality.'® Identify-
ing the critical CNT precursors would
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Figure 1. Atmospheric pressure, cold-wall CVD reactor with decoupled thermal control over feedstock and catalyst.
Throughout this study, feedstock gases were delivered in one of two modes: (1) with thermal treatment (T, = 680—1040 °C,
C;H, and H, only) or (2) without thermal treatment (C;H; and H, and a test gas, “X"). The catalyst substrate temperature (7)
was 725 °C, unless otherwise noted. The height of the growing CNT forest was monitored with a laser displacement

sensor.

enable selected delivery of those compounds, rather
than relying on thermal generation to provide the nec-
essary reactants within a complex mixture of chemicals.
Indeed, others'>' showed that direct delivery of un-
heated acetylene to a heated metal catalyst yields CNTs.
Despite these investigations, it is unclear whether
acetylene’s potency extends to other thermally gener-
ated materials and, if so, how the chemical functional-
ity of distinct precursors affects CNT formation. Further-
more, direct delivery of critical precursor molecule(s)
and avoidance of thermal treatment of the feedstock
gas would (1) remove an energetically expensive com-
ponent of the process,'* (2) potentially improve the
precursor-to-CNT mass conversion efficiency, and (3) re-
duce the formation of unintended byproducts.

RESULTS AND DISCUSSION

Identification of Thermally Generated CNT Precursor
Molecules. Using an atmospheric pressure, cold-walled
CVD reactor (Figure 1),%'%'>' we independently con-
trolled the temperatures of the feedstock and catalyst.
The CH4/H; growth mixture was heated to various “pre-
heat” temperatures, T, (860—1040 °C), and then cooled
to room temperature prior to impingement on a
substrate-affixed, locally heated metal catalyst (1 nm
Fe/10 nm Al,03/675 pm Si with 300 nm thermal ox-
ide).'® Simultaneously, we monitored the composition
of gases evolved from the preheater by ex situ gas
analysis,® as well as the in situ CNT growth rate by moni-
toring the height evolution of a vertically aligned multi-
walled CNT (MWCNT) “forest” using a laser displace-
ment sensor.'® As preheat temperature increased, there
were strong linear correlations between the growth
rate and the partial pressures of methane, benzene, and
vinyl acetylene (but-1-en-3-yne), each with a correla-
tion coefficient (R?) of 0.99 (n = 4, Figure 2). As the
abundance of methyl acetylene (propyne) increased,
the growth accelerated to a point of apparent satura-
tion. Thus, at high methyl acetylene concentrations,
something other than precursor availability limited the
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rate of CNT formation. The hyperbolic behavior is char-
acteristic of catalysis reactions, suggesting that the
metal is acting as a true catalyst for CNT formation,
rather than simply providing a template for highly or-
dered carbon precipitation.

Irrespective of the mechanism, some of these com-
pounds have been suggested as important CNT precur-
sors, while others have not. Methane is a common
CVD feedstock gas, and recent simulations indicate it
gives effective CNT growth via decomposition on Fe
catalyst surfaces.!”'® Benzene has also been proposed
as an important intermediate in CNT formation. How-
ever, the alkynes, methyl acetylene and vinyl acetylene,
have not been explicitly recognized'® as active mol-
ecules in the CNT growth pathway. Acetylene (i.e.,
ethyne) itself has been noted previously for its rela-
tively efficient conversion to CNTs in molecular beam
and vacuum experiments, where gas-phase reactions
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Figure 2. Thermally generated compounds correlate with
CNT growth rate. Resultant concentrations from four differ-
ent preheat temperatures (860, 920, 970, 1040 °C) are
shown, and growth rate increased with temperature. The
symbols are measured gas abundances just after the pre-
heater tube, and the lines are the best-fit curves. The abun-
dances of methane, benzene, and vinyl acetylene were lin-
early related to the growth rate (all R = 0.99, n = 4). The
relationship between methyl acetylene and the CNT growth
rate was fit by a hyperbola (R? = 0.99, n = 4). In all experi-
ments, the gas flow during growth was C;H,/H,/He = 70/
330/0 sccm (standard cubic centimeters per minute), and the
catalyst substrate temperature was 840 °C.

www.acsnano.org



are minimized.'>'* Unfortunately, in those studies, ac-
etone (i.e., 2-propanone) was present as a trace (<1%)
component of the acetylene, and oxygen-containing
compounds are known to enhance CNT growth.?® Thus,
it is unclear if the enhanced growth was an effect of
the acetylene itself, the oxygen-containing acetone, or
both.

Accelerated CNT Growth by Direct Delivery of Key Precursors
without Heating Feedstock Gases. To demonstrate that small
alkynes (C,=4) were responsible for the accelerated CNT
growth, we delivered each candidate precursor mol-
ecule to a heated metal catalyst without thermal treat-
ment of the feedstock gas. To simulate the growth en-
vironment that would be generated by the preheater,
but without the convolution of the more than 40 ther-
mally generated compounds,® we administered trace
amounts of the test gas (e.g., <1% by vol), along with
a supply of ethylene (18.7% by vol) and hydrogen
(51.3% by vol, balance He), to the heated metal cata-
lyst. When equal partial pressures (9.8 X 1072 atm) of
each test gas were delivered, acetylene and methyl
acetylene enhanced the growth rate of CNTs beyond
rates achieved with thermal pretreatment (Figure 3a;
growth rates of 4.1 wm s~ for both acetylene and
methyl acetylene, and 2.9 um s for “preheater on”
growth). Note that online mass spectral analysis
showed no acetone in our cryogenically purified acety-
lene, and thus, the rate enhancement was due solely to
the presence of acetylene. Due to concentration limita-
tions, vinyl acetylene was tested at a lower partial pres-
sure (3.0 X 1073 atm). Even with more than a factor of 3
dilution compared to acetylene and methyl acetylene,
the CNT growth rate with vinyl acetylene was only 1.3
times slower (3.1 vs 4.1 um s™') and still faster than the
“preheater on” case (2.9 wm s~ ). Thus, if these concen-
trations are within the linear range of vinyl acetylene’s
effect on growth, then vinyl acetylene could be more
active than both methyl acetylene and acetylene.

Vinyl acetylene accelerated the growth of CNTs to a
greater extent than did ethyl acetylene (0.9 vs 0.6 pm
s, respectively; Figure 3b). This suggests that the alk-
ene group has a role in promoting CNT formation be-
yond the effects of the alkyne alone. Even so, the alkyne
functional group is critically important, as its absence
renders the molecule an inefficient promoter of CNT
formation: 1,3-butadiene did not enhance CNT growth
to the extent vinyl acetylene does (1.1 vs 3.1 um s, re-
spectively; Figure 3a). By logical extension, one might
expect that diacetylene (1,3-butadiyne; a thermally gen-
erated product with alternating triple bonds) would be
an effective CNT precursor molecule. However, the
compound is unstable and difficult to obtain commer-
cially in the United States, so we were unable to test it
directly. Nevertheless, we note that it was formed in all
cases in which we observed accelerated growths (re-
sults shown below; see Figure 4a), and it may contrib-
ute to enhanced CNT formation.
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Figure 3. Effects of precursor chemical structure on CNT growth
kinetics. In all experiments, standard growth gases (C;H4/H, =
120/310 sccm) were delivered without preheating in addition to
either (1) no test gas (preheater off) or (2) a test gas (e.g., methyl
acetylene or methane). To provide a reference for typical growth
conditions, a preheater on case (where only C;H,; and H, are deliv-
ered) is also shown. (a) Test gases were delivered at equal partial
pressures (9.8 X 1073 atm), except for vinyl acetylene, which was
more dilute (3.0 X 1073 atm). All alkynes significantly accelerated
growth compared to when they were not delivered (preheater off
case). Test gases were then delivered at (b) lower partial pressures
(3.3 X 10~*atm) or (c) equal masses (5.5 = 0.4 pg C sccm™).

For completeness, benzene was delivered to the cata-
lyst as a test gas (at 3.3 X 10~* atm, within the range ex-
pected from thermal generation), but it did not enhance
CNT formation (0.4 wm s, Figure 3b). Similarly, relevant
concentrations of methane did not promote CNT forma-
tion rates (0.7 or 04 pm s 'at9.8 X 10 3and 3.3 X 1074
atm, respectively). Thus, while methane and benzene
were both correlated with growth rate, they did not en-
hance CNT growth at the catalyst. We conclude they
where synthesized in concert or sequence with another
critical component (e.g., benzene formation via methyl
acetylene-derived radicals).?'

To ensure that the observed rate enhancements
were not merely the result of differences in carbon
mass (e.g., methane’s low molar mass relative to
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Figure 4. Eliminating thermal pretreatment of feedstock gases
reduced (a) VOC and (b) PAH formation. Labels shown on the
abscissa indicate the identity of the test gas and correspond to
the growth curves shown in Figure 2a. “Me. acetylene” and “vin.
acetylene” are methyl and vinyl acetylene, respectively. In the
preheater on and preheater off case, no test gas was added to
the typical feedstock gas (C;Hs/H,/He = 120/310/174 sccm). Er-
ror bars represent one standard deviation on multiple measure-
ments, and invisible error bars are smaller than the symbol. (a)
VOC concentrations are reported as partial pressure. (b) PAH
abundance was integrated throughout the CNT growth, and so,
concentrations are reported relative to total grams of C delivered.

alkynes), we delivered each test precursor at a con-
stant mass (5.5 = 0.4 ug C sccm™'). On a mass basis, vi-
nyl acetylene enhanced the rate most, followed by
acetylene, methyl acetylene, 1,3-butadiene, and meth-
ane (Figure 3c). Thus, the accelerating effects of alkynes
on CNT growth are not simply due to their relative car-
bon contents; rather, they are intimately related to
chemical structures.

Traditionally, when methane is used as a principle car-
bon source, it is heated to relatively high temperature
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(e.g., 800—1200 °C or used in plasma CVD).>* Conversely,
acetylene must be kept at a lower temperature for effi-
cient production (e.g., 550—800 °C and with low partial
pressures of acetylene).’>?? The use of methane for high-
temperature growth and acetylene for low-temperature
growth is not by scientific design, but rather, it is a conse-
guence of empirical optimization. This thermal disparity
may, in fact, reflect the generality of CNT formation mech-
anisms; if methane is not a critical precursor itself, it would
require thermal conversion to become one. On the other
hand, acetylene, as an alkyne, is an effective CNT precur-
sor, and so it does not require thermal treatment. Thus,
the broadly held understanding that different precursors
require different temperatures may simply be an experi-
mental artifact rather than a true distinction in growth
mechanismes. If the actual chemical intermediates were
used as direct feedstock, it is possible that a much nar-
rower thermal range would be observed for distinct cata-
lyst systems.

Reduced Byproduct Formation without Sacrificing CNT Growth.
In the typical CVD approach, where feedstock gases are
heated, many volatile organic compounds are gener-
ated by the thermal treatment of ethylene and hydro-
gen (Figure 4a), including methane (a potent green-
house gas), benzene, and 1,3-butadiene (hazardous air
pollutants regulated by the Environmental Protection
Agency). Omitting thermal pretreatment reduces the
abundance of all VOCs (except ethane) by more than
an order of magnitude (Figure 4a), and several com-
pounds, including benzene, were not formed in detect-
able quantities (<0.1 ppmv). Thus, CNT production
techniques that reduce the energy delivered to the
feedstock gas offer substantial reductions in unneces-
sary emissions. Compared to preheating, methyl- and
vinyl acetylene-assisted growth reduced methane for-
mation by about a factor of 30, thereby limiting poten-
tial greenhouse gas emissions; 1,3-butadiene formation
was reduced 60-fold; and benzene formation was effec-
tively eliminated (below detection, <0.1 ppmv).

VOCs are the most abundant components of the
CVD effluent, but several toxic polycyclic aromatic hy-
drocarbons (PAHSs) are also formed and emitted.® Elimi-
nating thermal treatment of the feedstock gases re-
duced the total PAH load by an order of magnitude
(Figure 4b). Naphthalene, fluoranthene, and pyrene
were most sensitive to this change, reduced by 20-,
60-, and 40-fold, respectively. Interestingly, fluoran-
thene and pyrene were elevated in alkyne-assisted CNT
syntheses relative to unassisted growths. Some have
postulated that fluoranthene, whose structure re-
sembles a CNT cap, is responsible for CNT nucleation.'
However, further studies are needed to establish the
function of PAHs in CNT formation reactions.

Increased Carbon Conversion to High-Purity C(NTs. Augment-
ing growth with trace amounts of alkynes offered sub-
stantial improvements in carbon conversion efficiency
(grams of CNT per grams of C feedstock X 100%, nor-
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Figure 5. Alkyne-assisted CVD offers improved carbon con-

version yields and catalyst efficiencies. Carbon conversion is
normalized to the mass of catalyst used ((grams of CNT per
grams of C precursor) X 100%)/g catalyst). The catalyst was

deposited by electron-beam evaporation at an estimated

density of 7.9 ng Fe mm™2,

malized to catalyst mass; Figure 5). Acetylene- or methyl
acetylene-assisted growth improved C conversion by
factors of 14 and 15 (1.2 X 10° and 1.3 X 10°% g cata-
lyst™"), respectively, exceeding the efficiencies that
were achieved with thermal treatment approaches (8.2
X 10%% g catalyst™"). In addition, dosing unheated
feedstock with trace quantities of vinyl acetylene
growth offered a 7.5-fold improvement in C conver-
sion (6.4 X 10%% g catalyst™"). In contrast, methane,
ethane, and 1,3-butadiene did little to enhance CNT for-
mation beyond what is achieved without preheating,
further demonstrating that these compounds are not
critical reactants for nanotube growth.

CNT yields have also been reported in terms of “cata-
lyst efficiency” (grams of CNT per grams of catalyst), which
does not account for carbon precursor mass. The highest
observed efficiencies are for water- and ethanol-assisted
CVD (107" to 10* grams of CNT per grams of catalyst).?2%
Here, without the use of oxidative etchants or thermal
treatments, we observed catalyst efficiencies up to 1.1 X
103%. Thus, while we have made no efforts to optimize our
synthesis for catalyst efficiency, we are within the range
of the state-of-the-art. With further efforts directly aimed
at improving catalyst efficiencies, we may see dramatic
improvements beyond what has been possible in CNT
synthesis to date.

Lastly, and notably, CNT purity (% CNT) was main-
tained in spite of eliminating thermal treatment of the
feedstock. Vinyl acetylene-, methyl acetylene-, and
acetylene-assisted growths produced materials with
CNT purities of 86 + 2,84 = 3, and 91 = 7%, respec-
tively, none of which are significantly different from the
CNT product generated by feedstock heating (87 +
1%; results determined by thermal gravimetric analy-
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Figure 6. Effects of ethylene and hydrogen during
acetylene-assisted CNT growth. Acetone-free acetylene was
delivered at 1.0 X 1073 atm in all experiments. As C;H; was
varied, H, was held constant at 0.51 atm. As H, was varied,
C;H, was constant at 0.20 atm. Helium was used to maintain
a constant total flow rate of 604 sccm. The ethylene con-
tent (a) influenced the CNT growth rate but had little effect
on the catalyst lifetime. The hydrogen content and had a
large impact on (b) catalyst lifetime at high and low pH, but
only influenced (c) the growth rate at low partial pressure.

sis; Supporting Information Figure S1. Additional CNT
characterizations, such as CNT diameter, Raman spec-
tra, number of walls, and forest density are also avail-
able in the Supporting Information).

Ethylene as a Co-reactant and Hydrogen’s Effect on Catalyst
Lifetime. While a relatively small concentration of alkyne
added to the unheated ethylene feedstock accelerated
CNT growth, the mass of alkyne was not sufficient to ac-
count for the mass of CNT formed. Therefore, the prin-
ciple feedstock, ethylene, must still serve as a co-
reactant at the metal catalyst and add to the growing
CNT. Indeed, alkynes have been shown to react with
alkenes to form cyclic intermediates during homo-
geneous catalyses,>* 27 and it is possible that alkynes
are playing a similar role in CNT formation. In these re-
actions, the metal must be reduced in order to have
catalytic activity, as the electrons are necessary to pro-
mote bond formation. In CNT synthesis, most catalysts
are reduced (e.g., with H,) prior to CNT growth.?® If the
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Scheme 1. Chemical effects of ethylene and hydrogen during
acetylene-assisted CNT growth. Ethylene may co-react with
acetylene to form a metallacycle intermediate (a). Hydrogen
may play a dual role regulating the catalyst lifetime, where low
partial pressures of H, limit catalyst turnover (b) and high partial
pressures of H, terminate “chain” propagation (c).

catalyst continually transfers electrons to carbonaceous
reactants to form long CNTs, we expect H, is required
as an electron donor to sustain catalyst activity. How-
ever, hydrogen'’s influence will not be strictly limited to
catalyst surface effects, as it is also important to gas-
phase reactions during CNT synthesis.

To explore the role of H, and C;H, in CNT synthesis,
we varied the concentration of each independently while
fixing acetylene (which, incidentally, is the least expen-
sive of the tested alkynes and a likely target for use on the
industrial scale). Consequently, we identified the minimal
H, and C,H, quantities needed to obtain rapid CNT forma-
tion so as to minimize feedstock costs and waste.

As C,H, abundance was reduced, there was a de-
crease in CNT growth rate (Figure 6a). This is consistent
with ethylene acting as a key reactant with the alkyne in
the CNT formation reaction (Scheme 1a). In contrast, the
abundance of C,H, delivered as feedstock gas did not
have a clear relationship with the catalyst lifetime.

As we had anticipated, the partial pressure of H,
(pH,) had a significant impact on the catalyst lifetime
(Figure 6b). At low pH, (<0.31 atm), there was a sharp
decrease in the catalyst lifetime, consistent with hydro-
gen’s role as a sustained source of electrons necessary
to re-reduce the catalyst after it has been oxidized dur-
ing bond formation (Scheme 1b). While a minimum
amount of hydrogen was necessary to sustain catalyst
activity, excess pH, reduced the catalyst lifetime. In
polyethylene polymerization, an abrupt increase in pH,
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can terminate chain propagation by adding H; to the
metal catalyst, blocking monomer addition (Scheme
1¢c). As such, pH; is often used to control the ultimate
length of the polymer.2?~3' Alternatively, termination
events could be induced via protonation by water to
yield a reductive coupling product (e.g., adding H to the
CNT and cleaving the metal —CNT bond), and recent ob-
servations of water-induced cleavage of CNT—catalyst
contact support this mechanism for termination.?

In addition to having a substantial influence on cata-
lyst lifetime, lowering pH, (<0.17 atm) reduced the CNT
growth rate (Figure 6¢). In the gas phase, inadequate
hydrogen can promote polyacetylene formation and
subsequent soot production.3? While polyacetylenes
have been suggested as candidates for CNT forma-
tion,* an excess abundance in the gas phase may pro-
mote soot formation rather than CNT growth.

While both ethylene and hydrogen are necessary
for efficient CNT growth, we could reduce the delivery
rate of each by 20 and 40%, respectively, without sacri-
ficing CNT growth rate, catalyst lifetime, or yield. By de-
livering the necessary precursors directly, rather than
relying on thermal treatment to generate trace quanti-
ties of the desired reactant(s), lower quantities of start-
ing materials may be used. Such dramatic reduction in
the requisite starting materials’ masses will not only re-
duce waste in high-volume CNT production but also
translate to cost savings for manufacturers.

CONCLUSIONS

Within the complex mixture of thermally generated
compounds (>40 distinct chemical species),® we have
demonstrated that the alkynes contribute to acceler-
ated CNT formation while other previously suspected
molecules (e.g., benzene and methane) do not. This has
important implications for industrial-scale CNT produc-
tion. For example, the reduced energetic and starting
materials requirements could result in substantial cost
savings. Further, if alkyne-assisted approaches are fully
optimized for high volume synthesis, we could see dra-
matic improvements in CNT yield and mass-per-hour
production rates. Lastly, the limited byproduct emis-
sions could prevent unnecessary damage to the envi-
ronment and public health as industrial CNT production
continues to expand.

Many intriguing questions remain. The general reac-
tivity of small molecules (C,—C,4) containing triple
bonds suggests a previously unrecognized chemical
specificity during CNT synthesis. This could be a conse-
quence of two scenarios: (1) alkynes have a higher ad-
sorption affinity for the metal catalyst (here, Fe on
Al,0s3), and their enhanced presence at the catalyst fa-
cilities dissociation into C units followed by bulk and/or
surface diffusion across the catalyst,?® or (2) alkynes
bond efficiently with the metal catalyst system, and
their structures enable the formation of new C—C
bonds between intact (nondissociated) precursors. The
latter interpretation, while unprecedented in the CNT
literature, has close analogues in the homogeneous
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metal catalysis literature,?*~%2731 where new C—C
bonds are formed via cyclic intermediates. Rather than
forming transient structures, these cyclic structures may
persist and form the graphitic CNT lattice during nano-
tube synthesis. Such metal-mediated cyclizations can
occur between an alkene and an alkyne.?*? Indeed,
mass balance calculations and experimental evidence
suggest that both ethylene and an alkyne were re-

METHODS

Chemical Supplies. Helium, hydrogen, ethylene, methane, acety-
lene, and 1% acetylene (balance helium) were purchased from
Metro Welding (MI) or AirGas (all ultrahigh purity grade). Before
use, pure acetylene was filtered through a Porasil-C packed col-
umn immersed in a cryogenic solution (acetone/N,(/) or acetoni-
trile/N,(/), both —39 to —41 °C) to remove acetone. Mass spec-
tral analysis indicated that acetone was removed to below the
detection limit (<1 ppmv; manufacturer reported, Pfeiffer Omn-
iStar). To our knowledge, this is the first CNT growth study where
acetone has not been present as a co-reactant in acetylene-fed
CVD experiments. The 1% acetylene mixture did not require pu-
rification. All other high-purity gases were purchased from Air
Liquide America Specialty Gas. Benzene-saturated He was pre-
pared by adding liquid benzene to a stainless steel tank, flush-
ing, and then pressurizing with He.

CNT Synthesis. To measure in situ MWCNT forest height during
the reaction progress, we utilized a custom-built CVD
reactor”'%1516 with a laser displacement sensor mounted above
the growth chamber (see Supporting Information). Gases were
premixed and introduced to a resistively heated quartz pre-
heater tube (4 X 300 mm (i.d. X length)), cooled to room tem-
perature, and then delivered to a quartz reactor tube (4.8 X 22.9
cm). Inside the reactor tube, CNT forests were grown from
electron-beam-deposited Fe (1 nm) with an Al,O3 (10 nm) un-
der layer on a Si (675 um) support. The catalyst substrate was lo-
cally heated on a Si platform (725 °C, except where noted),
thereby minimizing gas-phase reactions in the growth cham-
ber.’® The outer temperature of the cold-wall reactor did not ex-
ceed 70 °C.

The preheater was operated in two modes: (1) “on” at 1000
°C or (2) “off” at room temperature (21 °C). In both modes, reac-
tant gases (C,H4/H,) traveled through the preheater tube. With
the preheater off, specific VOC test gases (e.g., methyl acetylene
or vinyl acetylene) were introduced to the reactant stream after
the preheater tube and prior to impingement on the catalyst.
The sum of these flows (He + test gas) was constant, but the dis-
tribution varied. Given the varying He delivery, we sought to re-
move effects associated with trace contaminants (e.g., methane
or water) by purifying the carrier gas using a N(/) cold trap with
Porasil-C silica beads.

A typical program included the following: He flush at 1000
sccm for 8 min, He and H, at 174 and 310 sccm, respectively,
for 4 min, and C;H, (120 sccm), H, (310 sccm), the VOC test gas,
and He were introduced for the duration of the CNT growth
(where the summed flow rate of all gases was 604 sccm, except
where noted).

VOC Analysis. VOCs were collected and analyzed as detailed in
Plata et al.® Briefly, stainless steel canisters were placed down-
stream of the reactor tube and flushed for the duration of CNT
growth. Gas samples were collected just after growth termina-
tion and sealed with stainless steel ball valves. VOCs in the stain-
less steel canisters were quantified by gas chromatography with
a flame ionization detector and thermal conductivity detector
(GD-FID-TCD) calibrated with standard gas mixtures. Detection
limits were approximately 0.1 ppmv. He and H, were quantified
using an additional GC-TCD with a N, reference gas.

PAH Analysis. PAHs were collected and analyzed as detailed in
Plata et al.® Briefly, PAHs were concentrated on two consecu-
tive, precleaned polyurethane foam (PUF) filters (3 in. length X
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quired for CNT formation in our system. If such reac-
tions are occurring, and the chemical precursors are
largely intact during new C—C bond formation, then
chemical moieties on the alkyne or alkene could influ-
ence the resultant CNT structure (e.g., chiral wrapping
or functional group incorporation). Thus, alkyne-
assisted CVD might provide a novel route for exerting
control on nanometer-scale synthetic processes.

1 in. diameter). These filters were in place for the entire dura-
tion of CNT growth, and the reported PAH abundances repre-
sent an integrated signal throughout the growth period. PUFs
were extracted by triplicate accelerated solvent extractions (100
°C, 1000 psi, 5 min) with a 90:10 dichloromethane/methanol mix-
ture. Extracts were concentrated and then analyzed by GC-mass
spectrometry. Analyte recoveries were assessed using internal
standards (acenaphthalene-d;o, m-terphenyl, and perylene-d;,)
and ranged from 75 = 1% for low molecular weight PAHs (128
to 154 amu) to greater than 90 = 1% for higher molecular weight
PAHs (>166 amu). Detection limits were around 1 ng gc feed-
stock ! (0.001 parts per trillion by volume for average PAH).

TGA and Raman Measurements. Results are shown in the Support-
ing Information. TGA measurements were performed using a
TA Instruments Q50. Samples were oxidized in 20% oxygen and
80% helium from room temperature to 900 °C at a ramp rate of 5
°C min~" with a 30 min hold. The relative abundance of CNTs
and amorphous carbon was calculated using a linear least-
squared fit of the differentiated mass loss plot.

CNT structural quality was evaluated by Raman spectros-
copy (Dimension P2, Lambda Solutions, N\ = 533 nm), with a la-
ser power of 20 mW and spot size of ~25 m. Several spectra per
sample were acquired, both horizontally along the midpoint
and vertically along the height of the forest side wall. G/D val-
ues were determined by calculating the area under each peak,
and averages were reported.
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