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ABSTRACT: Catalytic chemical vapor deposition (CVD) utilizing the
gaseous product mixture of Fischer−Tropsch synthesis (FTS-GP) offers the
potential for scale-up and controlled growth of carbon nanotube (CNT)
carpets. In comparison to conventional feedstocks, FTS-GP exhibits the ability
to support an exceptionally long catalyst lifetime with Fe catalysts. The role of
the feedstock in growth enhancement is still poorly understood. In this study,
a combination of experimental and thermodynamic analyses reveal on-site
generation of water to be the secret for observed growth enhancement in FTS-
GP CVD. The concentration of water generated in situ decreases with
increasing reactor temperature. Further investigations using an Autonomous
Research System (ARES)an automated, high-throughput, laser-induced
CVD system with in situ Raman spectral feedbackreveal FTS-GP not only
exhibits exceptionally long catalyst lifetimes compared to a standard feedstock
(C2H4), but also shows a high tolerance for relatively high levels of water.

1. INTRODUCTION

The emergence of carbon nanotube (CNT) carpets, consisting
of self-aligned nanotubes produced via catalytic chemical vapor
deposition (CVD) from densely packed catalyst nanoparticles
on a substrate, has inspired application opportunities in many
important areas.1−9 Scale-up of the process is often plagued by
complicated optimization procedures due to the high
sensitivity of the growth process to variations in feedstock
composition, flow characteristics, and reactor geometry.10−12

Single-walled CNT (SWCNT) carpet growth experienced a
major boost with the discovery of “supergrowth”, a process
that leads to dramatic enhancement in catalytic activity upon
the addition of a small amount of water.8,13,14 Other oxygen-
containing feedstocks or additives such as ethanol,15,16

acetone,17 CO,17−19 and CO2
19−22 have also shown the ability

to promote SWCNT carpet growth. However, as shown by a
number of studies, determining the optimum amount of
oxidant required for efficient growth remains a challenge. Xie
et al.23 revealed that growth rate and catalyst lifetime during
“supergrowth” have high sensitivity to water concentration. At
optimum water concentration (∼200 ppm), high lifetime
(>1065 s) and growth rate (∼0.13 gCNTs g

−1
cat s

−1) can be
achieved, whereas operating below or above this level of water
results in a decrease in CNT yield. Szabo ́ et al.24 observed the
presence of water vapor in the feed yielded CNT carpets of
higher quality, but at the expense of carpet height; the effects
were attributed to the oxidizing property of water. In light of
increasing global demand for CNTs,7 there is a need to

develop approaches that maximize yield, minimize production
cost, and have process conditions relatively easier to optimize.
Catalytic CVD, utilizing the gaseous product mixture of

Fischer−Tropsch synthesis (FTS), offers the possibility of
scaling up synthesis of CNTs due to its high growth
efficiency.25,26 FTS is a gas-to-liquid polymerization process
that transforms syngas (mixture of CO and H2) into liquid
hydrocarbons. Based on the Anderson−Schulz−Flory model
that predicts the distribution of products from FTS, even at
optimum probability of chain growth, a substantial yield of
low-molecular-weight gaseous products is unavoidable.27 The
gaseous product mixture from FTS (referred to as FTS-GP)
usually consists of a variety of C1−C4 hydrocarbons and
unreacted CO and H2. As demonstrated in prior studies, FTS-
GP is a promising feedstock for efficient CVD growth of
SWCNT26 and multiwalled CNT (MWCNT) carpets under a
broad range of conditions.25 A comparison of growth profiles
(carpet height as a function of growth time) of SWCNT
carpets from FTS-GP CVD, using Fe catalysts and other
conventional CVD processes with different feedstocks, reveals
a relatively high growth rate (∼50 μm/min) and a catalyst
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lifetime (>90 min) superior to other CVD approaches.26,28 Use
of FTS-GP as a feedstock has multiple benefits. First, it does
not require stringent optimization of process conditions as it
appears to have a broad window for growth of SWCNT
carpets. Second, it has an uncommon feature of not only
supplying a high flux of carbon species to the catalyst particles,
but also protecting them from early loss of activity. Third, in
light of increasing global demand for CNTs, use of FTS-GP as
a feedstock in industrial-scale production is expected to
minimize gaseous waste in FTS plants. Further improvement,
control, and scale-up of FTS-GP CVD will require a good
understanding of the role of FTS-GP in CNT growth
enhancement.
Here, we hypothesize water formed by a reaction between

H2 and the low-volume fraction of CO in FTS-GP is
responsible for enhanced growth efficiency characteristic of
FTS-GP CVD. The water, formed in the vicinity of the catalyst
during the process as illustrated in Figure 1, is expected to play

a similar role as reported for “supergrowth”: oxidizing carbon
contaminants deposited on the catalyst surface8,29 and
inhibiting mass loss (Ostwald ripening and subsurface
diffusion) during SWCNT growth, thus extending catalyst
lifetime.30−35 We study the role of FTS-GP in CNT growth
using a combination of experimental and theoretical method-
ologies. Thermodynamic analysis investigates feasibility of the
reaction between water and CO at different growth temper-
atures and estimates the amount of water generated under our
CVD conditions.The first experimental approach involves
direct analysis of gas-phase products from thermal decom-
position of FTS-GP in a batch reactor (without the catalyst) at
different reaction temperatures (650, 700, 750, and 800 °C).
Second, due to the breadth of parameters that affect CVD
growth of SWCNTs, rapid experimentation is necessary for
effective optimization of growth conditions and understanding
of the role of feedstock in growth. Here, we employ an
Autonomous Research System (ARES)36,37an automated,
high-throughput, laser-induced CVD system with in situ
Raman spectral feedbackto measure SWCNT growth
kinetics and compare the differences in growth with FTS-GP
and a conventional feedstock (C2H4) in the presence and
absence of water. Illumination of the complex interdependence
of growth parameters and the role of FTS-GP in growth
enhancement is expected to provide a rational framework for
potential optimization and scale-up of CNT growth via FTS-
GP CVD.

2. EXPERIMENTAL SECTION

2.1. SWCNT Growth by FTS-GP CVD. A thin Fe film
supported on an amorphous alumina film (AlxOy/Fe) was used
as the catalyst for SWCNT carpet growth. The films were
deposited by an ion beam sputter deposition and etching
system (IBS/e, South Bay Technology) on Si(100) substrates
with a native oxide layer (P type and B-doped) at 10−4 Torr
chamber pressure without exposing the films to air between
depositions. Nominal thicknesses of Fe and AlxOy films were
1.3 and 30 nm, respectively. Thicknesses of the films deposited
were measured by a quartz crystal thickness monitor and
corroborated by height profile measurements using an atomic
force microscope. The feedstock used was FTS-GP (supplied
by Matheson Inc.) with the composition CO (5%), C2H6
(8%), C2H4 (6%), CH4 (30%), N2 (4%), C3H8 (5%), H2
(40%), and C3H6 (2%),38−40 which is similar to the typical
composition of a gaseous product mixture for FTS and
hydrocracking processes in the presence of Fe catalysts.41

SWCNT growth was carried out at atmospheric pressure
with the use of the EasyTube 101 CVD system (CVD
Equipment Corp.) equipped with several features for improved
process control including LabView-based process control
software, a static mixer for optimum gas mixing, and a control
system for precise temperature control. A typical growth
experiment involved heating the AlxOy/Fe catalyst to the
desired temperature (650, 700, 750, or 800 °C) at a rate of 45
°C/min in flowing Ar. Once at the growth temperature, the
catalyst was reduced for 10 min by the introduction of
hydrogen; the respective flow rates were 250 standard cubic
centimeters per minute (sccm) H2 and 250 sccm Ar.
Thereafter, SWCNT growth was initiated at the respective
temperatures by the introduction of FTS-GP in combination
with Ar as the diluent (100 sccm FTS-GP and 1000 sccm Ar)
for different durations. At the end of each growth experiment,
samples were rapidly cooled in H2 followed by slow cooling to
room temperature in 700 sccm Ar.

2.2. Characterization. The morphologies and quality of
the grown SWCNT carpets were characterized by field
emission scanning electron microscopy (SEM; FEI-Versa 3D
DualBeam) and Raman spectroscopy. Raman spectroscopic
characterization was carried out in a Renishaw in Via Raman
microscope using a laser excitation wavelength of 633 nm.
Heights of tall carpets (>0.5 μm) were measured using an
optical microscope.
Products formed during FTS-GP CVD in a batch reactor

were analyzed by a Hewlett-Packard 6890 series gas chromato-
graph (GC) with a thermal conductivity detector (TCD). The
injector port was held constant at 170 °C, and was operated in
slip mode with a 150:1 split ratio using a split liner with
deactivated wool (Agilent 5183-4711). Samples were separated
using a nonpolar column connected in series with a polar
column HP-5 (Agilent 19091J-413) and DB-Wax (Agilent
122-7032), respectively. Columns were connected using a
press-fit connector (Agilent 5190-6979) and operated in
constant flow (1.2 mL/min) with He as a carrier gas. The
GC temperature was initially at 50 °C and held at this
temperature for 1 min, followed by a ramp of 20 °C/min to a
final temperature of 200 °C; the total run time was 8.5 min.
The detector was maintained at 150 °C with He as the
reference gas.

2.3. SWCNT Growth Investigations in ARES. Growth
experiments in ARES were performed at a pressure of 20 Torr

Figure 1. Schematic illustration of on-site generation of water during
CNT carpet growth via FTS-GP CVD.
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and a temperature of 825 °C. ARES growth substrates contain
silicon micropillars fabricated by reactive ion etching. Each
substrate contains a 12 × 12 array of patches, each consisting
of a 5 × 5 array of 10-μm-diameter, 10-μm-high silicon pillars
(on an SiO2 underlayer) coated with a 10-nm-thick AlxOy
support layer and a 1-nm-thick Fe catalyst film. The support
and catalyst layers were also deposited by IBS/e following
steps described earlier for catalysts used in conventional CVD.
A high power (6 W, Verdi) laser (532 nm) serves as both the
heat and Raman excitation sources. The Si micropillars were
heated to growth temperatures by regulating the laser power,
and temperatures were estimated from the red shift of the
Raman peak frequency of the Si micropillar. During each
growth experiment, Raman spectra were collected every 5 s
and experiments were allowed to proceed until SWCNT
growth appeared to cease, as determined by a plateauing of the
intensity of the SWCNT Raman peak (G band).
Growth profiles were obtained by measuring the G-band

areas, and each profile was fit to a radioactive decay model
(explained in detail in section 3) to extract initial growth rates
and catalyst lifetimes. Water concentration in the system was
measured by a dew-point sensor (Shaw) placed at the inlet of
the growth chamber. For each experiment, the water
concentration represents the amount of water added to the
system relative to the baseline concentration (2.0−4.5 ppm).
Gas lines were purged until baseline water concentrations fell
below 4.5 ppm before experiments began. Experiments were
conducted with the different feedstocks (FTS-GP and C2H4)
without a diluent gas.

3. RESULTS AND DISCUSSION

3.1. Catalytic Performance at Different Temper-
atures. Figure 2 summarizes CNT carpet growth data at
650, 700, 750, and 800 °C using FTS-GP as a feedstock. Dense
nanotube carpets with uniform coverage across the substrates
were grown at these temperatures as shown by the SEM
images. The selectivity of SWCNT is highest at 750 °C for Fe
catalysts with the lowest amounts of MWCNTs.26

After performing growth for 90 min at the different
temperatures, SWCNT carpets of strikingly different heights
were obtained. From the SEM data in Figure 2a−d, measured
heights of the resulting SWCNT carpets after 90 min of growth
at 650, 700, 750, and 800 °C were 250, 625, 4000, and 970
μm, respectively. Analysis of the growth profiles in Figure 2e
provides a better understanding of the catalytic performance
(activity and lifetime) at the different temperatures. The
evolution of nanotube carpet height with time is generally
characterized by a high growth rate at the onset that
subsequently decreases gradually until complete growth
termination occurs.13,26,42−44 Futaba et al.13 showed the
growth profile of SWCNT carpets during “supergrowth” to
be analogous to the radioactive decay process whereby
catalysts lose their activity over time. Therefore, SWCNT
carpet growth can be modeled by the radioactive decay model
(eq 1):

H t( ) (1 e )t
0

/ 0βτ= − τ−
(1)

where H is the carpet height at various times, t, while fitting
parameters β and τ0 represent the initial growth rate and
characteristic catalyst lifetime, respectively. Based on the
goodness of fit (R2 ≥ 0.971), the curve fitting of the model

to the growth data at different temperatures, shown in Figure
2e, is quite good.
Fitting parameters for the different temperatures and

goodness of fit are summarized in Table 1. The activity and

lifetime of catalysts in FTS-GP CVD are highly sensitive to the
growth temperature. Even though signs of deactivation are not
apparent after 90 min for growth at 750 °C, fitting parameters
are also extracted for comparison; we note, in all likelihood,
unlike the value of β, the value of τ0 has a large uncertainty due
to the absence of any sign of deactivation within 90 min. As a
result, even though the fitting parameters for growth at 750 °C
are shown, the experimental value of τ0 is considered as the
lower bound and is used for comparisons.
A long catalyst lifetime, with not many parallels in the

literature for conventional CVD with a monometallic catalyst,
is observed at 750 °C as the catalyst stays active after 90 min of
growth and experiences no sign of deactivation during growth.

Figure 2. SEM images of SWCNT carpets grown on Al2O3/Fe
substrates at different temperatures after 90 min: (a) 650, (b) 700, (c)
750, and (d) 800 °C. (e) Plots of SWCNT carpet height as a function
of growth time for different growth temperatures; solid lines represent
curve fitting of the radioactive decay model (eq 1) to the experimental
data shown in symbols.

Table 1. Summary of Fitting Parameters (β and τ) and
Goodness of Fit, Modeled by the Radioactive Decay Model
(eq 1), for Different Growth Temperatures

growth temp
(°C)

growth rate
(β) (μm/min)

lifetime
(τ0) (min) R2

650 28.9 8.4 0.979
700 55.3 10.8 0.971
750 44.9 3975.0 0.997
800 91.4 10.1 0.985
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On the other hand, growth at a lower (700 °C) or higher
temperature (800 °C) resulted in a significant drop in catalyst
lifetime. Growth at low temperature (650 °C) exhibits a low
growth rate accompanied by a short catalyst lifetime. At higher
temperatures (>650 °C), the growth rate generally increases
while the lifetime remains roughly the same for all temper-
atures (∼10 min), except at our optimum growth temperature
(750 °C). Maximum fitted carpet heights predicted from the
product of the two fitting parameters in the model (β and τ0)
are 243 μm at 650 °C, 599 μm at 700 °C, 179 mm at 750 °C,
and 923 μm at 800 °C. We assume that the catalyst lifetime for
growth at 750 °C is longer than 90 min because growth
termination during FTS-GP CVD does not appear to be
instantaneous.25,26,44 Therefore, except for growth at 750 °C,
maximum fitted carpet heights are within the same range as
experimental carpet heights for the growth temperatures. In
other words, maximum carpet heights are most likely attained
for growth at 650, 700, and 800 °C, and are significantly lower
than the theoretical carpet height at 750 °C, as well as the
experimental height of ∼4 mm after 90 min of growth.
The Raman spectra of SWCNT carpets grown at different

temperatures are shown in Figure 3. In addition to the

omnipresent D and G bands associated with SWCNTs, radial
breathing mode peaks (RBMs) in the low-frequency region,
characteristic of SWCNTs, are observed in all spectra. The G-
band peak corresponds to in-plane C−C vibrations, while the
D band is attributed to carbon impurities and defects present
in the CNTs. The presence of RBMs (Figure 3) suggests the
presence of SWCNTs in the carpet samples. From the intensity
ratios of the G band (IG) and D band (ID) in Figure 3 and
TEM analysis,26 carpets grown at 750 °C, a temperature that
supports the longest catalyst lifetime, have the highest quality

as evidenced by the highest IG/ID of 9.1 and SWCNT
selectivity.
To facilitate comparisons between the SWCNT growth

efficiency of FTS-GP CVD and conventional growth processes,
we use representative studies involving monometallic catalysts
in the literature to generate a catalyst lifetime versus growth
rate map (Figure 4).10,13,22,29,30,43,45−52 As reported by Chen et

al.,53 achieving a high growth rate and long catalyst lifetime
simultaneously during SWCNT carpet growth is difficult due
to the inverse relationship between the two, a behavior that
may intrinsically be connected to growth mechanisms. The
growth map showing fitting parameters (β and τ0), adapted
from Yasuda et al.,52 exhibits three main regions. The first, on
the left side of the map (A), is characterized by long catalyst
lifetimes but low growth rates. Conversely, the second region,
on the right side of the map (B), is characterized by rapid
growth rates but short catalyst lifetimes. Increased growth rates
of catalysts in region B are attributed to the presence of an
oxidizer that serves as a growth enhancer to improve resistance
to catalyst deactivation during rapid growth, and control of the
gas-flow direction in some of the studies. Data in region C
represent an improvement of “supergrowth” studies in region
B, whereby control of the dwell time of the carbon feedstock
and the carbon flux to the catalyst are used to overcome the
inverse relationship between lifetime and growth rate.52 The
corresponding performance of FTS-GP CVD from fitting with
eq 1 shows an estimated lifetime (F) that is quite long, albeit
with high uncertainty. For meaningful comparison, the
experimental value (E) is also included in the map. The
lifetimes are shown with an arrow pointing from E to F
points we have assumed to be the lower and upper bounds,
respectively, because growth cessation does not appear to be
instantaneous. FTS-GP CVD, without any modification in the
gas-flow direction or control of dwell time, exhibits a catalyst
performance (based on experimental data) superior to studies
in region A and lower bound that is at par with region B. In the
following sections, a combined thermodynamic and exper-
imental study is carried out to probe the role of FTS-GP in
observed growth enhancement.

3.2. Thermodynamic Prediction of In Situ Generation
of Water. The high growth efficiency of FTS-GP CVD is
attributed to the simultaneous high flux of carbon species to

Figure 3. Representative Raman spectra of SWCNT carpet samples
(excitation at 633 nm) with their respective IG/ID ratios.

Figure 4. Growth rate−catalyst lifetime map of SWCNT carpets using
supported monometallic catalyst showing a comparison of represen-
tative studies (blue) including our results from FTS-GP CVD using
an Fe catalyst (green). E and F show the experimental and fitted
lifetimes for FTS-GP CVD growth at 750 °C, respectively; E and F
and are assumed to be the limits of τ0. The number indicates the
reference for each datum.
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the catalyst and oxidative removal of excess amorphous carbon
from the catalyst surface by water generated in situ.25 The
generation of water is hypothesized to occur via a reaction
between CO and hydrogen:

CO H H O C(g) 2(g) 2 (g) (s)+ ↔ + (R1)

The reaction involving CO has two distinct pathways
depending on its partial pressure: at higher partial pressure of
CO, the Boudouard reaction is favored, whereas a reaction
between hydrogen and CO (reaction R1) is favored at a lower
partial pressure of CO and temperatures higher than 400 °C
(ΔG = −90 kJ/mol).18,54,55 The conditions for reaction R1 are
quite similar to our SWCNT growth conditions in FTS-GP
CVD, evidenced by the low-volume fraction of CO in the
feedstock (5 vol % in FTS-GP) and growth temperatures
greater than 400 °C. Our objectives in this section are to (1)
carry out a thermodynamic analysis to determine the feasibility
of reaction R1 and (2) estimate the amount of water generated
under FTS-GP CVD conditions. Using data for free energy of
formation (ΔG) with respect to temperature presented on
FactWeb,56 ΔG°(T) values for CO, H2, H2O, and C at
standard conditions (1 atm of pressure) were obtained.
ΔG° for the reaction (ΔGrxn° ) is calculated using eq 2:

G n G n G(products) (reactants)rxn f f∑ ∑Δ ° = Δ ° − Δ °
(2)

The free energy of formation ΔG° as a function of
temperature for CO, H2, H2O, and C is given as

G G G G

G

(H O) (C) (H )

(CO)
rxn 2 2Δ ° = Δ ° + Δ ° − Δ °

− Δ ° (3)

To calculate the ΔG under nonstandard conditions, ΔG is
expressed as

G G RT QlnΔ = Δ ° + (4)

where Q is the reaction quotient and given as

Q
P

P P
H O

H CO

2

2

=
(5)

Since the partial pressure of water is unknown, ΔG cannot be
determined. However, at thermodynamic equilibrium, ΔG = 0,

the equilibrium partial pressure of water (PH2O) can be
calculated as follows:

i
k
jjj

y
{
zzzP P P

G
RT

expH O CO H2 2
= − Δ °

(6)

Partial pressures of CO and H2 were determined for
different feed compositions (0.05, 0.1, and 0.3 fractions)
assuming 5% CO and 40% H2. An important assumption in
this analysis is that reaction R1 proceeds on a small-enough
scale that it does not significantly alter the partial pressures of
H2 and CO. Using the calculated ΔG° as a function of
temperature, equilibrium water pressures (PH2O) for the
respective temperatures were obtained from eq 6.
Profiles of the predicted equilibrium partial pressure as a

function of temperature for different feed compositions (5, 10,
20, and 30% FTS-GP) are shown in Figure 5a. Water
concentrations in parts per million (ppm) in the temperatures
that correspond to the SWCNT growth data are adapted from
Figure 5a and shown in Figure 5b. Along the plot lines in
Figure 5b, ΔG of reaction R1 is zero (i.e., in equilibrium).
Therefore, if the partial pressure of water for a particular
temperature is below these lines, ΔG of reaction R1 is negative,
and the forward reaction is favored. Conversely, if the partial
pressure of water for a particular temperature is above these
lines, ΔG of reaction R1 is positive, and the reverse reaction
will be favored. In other words, these plot lines are essentially
the maximum partial pressure of water that can be generated at
a particular temperature via reaction R1. An inverse relation-
ship between the concentration of water generated and
temperature is observed for all FTS-GP compositions studied
(Figure 5 and Table S1). We therefore conclude the
equilibrium partial pressure of water is strongly dependent
on temperature.
We note that if reaction R1 is incomplete, the actual water

concentration produced may be less, and if it goes to
completion, the predicted concentration of water generated
is expected to be far lower than that of CO, which is 2500,
5000, and 15 000 ppm for 5, 10, and 30% FTS-GP,
respectively. Water concentrations obtained from this
thermodynamic calculation are upper limits for the various
growth conditions. Predicted concentrations of water gen-
erated for the FTS-GP fraction used in this study (10% FTS-
GP) at 650, 700, 750, and 800 °C are 386.5, 190.7, 64.6, and

Figure 5. Thermodynamic prediction of the concentration of water generated during FTS-GP CVD. (a) Profiles of partial pressures of water as
functions of growth temperatures for different feed compositions of FTS-GP (5, 10, 20, and 30%) with Ar as balance over a broad temperature
range (0−1750 °C). Along these lines, ΔG of reaction R1 is zero; i.e., it is in equilibrium. (b) Profiles of water concentrations (ppm) as functions of
temperatures with data points corresponding to growth temperatures used during FTS-GP CVD [adapted from (a)].
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34.6 ppm, respectively. Interestingly, the concentration of
water generated for reactions with a low FTS-GP fraction is
rather low (∼3 ppm for 0.05 fraction, 850 °C temperature),
while for high FTS-GP fraction it is fairly large (∼3200 ppm
for 0.3 fraction, 650 °C temperature). Small amounts of water
are generally beneficial to growth, while excess amounts tend
to be detrimental.23 Assuming reaction R1 goes to completion,
it is important to understand whether relatively high levels of
water generated during FTS-GP CVD are beneficial for
SWCNT carpet growth.
3.3. Experimental Verification of Water Generation.

The concentration of water generated during the gas-phase
reaction of FTS-GP in a batch reactor was investigated as a
function of temperature in the absence of a catalyst (Figure 6),

and the data are presented along with the experimental carpet
height attained after 90 min for the respective temperatures.
The absence of the catalyst invalidates the argument that water
is generated via the reduction of Fe2O3.
In agreement with the thermodynamic prediction, the

concentration of water generated during decomposition of
FTS-GP decreases with increasing temperature. Even though
the concentration of water measured experimentally is lower
than the concentration predicted by a factor of ∼2, the trends
are consistent with decreasing slope at higher temperatures. In
light of the dependence of SWCNT growth steps (such as
feedstock decomposition, catalyst stability, and CNT nuclea-
tion) on temperature, the generation of different concen-

trations of water at different temperatures convolutes the role
of water. It is possible using growth conditions optimized at
750 °C for growth at other temperatures may be partly
responsible for the stark difference in growth kinetics.

3.4. Using ARES to Probe the Effect of Water
Concentration. To further understand the role of water in
FTS-GP CVD, growth experiments were performed in
ARES36,37 with C2H4 or FTS-GP as a feedstock at a constant
temperature (825 °C) in the presence of different concen-
trations of water. The presence of water, depending on the
amount, can lead to growth enhancement, catalyst oxidation
(high water level), or catalyst deactivation via coking or mass
loss (low water level). An additional amount of water (up to 24
ppm) was added in our study to probe the water tolerance of
SWCNT growth with the feedstocks. As described in detail in
the Experimental Section, growth experiments in ARES are
performed in a cold-wall CVD chamber where a high power
laser is the heat source and Raman excitation source, and
Raman spectra are collected continuously during growth in
order to monitor growth kinetics. Even though ARES utilizes a
cold-wall reactor for growth, the effect of temperature on
SWCNT growth followed the same trend as observed in
conventional hot-wall CVD (Figure S1). Here we used the
maximum G-band intensity at the end of the growth
experiment as a proxy for yield. SWCNT yield and quality
(IG/ID) increased with temperature, reached a maximum at
825 °C (higher than the optimum temperature of 750 °C for
FTS-GP CVD), and then decreased continuously. The
difference in the optimum temperature between conventional
CVD and ARES could be attributed to limited or the possible
absence of gas-phase decomposition of the feedstock in the
latter.
SWCNT growth curves obtained from ARES at 825 °C

using different feedstocks in the presence of 0, 11.8, and 23.6
ppm water were fitted with the radioactive decay model (eq 1).
Representative curves of SWCNT yield (G-band integrated
area) versus growth time with the fits are shown in Figure 7,
while extracted initial growth rates and lifetimes are shown in
Figure 8. Growth rates of SWCNTs (Figure 8a) were
significantly higher with C2H4 as the feedstock compared to
FTS-GP. For both feedstocks, the growth rate decreased with
increasing concentrations of water in the reactor; however,
FTS-GP appears to exhibit a higher tolerance for the added
water than C2H4. On the other hand, as shown in Figure 8b,
growth performed with FTS-GP exhibited a substantial

Figure 6. Concentration of water produced via gas-phase reaction of
FTS-GP in a batch reactor as a function of temperature. Plot of carpet
height after 90 min of growth versus temperature is included for
comparison.

Figure 7. Plots of CNT yield as a function of growth time during CVD growth for different levels of water in ARES using FTS-GP (a) and ethylene
(b) as feedstocks. The green solid lines represent curve fitting of the radioactive decay model (eq 1) to the experimental data shown in symbols.
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increase in lifetime with the addition of water, whereas growth
with C2H4 exhibited a constant or even shortened catalyst
lifetime with increasing concentrations of water. The
remarkably long catalyst lifetimes observed for growth with
FTS-GP compared to a standard feedstock indicates the high
tolerance it has for relatively high levels of water near the
catalysts, demonstrating a lifetime in the presence of 23.6 ppm
water that is 11 times longer than that of C2H4.
Disparity in growth rates for experiments performed with

FTS-GP and C2H4 may be due to factors such as a possible
water gas shift reaction and poor utilization of methane in
ARES. During SWCNT growth in a hot-wall CVD reactor,
decomposition of the feedstock occurs in the gas phase and on
the catalyst surface. On the other hand, ARES relies on heating
from the laser, suggesting that gas phase reactions are
extremely low or nonexistent; this feature is expected to not
only limit the carbon flux to the catalyst but also the in situ
water generation via reaction R1. In spite of these differences,
SWCNTs produced by ARES using C2H4 and FTS-GP were of
similar diameters compared to those grown in conventional
CVD. Postgrowth Raman analysis of the SWCNTs revealed
multiple RBMs between 100 and 300 cm−1 (Figure S2), similar
to RBMs observed in conventional CVD growth experiments
(Figure 3). High growth efficiency observed with FTS-GP in
conventional CVD has been associated with the ability of the
unsaturated hydrocarbon to dissociate in the gas phase,
generating free radicals that attack the more stable hydro-

carbons such as CH4.
25 The process enhances the flux of

carbon species to the surface while simultaneously inhibiting
the catalyst deactivation pathways via reaction R1. Unfortu-
nately, due to the absence of (or limited) gas-phase reactions
in ARES, dissociation of CH4 (40 vol % of FTS-GP) hardly
occurs. This hypothesis is supported by the similarity in growth
behavior between FTS-GP and the C2H4 and hydrogen
mixture with no additional water (Figure S3). Significantly
higher lifetimes measured with FTS-GP in comparison with
C2H4 highlight the high tolerance of water with FTS.
The optimum concentration of water for “supergrowth” is

still debatable, with most studies reporting values anywhere
from 20 to 900 ppm.8,10,12,57,58 However, a water concen-
tration as low as 12 ppm has been reported by In et al.59 to
extend catalyst lifetime; in fact, the study concludes even a very
small amount of water (∼1 ppm) in a feed of high purity can
dramatically affect the kinetics of SWCNT growth. Therefore,
it is reasonable to assume the estimated water amounts
produced by FTS-GP at 750 °C (64.6 ppm) in the vicinity of
the catalyst are enough to protect the catalyst from
deactivation. We speculate the optimum concentration of
water in “supergrowth” is starkly different for different studies
because of a variety of factors, including the type of feedstock,
feed composition, and reactor geometry. As an example,
Yasuda et al.10 showed the optimum concentration of water
during “supergrowth” changes with gas-flow direction, with
top-flow growth showing relatively the highest sensitivity to
water as opposed to lateral-flow growth. In addition, growth
data from ARES reveal the poor water tolerance of C2H4, in
agreement with the work of Xie et al.23 that revealed a narrow
range of water concentrations that support efficient growth.
We hypothesize that water generated during FTS-GP CVD as
depicted in Figure 1 will experience significantly fewer
diffusion limitations and water level can be better controlled
in comparison to water introduced with the feed as in
“supergrowth”making FTS-GP CVD more adaptable for
scalable and controlled SWCNT growth.
Considering the complex composition of the feedstock and

impact of gas-phase chemistry on CNT growth, the observed
in situ generation of water may not be the only mechanism at
play in the growth enhancement in FTS-GP CVD. Studies
have revealed the formation of a broad population of specific
hydrocarbon intermediates (volatile organic compounds and
polycyclic aromatic compounds) in the gas phase for a
conventional feedstock (C2H4), suggesting the existence of
competing reaction pathways that may inhibit or enhance
CNT carpet growth.42,60,61 Under SWCNT growth conditions,
it is also possible that the small Fe nanoparticles with high free
energies may become highly reactive even for reactions that are
not favorable under equilibrium conditions. However, in light
of the critical role water plays in extending the catalyst lifetime
during SWCNT growth as demonstrated by “supergrowth”, we
believe this study provides an important foundation for
mechanistic development of this new process and will
complement future mechanistic studies on cracking patterns
of the hydrocarbons and interactions of the different species.

4. CONCLUSIONS
In this study, the role of FTS-GP in growth enhancement of
FTS-GP CVD was studied using a combination of
experimental and theoretical approaches. The results reveal
in situ formation of water during FTS-GP CVD via a reaction
between H2 and the low-volume fraction of CO. The water

Figure 8. Growth kinetics parameters obtained by fitting the ARES
growth curves with the radioactive decay model (eq 1). (a) Plots of
initial growth rate of SWCNTs as a function of water concentrations
for FTS-GP and ethylene. (b) Plots of catalyst lifetime as a function of
water concentrations for FTS-GP and ethylene.
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formed is expected to play a similar role as reported for
“supergrowth”. Catalytic performance (activity and lifetime)
and the concentration of water formed during FTS-GP CVD
experiments (or equilibrium partial pressure of water
determined from thermodynamic calculations) are sensitive
to the decomposition temperature of FTS-GP. Maximum
carpet heights are achieved for growth at 650, 700, and 800 °C,
and they are significantly lower than the experimental carpet
height of ∼4 mm for growth at 750 °C that is still active after
90 min and experiences no sign of deactivation. Experiments
conducted in ARES, in the presence of different amounts of
water, revealed a higher overall yield of SWCNTs with C2H4 as
the feedstock compared to FTS-GP. On the other hand, the
catalyst lifetime for growth performed with FTS-GP exhibited
a substantial increase with the addition of water, while growth
with C2H4 exhibited a constant or even shortened catalyst
lifetime with increasing concentrations of water. The ARES
data support our mechanistic rationale for the observed growth
enhancement with FTS-GP CVD. FTS-GP CVD has the
combined advantage of supporting on-site generation of water
and having a high tolerance for high concentrations of water,
making process optimization and scale-up promising.
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