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arbon nanotubes (CNTs) exhibit unique

electrical and mechanical properties

which make them promising candi-
dates for integration into nanoscale elec-
tronic devices' or compound materials.? A
wide variety of methods have been devel-
oped to fabricate CNTs, including arc dis-
charge,? laser ablation,*> and chemical va-
por deposition (CVD).2 Among these, CVD is
the most technically important since it can
be achieved at low temperature and is up-
scalable.%” Nevertheless, the finer details of
CNT growth mechanisms remain poorly
understood. The vapor—Iliquid—solid (VLS)
model first put forward by Baker et al.® or
variations of this model are usually imple-
mented to describe CNT growth. In the VLS
model, carbon atoms derived from the de-
composition of a gaseous hydrocarbon
feedstock at the catalyst particle surface first
dissolve into the particle, forming a liquid
carbide phase which then precipitates in
the form of a CNT or other sp® carbon
products. The vapor—solid model® is an
extension of the VLS model and is able to
explain the formation of CNT at low growth
temperatures where it is assumed that the
catalyst does not reach a liquid phase. In this
model, the dissociated carbon migrates
only over the catalyst surface in contrast to
the VLS model which assumes bulk diffu-
sion. In both growth models, encapsulation
of the catalyst with amorphous carbon is
argued to inactivate CNT growth and is
often referred to as catalyst poisoning. The
inactivation or poisoning process of catalyst
particles by amorphous carbon is rarely
discussed in the literature. Indeed, although
termination of CNT growth is often attributed
to amorphous carbon poisoning, as pointed
out by Reilly and Whitten,'® how this actually
happens has yet to be demonstrated. Indirect
studies in which the presence of water vapor,
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The influence of amorphous carbon on FePt catalyst particles under chemical vapor deposition
conditions typically applied for CNT growth is examined through two routes. In the first, FePt
catalyst particles supported on alumina are exposed to a well-established cyclohexane thermal
CVD reaction at various temperatures. At higher temperatures where self-pyrolysis leads to
copious amorphous carbon and carbon tar formation, carbon nanotubes are still able to form.
In the second route, an amorphous carbon film is first deposited over the catalyst particles
prior to the CVD reaction. Even for reactions where further amorphous carbon is deposited due
to self-pyrolysis, graphitization is still demonstrated. Our findings reveal that the presence of
amorphous carbon does not prevent catalytic hydrocarbon decomposition and graphitization
processes. We also show an additional catalytic reaction to be present, catalytic hydrogena-
tion, a process in which carbon in contact with the catalyst surface reacts with H, to form CH,.

KEYWORDS: catalysis - carbon - growth factors - nanotubes - synthesis design

oxygen, or hydrogen radicals is present often

lead to improved growth.'"'> The improved

growth is usually attributed to these additives

reducing amorphous species at the catalyst

surface which results in an enhanced catalyst

activation.”® However, these statements stand ~ * Address correspondence to
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itself on the surface as graphite upon appropriate
annealing. These days, the technique is popular for
the formation of graphene.’> '8 In addition, an inter-
esting in situ study showed molten Ni, Co, and Fe
particles moving on the surface of amorphous carbon,
leaving crystalline graphitic tracks behind.'®?° All of
these studies show that metal catalysts directly in
contact with amorphous carbon can crystallize the
carbon to its most thermodynamically stable form,
graphite. They suggest that amorphous carbon does
not poison catalyst particles.

In order to fill the unstudied gap of amorphous
carbon—metallic catalyst particle interactions under
chemical vapor deposition (CVD) conditions typically
applied for CNT growth, we exploited two avenues. In
the first, we systematically investigated the behavior of
FePt catalyst particles (two diameter sets) supported
on alumina after exposure to a well-established cyclo-
hexane thermal CVD reaction?' for various tempera-
tures, including at higher temperatures where self-
pyrolysis leads to significant amorphous carbon for-
mation and higher hydrocarbons.?? In the second
route, the catalyst particles were coated by amorphous
carbon through the intentional deposition of an amor-
phous film prior to the CVD reaction. For comparison,
the latter were also annealed under high vacuum
conditions to differentiate the role of heat and feed-
stock gases. The studies show that the presence of
amorphous carbon does not prevent catalytic hydro-
carbon decomposition and graphitization processes. In
fact, they reveal an additional catalytic reaction to be
present, catalytic hydrogenation, a process in which
carbon in contact with the catalyst surface reacts with
H, to form CH,.

RESULTS

Systematic studies were carried out to explore the
growth of CNT via FePt CVD across a broad range of
temperatures (590—890 °C). Two sets of catalyst parti-
cles were used, one with a mean diameter of 3.6 nm
(standard deviation = 0.9 nm) and the second with a
smaller particle distribution having a mean diameter of
1.6 nm (standard deviation = 0.4 nm). The use of two
sets of catalysts allows us to evaluate catalyst size
dependencies and provides additional reproducibility
assessment. Figure 1a,b shows TEM images typifying
the particles produced via the employed inert gas
condensation route. Panels ¢ and d show how the
substrates appear when examined with SEM after the
CVD reaction (785 °C).

Typically, the substrates have randomly oriented
and curled CNT on their surface. To better investigate
the structure of the CNT, TEM studies were conducted
for both diameter distributions for each temperature
explored. Representative examples are provided in
Figure 2. With respect to the lower temperature region
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Figure 1. TEM micrographs showing the pristine FePt cat-
alyst particles on a carbon membrane: (A) large diameter
(mean = 3.6 nm), (B) small diameter (mean = 1.6 nm). SEM
micrographs typifying synthesized carbon nanotubes on
the substrate. CNT grown from large particles (C) and small
particles (D) (reaction temperature = 785 °C).

between 550 and 670 °C, no nanotubes were observed
when using the “small” initial catalyst particles. Only
large metallic particles encapsulated with numerous
graphitic layers were observed (e.g., Figure 2F). In this
same temperature region (between 550 and 670 °C),
carbon nanotubes are obtained with the larger parti-
cles. A thorough statistical analysis of over 200 tubes
(from TEM micrographs) for each reaction temperature
shows that between 550 and 670 °C the tubes are
primarily double-walled carbon nanotubes (DWNTs).
Figure S1 in the Supporting Information shows a typical
Raman spectrum and statistical analysis (derived from
TEM analysis) on the high yield DWNT. The DWNT
mean diameters are stable in this region (ca. 4.0 nm)
and closely match that of the starting particles
(3.6 nm), suggesting the catalyst particles template
the DWNT outer diameters, in agreement with pre-
vious findings.>>7%> The stability of the tube outer
diameters in this temperature region is shown in Figure 3,
region 1. The TEM studies also revealed very few
catalyst particles residing at the ends of the tubes,
and this implies that they grow via the base growth
mode as was previously found for gas-phase prepared
iron catalyst particles.?®
Above 680 °C and below 800 °C, changes can be
observed for all samples using both the large and small
FePt catalyst sets. With regard to the small particle set,
SEM and TEM observations show the presence of
carbon nanotubes with outer diameters between 4
and 6 nm (as determined from TEM analysis). The CNT
diameters slightly increase at higher temperatures, and
between 750 and 800 °C, small amounts of amorphous
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Figure 2. TEM micrographs showing various carbon nano-
tubes synthesized at different temperatures using large
catalyst particles (left column) and small catalyst particles
(right column). The number labeling to the right corre-
sponds to the numbered regions highlighted in Figure 3.

carbon can be observed on the surface of the tubes. In
addition, traces of an oily substance, herein referred to
as carbon tar, can be seen to condense outside the hot
zone of the reactor. The CNTs obtained from the
smaller catalyst particle set suggest a more delayed
increase in their outer diameter and number of walls as
compared to the smaller catalyst size. The increasing
diameters and their correlation with catalyst size and
number of walls is discussed in greater depth further
on. The mean CNT diameter enlargement with tem-
perature (between 680 and 800 °C) is shown in region 2
of Figure 3.

Regardless of the starting catalyst set, above 800 °C, all
samples show a steep increase in mean diameter as can
be observed in region 3 of Figure 3. Closer examination of
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Figure 3. Mean carbon nanotube outer diameter vs reac-
tion temperature for both large particles (black) and small
catalyst particles (red). Curves are a guide to the eye. The
hollow square point in black and hollow circular point in red
show the mean CNT diameters after annealing in air to burn
off the amorphous carbon coating. Region 1: stable CNT
mean diameter. Region 2: increasing CNT mean diameter.
Region 3: CNTs are increasingly coated with amorphous
carbon.
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Figure 4. TEM image and schematic showing the core—shell
structure of tubes formed at higher temperatures (830 °C).
The core consists of a carbon nanotube. The shell is formed
of amorphous carbon.

these structures through TEM investigations shows that
they consist of narrow few-walled CNTs with a thick
amorphous carbon coating. The existence of the amor-
phous carbon is due to the self-pyrolysis of cyclohexane
at these temperatures. Typically, the self-pyrolysis of
hydrocarbons leads to amorphous carbon and carbon
tar byproduct which consist predominantly of polycyclic
aromatic hydrocarbons (PAHS). In this study, around 800 °C
and above, clear oily carbon tar and amorphous carbon
deposits are present on the inner surface of the reaction
tube. Even so, CNTs are still present, albeit coated with
amorphous carbon. Greater details and a schematic of
these all-carbon coaxial nanofibers are shown in Figure
4 and Figure S2 in the Supporting Information. The
thickness of the outer amorphous carbon layer increases
with increasing temperature. To investigate the dia-
meters of the crystalline carbon nanotubes in the core,
we annealed samples from each starting catalyst set in
air at 200 °C for 30 min to gently remove the amorphous
carbon coating. At the low burning temperature of 200 °C,
only the amorphous carbon is removed since carbon
nanotubes usually start to burn above 350 °C. Amor-
phous carbon begins to burn just before 200 °C.
Detailed TEM studies of these samples showed that
the mean diameters of the core tubes (after burning off
the amorphous coating) are smaller than that found for
tubes fabricated at lower temperatures, that is, before
the onset of the amorphous carbon shell formation
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Figure 5. (A,B) Mean CNT outer diameters (after amorphous carbon removal) for various reaction temperatures relative to the
starting catalyst particle size. (A) Large starting catalyst. (B) Small starting catalyst. n.b. Curves are a guide to the eye. (C)
Statistical data showing the actual CNT mean diameter of CNTs produced at higher temperatures (600—800 °C) after selective
removal of amorphous carbon (annealing at 200 °Ciin air). The initial catalyst particle mean diameter is provided for reference.
Black, CVD temperature 830 °C; red, CVD temperature 810 °C.

(see bottom right corner of Figure 3, hollow points).
Figure 5A,B shows the general trend in greater detail
where the tube diameter (after selectively removing
the amorphous coating) increases relative to the start-
ing particle size for temperatures between 600 and
near 800 °C, for both the larger and smaller particle
diameters, respectively. Above this temperature, the
real carbon nanotube diameter (i.e., without the amor-
phous shell) is actually reduced. This trend is observed
for both starting catalyst sample sets. In other words,
the large outer diameter of the as-produced structures
is primarily due to a thick amorphous coating. This can
be seen in Figure 5C, which highlights the relative
change between the mean as-produced core—shell
diameters, the mean core tube diameters (amorphous
carbon removed), and the mean starting particle
diameters.

We also investigated the size of the catalyst particles
after the CVD reaction, relative to the starting particle
size. The post-synthesis particles' mean diameters are
shown to increase and then decrease at temperatures
around 800 °C. In addition, their distribution widths
also increase and then decrease at the higher tem-
peratures. These data are provided in the Supporting
Information in Figure S3. This again indicates a correla-
tion between the catalyst particle size and the resultant
CNT outer diameter. This is further supported by the
increasing number of walls forming the tube as its
diameter increases, as shown in Figure 2 and Figure S4.
This correlation remains even at higher temperatures
where amorphous carbon deposits itself on the tubes.
Figure S5 shows that core tubes (as obtained from
the core—shell structures after amorphous carbon
removal) that were formed from smaller catalyst
particles have fewer walls than those formed from
larger particles.

These characteristics are well explained with the
catalyst volume to surface area model.>*?**?® The
model describes how the outer diameters of CNTs
are templated by the catalyst particle diameter, and
that the larger the particle, the greater the number of
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Figure 6. (A,B) TEM micrographs showing FePt nanoparti-
cles embedded in an amorphous carbon film after anneal-
ing in vacuum (810 °C, 10 min). (C—E) TEM micrographs
showing FePt nanoparticles encapsulated in graphitic shells
after exposure to CVD reaction (cyclohexane, 810 °C, 10
min). (F) Micrograph showing etched amorphous carbon
regions.

walls due to the increased carbon availability (volume-
dependent) relative to the surface area, which in
essence allows more hemispherical nucleation caps
to form. It then becomes clear that the gradual increase
in CNT mean diameter for temperatures below 800 °C
can be explained by the catalyst particles increasing in
size, viz., the particles coalesce on the substrate and
that the coalescence rate increases with temperature
(see Figure S3). However, between 750 and 800 °C,
cyclohexane starts to undergo self-pyrolysis, produ-
cing amorphous carbon species.?” In the present study,
the amorphous carbon deposits on the surface of the
growing carbon nanotubes forming a linear core—shell
structure in which the core is a crystalline carbon
nanotube. Moreover, the diameter of the inner or core
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Figure 7. (A) Mean diameters of FePt nanoparticles coated with amorphous carbon after annealing in vacuum (square) and
after exposure to CVD reaction (circle). Curves are a guide to the eye. (B,C) Raman spectra of annealed (B) and CVD-reacted
samples (C) as compared to the as-prepared samples. The graphitization from the CVD-treated samples (C) is easily observed

through the better defined G mode (ca. 1600 cm ') and D mode (1350 cm ™).

CNT is small as compared to average CNT diameter
before the onset of self-pyrolysis (see Figures 3 and 5).
Our data also show reduced catalyst particle sizes at
higher temperatures where self-pyrolysis is active.
These data might suggest that amorphous carbon
deposition on the substrate surface reduces the effi-
ciency of particle coalescence. To test this hypothesis,
we prepared various samples in which a 10 nm amor-
phous carbon layer was intentionally deposited over
the deposited FePt nanoparticles. These samples were
then annealed in vacuum and also exposed to CVD
reactions at 700, 770, and 810 °C and subsequently
subjected to TEM and Raman spectroscopy investiga-
tions. The TEM data from the vacuum-annealed sam-
ples (Figure 6A,B) showed FePt nanoparticles embed-
ded in amorphous carbon, similar to the starting
sample (data not shown). In the case of the CVD-
treated samples, the nanoparticles were often ob-
served to be surrounded by concentric graphitic rings;
moreover, the amorphous carbon film contained
etched regions (Figure 6C—F). The degree of graphitic
layer formation around the catalyst particles and the
number and size of the etched regions increases with
temperature. Analysis of the catalyst particles showed
no carbide phases. Only FePt phases were detected.
The lack of carbide phases indicates either surface
carbon diffusion occurs during graphitization or bulk
carbon diffusion (precipitation) leading to graphitiza-
tion. The general trend of increasing numbers of
graphitic layers with increasing particle size points to
bulk diffusion; that is, as the catalyst to volume surface
area increases, more carbon is available to form gra-
phitic shells.

Figure 7A presents a statistical analysis of the particle
mean diameters for all samples intentionally coated
with amorphous carbon. For those annealed in va-
cuum, a slight but steady increase in the particles'
mean diameter was observed. However, the amor-
phous carbon-coated nanoparticles exposed to the
CVD reactions showed a significant increase in mean
diameter (and diameter distribution) when raising the
temperature from 700 to 770 °C, which then dropped
when further raising the temperature to 810 °C. This
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behavior correlates very well with observations from
the conventional CVD studies discussed above (see
Figure 5A,B). However, the maximum particle mean
diameter (with intentional amorphous carbon coating)
occurs at a higher temperature (~770 °C) as compared
to that obtained for the standard CVD case (~680 °C)
where little or no amorphous carbon forms. This
suggests that the presence of amorphous carbon
reduces catalyst mobility on the substrate. However,
the carbon feed rate can account for this effect more
accurately. The parabolic trend of the mean nanopar-
ticle size with increasing CVD reaction temperature can
be explained as follows: Initially, as the temperature
increases, the added energy increases catalyst particle
mobility. Increased temperatures also lead to greater
carbon feed rates which could enable the catalyst
particles to reach a carbide phase more rapidly. This
can accelerate liquefaction and coalesce.?® Moreover, a
carbide particle/substrate may be weaker than for the
noncarbide phase, leading to increased particle mobi-
lity. However, the increase in carbon supply rate also
means that the time required to reach nucleation will
be reduced, viz. the nucleation rate increases. Hence a
competing process to particle coalescence is the nu-
cleation rate. Once the nucleation rate is sufficiently
high, nucleation can occur before the catalyst particles
have sufficient time to coalesce. In the case of an
amorphous carbon film residing over the catalyst
particles, the carbon feed rate will be reduced since
the feedstock and cracked components from the feed-
stock must first diffuse through the amorphous carbon
to reach the catalyst particle. Hence the mean particle
diameter maximum should occur at a higher reaction
temperature, exactly as we observe experimentally.
Further experimental evidence in this vein can be
found in Figure 3, where the diameter increase in
region 2 occurs at higher temperatures for the smaller
particles as compared to the larger ones. This can be
explained by a larger relative amorphous carbon layer
existing for the smaller particles. Raman spectroscopic
data were also collected for the amorphous coated
samples before and after their annealing and CVD
reactions. The results matched the TEM observations
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Figure 8. (A) Schematic illustrating CNT growth despite the
presence of a self-pyrolyzing hydrocarbon feedstock and
heavy amorphous carbon deposition. (B) Schematic show-
ing graphitic shell formation around catalyst particles and
etching of amorphous carbon by hydrogenation for FePt
nanoparticles with a 10 nm deposited amorphous carbon
layer and subsequent exposure to a CVD reaction.

very well, namely, no graphitization is observed
when only annealing the samples coated with amor-
phous carbon (Figure 7B). Exposing them to CVD
reactions leads to graphitization as shown by the
clear formation of well-defined G and D modes at ca.
1600 and 1350 cm ™', respectively, despite the domi-
nant amorphous carbon background. The existence
of the defined G and D modes indicate sp? carbon
formation?® (Figure 7C), in agreement with the TEM
observations.

DISCUSSION AND CONCLUSION

The data are revealing in that in all of the CVD
experiments the catalyst particles are able to graphitize
carbon despite the presence of amorphous carbon
deposits. In the case where no amorphous carbon film
is intentionally deposited on the catalyst particles, CNT
are obtained, even at high temperatures where the
feedstock undergoes self-pyrolysis leading to large
amorphous carbon and carbon tar deposition. How-
ever, with an intentional amorphous carbon coating
over the catalyst particles prior to the CVD reaction,
only graphitic encapsulation of the particles is ob-
tained. This can be attributed to the amorphous carbon
film preventing lift-off of the nucleation caps and
hence forcing encapsulation. In the conventional CVD
case, the rapid nucleation rate at higher temperatures

EXPERIMENTAL METHODS

The FePt (1:1) catalyst nanoparticles were synthesized in a
single step via inert gas condensation.?® Quantitative analysis of
EDX spectra obtained from particle ensembles confirmed an
elemental content of 50 + 2 atom % Fe or Pt. For CNT produc-
tion, the particles are deposited onto a thermally oxidized
silicon substrate with an additional 10 nm Al,O3 layer. The
CVD reaction took place in a horizontal tube furnace (quartz
tube inner diameter 9 mm, length 70 cm). Prior to synthesis, the
oven tube was evacuated to >2 x 10> mbar. Once the oven
reached the desired synthesis temperature, it was shifted over
the CVD substrate. The synthesis temperature was varied from
560 to 830 °C. First, a reduction step by purging hydrogen at
0.1 slpm (standard liters per minute) at a constant pressure of
60 mbar through the reactor for 10 min was carried out.
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(discussed above) means that nucleation of a CNT via
hemispherical cap lift-off can occur before the amor-
phous carbon deposits are able to block this process.
Moreover, simply annealing the supported FePt nano-
particles covered in an amorphous layer does not lead
to any significant graphitization and no etching of the
amorphous carbon film is observed, contrary to that
found when exposing the samples to a CVD reaction.
This shows that the feedstock and/or cracked compo-
nents from the feedstock are able to permeate amor-
phous carbon and reach the catalyst particles, enabling
them to catalytically form sp? carbon, albeit at a
reduced rate. The etching of the amorphous carbon
itself can be explained by a catalytic hydrogenation
process in which H, reacts with carbon at the catalyst
surface forming CH, (see reaction 1).

Cis) +2Hyig) — CHag) (1

The process is well-known as a technique to etch
crystallographically oriented tracks in graphene3° 32
In our studies, no tracks are observed; only etched
patches are present, which is due to the lack of structural
order (amorphous carbon). Simple thermodynamic cal-
culations to determine the relative amounts and type of
byproduct when thermally cracking cyclohexane (see
Figure S6) show that significant levels of H, are presentin
the reaction, further supporting the catalytic hydrogena-
tion process. The thermodynamic calculations also show
that the level of hydrogen radicals is minute and is
therefore not likely to play a major role in etching carbon
species. Hence, the precipitation of carbon from catalyst
particles forming CNTs (and graphitic encapsulation)
occurs in competition with the catalytic hydrogenation
process. Both of these catalytic processes, namely, CNT
growth continuing even in the presence of a self-pyr-
olyzing hydrocarbon feedstock (Figure 8A) as well as
graphitic shell formation around catalyst particles and
etching of amorphous carbon by hydrogenation
(Figure 8B), highlight that the catalyst particles are not
poisoned by amorphous carbon and carbon tar. The
argument that amorphous carbon halts nanotube
growth by poisoning the catalyst needs re-examination.

Thereafter, the hydrogen was pumped out and the carbon
feedstock, cyclohexane (CgH;), was gently introduced into
the reactor and kept at a constant pressure of 50 mbar for 5
min.%” Finally, the CgH;, was pumped out and the furnace
swiftly shifted away from the substrate to allow rapid
cooling.

Samples which were annealed were treated with a similar
protocol as discussed above, except no hydrocarbon was
introduced and a vacuum >10"® mbar was implemented.

The as-prepared FePt nanoparticles, the CVD-prepared samples,
and the annealed samples were characterized by transmission
electron microscopy (TEM) with a FEI Tecnai G2 20 microscope
operating at 200 kV, a Cs-corrected FEI Titan® 80-300 operating at
80 kV, and a Cs-corrected JEOL 2010F operating at 80 kV. TEM
samples were prepared by mechanically pressing standard TEM
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(Cu and lacey carbon on Cu) grids on CVD-prepared and annealed
samples. The as-prepared FePt particles were prepared on carbon
film TEM grids placed in the particle reactor during their actual
deposition. Scanning electron microscopy (SEM) was conducted
using a LEO Gemini 1530 at 5 kV. Raman spectroscopy was carried
out on a Bruker IFS100 spectrometer (1064 nm) and Thermo
Fischer SmartRaman DXR (532 nm).
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