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odifying the arc-discharge pro-
cess for the synthesis of carbon
nanotubes by the inclusion of

transition metals led to the discovery of
single-walled carbon nanotube (SWNT) for-
mation." In the years that followed, several
groups showed that the use of binary cata-
lysts could significantly improve the yield.
The earliest studies were conducted using
the arc-discharge synthesis route; for ex-
ample, Seraphin and Zhou? showed high
yields of SWNT from Fe/Ni and Co/Ni cata-
lysts. Journet et al. declared yields of up to
90% with Ni/Co, Ni/Y, and Co/Y mixes.? Saito
et al. showed the potential of Pt/Rh mixes.*
These investigations were complemented
by laser ablation studies claiming yields up
to 70% using Ni/Co mixes.’ Indeed, Ni/Co
became one of the more popular catalyst
mixes. Within chemical vapor deposition
(CVD), the synthesis of carbon nanotubes
using mixed catalysts is also acclaimed for
improved yield and vertically aligned car-
bon nanotubes. Some early works of note
are the careful assessment of Fe/Mo cata-
lyst mixes for mats of vertically aligned mul-
tiwalled carbon nanotubes (MVWNT)® and
vertically aligned mats of SWNT using
Co/Mo.”

Despite the success of mixed catalysts
for high-yield carbon nanotube synthesis,
few studies on the role of mixed catalysts
exist. Such investigations generally require
systematic and patient evaluation not only
through different catalyst mix ratios but
also with the synthesis parameters. Unsur-
prisingly, most efforts are based on CVD be-
cause it is the most promising method for
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ABSTRACT The use of mixed catalysts for the high-yield production of single-walled carbon nanotubes is
well-known. The mechanisms behind the improved yield are poorly understood. In this study, we systematically
explore different catalyst combinations from Ni, Co, and Mo for the synthesis of carbon nanotubes via laser
evaporation. Our findings reveal that the mixing of catalysts alters the catalyst cluster size distribution,
maximizing the clusters’ potential to form a hemispherical cap at nucleation and, hence, form a single-walled
carbon nanotube. This process significantly improves the single-walled carbon nanotube yields.

KEYWORDS: carbon nanotubes - mixed catalysts -
and yield control

growth mechanism - diameter

mass production and integration into sili-
con technology. However, in CVD, the role
of the catalyst is argued to go beyond sim-
ply nucleating and growing the carbon
nanotubes; the catalysts may also be ac-
tively involved in the catalytic decomposi-
tion of the hydrocarbon feedstock. For ex-
ample, a study by Liao et al. investigated
different Co—Mo compositions. They found
the morphology of the carbon nanotube
products to vary. With 5—15 atom % Co,
they tended to produce long MWNTs, while
with 40—50 atom % Co, they found short
MWNTs. Higher amounts of Co led to struc-
tures with onionated morphology. They at-
tributed this to the addition of Mo to Co re-
ducing the CO decomposition rate and
consequently the CNT length. On the other
hand, others suggest that the catalysts’
role on the chemical decomposition pro-
cess is not so important, but that altered
melting points and modified carbon solubil-
ity in the catalyst nanoparticles are more
important.? Lolli et al. showed that Co—Mo
combinations result in smaller and more
stable cluster sizes as compared to pure
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Figure 1. (a) Three-dimensional plot showing the mean diameter dependence on oven temperature and Ni/Co ratio. (b) Two-
dimensional plot of mean diameter vs oven temperature for pure Ni (lower sigmoid curve), pure Co (linear curve), and Ni/Co (1:1)
(upper sigmoid curve). (c) Three-dimensional plot of relative yield against oven temperature and Ni/Co ratio. (d) Two-
dimensional plot of relative yield. From bottom up: pure Co, pure Ni, Ni/Co (1:1). (e) Four-dimensional plot of G/D ratio depen-
dence on catalyst Ni/Co ratio and oven temperature. The shading corresponds to yield. (f) Two-dimensional plot illustrating the
G/D change with temperature and catalyst ratio. From bottom up: pure Co, pure Ni, Ni/Co (1:1). Curves are a guide to the eye.

Co." Thus, there remains a need to study mixed cata-
lysts, particularly for non-CVD-based routes. In this
study, we systematically investigate various catalyst
mix systems involving Ni, Co, and Mo for the synthesis
of SWNTSs using laser evaporation. In laser evaporation,
a graphite target containing catalyst material is evapo-
rated in a reactor sitting at an elevated temperature
within a buffer gas, such as argon or nitrogen. Hydrocar-
bon decomposition is therefore not involved, simplify-
ing the study. In addition, the process parameters (e.g.,
temperature, pressure, flow rate) are easily controlled,
making laser evaporation an excellent platform to study
carbon nanotube growth mechanisms."!

RESULTS

Transitions between van Hove singularities in SWNT
led to distinctive interband absorption peaks in optical
absorption spectroscopy (OAS) in the IR region of the
electromagnetic spectrum. The two most intense peaks
correspond to the first two transitions from semicon-
ducting SWNTs and are referred to as the S;; and Sy,
peaks, while the third and weakest peak arises from me-
tallic tubes and is termed the M;; peak. The back-
ground beneath the peaks corresponds to the  plas-
mon from carbonaceous species, viz. SWNT and
amorphous carbon. Thus, the relative intensity of the
peaks to the background provides a measure of the pu-
rity (SWNT to amorphous species).'? Quantitative
changes in purity between samples can be determined
by normalizing the spectra and subtracting the back-
ground and examining the relative peak intensities. In
addition, the peak widths correspond to the diameter
distribution and can be used to determine the mean
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diameter.'?"1* These aspects are illustrated in Figure

S1 in the Supporting Information. In these studies, the
S11 peak was used. Corrections were made due to exci-
tonic effects when extracting diameter information.'

Figure 1a shows a 3D graph of the mean diameter
variation with oven temperature and Ni to Co ratio,
from pure Ni through pure Co. With respect to temper-
ature, the mean diameter shows a sigmoid shape from
pure nickel, which gradually becomes less pronounced
as the Co content increases such that, by the time the
catalyst solely comprises Co, the variation with temper-
ature is linear with a slightly negative slope. This
temperature-dependent evolution is also highlighted
in 2D in Figure 1b. For a given temperature, the mean
diameter is at a minimum for pure Ni, which increases
to a maximum as more Co is added to the mix. With
large Co content (>80%), the mean diameter begins
to fall. The maximum occurs with less relative Co con-
tent as temperature increases.

The OAS data also provide information on the rela-
tive yield of the samples, and in Figure 1¢, a 3D plot of
the relative yield versus temperature and Ni/Co content
is plotted. With pure Ni as the catalyst, the yield shows
a parabolic behavior with respect to temperature with a
maximum around 1150—1175 °C. As greater amounts
of Co are added to the mix, the parabolic profile begins
to flatten and the maximum relative yield increases to
a maximum for a Ni/Co ratio of 1. As more Co is added,
the parabolic profile flattens considerably such that
the profile is linear for a catalyst content consisting en-
tirely of Co (see Figure 1d). The relative yields from high
Co content catalysts (>80%) are very weak, even com-
pared to pure Ni.
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catalyst is apparent.

TEM and SEM studies confirm the change in yield
through visible changes in the amount of amorphous
species relative the SWNTSs. In addition, as the yield in-
creases (less amorphous carbon), the SWNT bundle
sizes are seen to increase. Figure 2 provides micros-
copy examples highlighting changes in yield with
catalyst.

Raman spectroscopy has been shown to be a per-
fect tool to evaluate the crystallinity in different sp?
hybridized carbon structures. For SWNTs, a strong
Raman-active tangential mode (G-line) is observed
around 1590 cm™', and scattering on defects gives rise
to a defect-induced mode (D-mode) around 1300 cm ™.
At lower frequencies, the diameter-dependent radial
breathing modes (RBM) typical for SWNT are observ-
able. An example Raman spectrum is provided in Fig-
ure S2 in the Supporting Information. For all of
our samples, the spectral shape of the Raman re- a.
sponse is similar. Changes in the RBM due to
mean diameter shifts concomitant with the OAS
data are observed (data not shown). In addition,
relative changes between the G- and D-modes
are found. The G/D ratio is often used as a mea-
sure of crystallinity. In Figure 1e,f, 4D and 2D
plots, respectively, of the G/D ratio with temper-
ature and catalyst Ni/Co content are shown. In c.
panel e, the shading corresponds to the yield. -
The profile is very similar to the variation in =
sample yield (Figure 1¢,d) and shows there is a
strong synergy between the SWNT yield and their
crystallinity.

In addition to exploring Ni/Co catalyst mixes, &
we also investigated Ni/Mo and Co/Mo mixes at
a temperature of 1150 °C (Ni/Co optimum tem-
perature). Figure 3a,b shows the variation of the
mean diameter with decreasing Mo content and
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Figure 2. TEM (top row) and SEM (bottom row) from SWNT samples produced
with Ni, Ni/Co (1:1), and Co catalysts at 1150 °C. The improved yield from the Ni/Co

Co Ni/Mo catalyst mixes, the mean di-

e ameter tends to increase as the Mo
content increases and also for tem-
perature increase. In the case of Co/
Mo, the changes in mean diameter
are minor with the exception of
high temperatures and a 90% Mo
loading. In Figure 3c¢,d, the relative
yields are presented for Ni/Mo and
Co/Mo, respectively. In addition,
the yields from pure Ni and pure
Co are included for comparison.
Relative to the pure metal (Ni or
Co), the addition of Mo clearly en-
hances the yield. In the case of Ni,
the addition of Mo approximately
doubles the yield and does not ex-
hibit strong changes with respect
to the amount of Mo mixed in. The
increase in yield when Mo is added
to Co is greater and appears to be at a maximum with
only small fractions of Mo. The yield then tends to de-
crease as the Mo loading increases. The maximum ob-
served increase in yield is almost an order of magnitude
for 10% Mo addition to Co.

The inclusion of Mo was also explored with differ-
ent Ni/Co mixes at 1175 °C. The mean diameter and
relative yield for the different Ni/Co/Mo catalyst mix-
tures synthesized at 1175 °C are presented in Figure
4a,b.

Only minor changes in the mean diameter are ob-
served for the different Ni/Co/Mo ratios investigated.
Changes in the yield are more obvious depending on
the Ni/Co/Mo ratio. In addition, the relative yields are
compared to equivalent Ni/Co ratios without Mo added.
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Figure 3. (a) Mean diameter dependence with temperature and (b) Mo loading
for Ni and Co. (c,d) Relative yield versus Mo loading in Ni and Co, respectively, at
1150 °C. Inner (lower intensity) bars represent yield for pure Ni and Co,
respectively.
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Figure 4. (a) Mean diameter for different Ni/Co/Mo ratios. Oven temperature = 1175 °C. (b) Relative yield for different Ni/
Co/Mo ratios at 1175 °C (blue bars). The less intense bars (red) represent the yield from equivalent Ni/Co ratios without Mo

with a reaction temperature of 1175 °C.

The inclusion of Mo increases the yield by a factor of 3
to 4.

From this study, it is clear that binary or ternary cata-
lyst mixtures lead to higher yields as compared to single
metal catalysts. In addition, Ni and Co as individual cata-
lysts differ in their temperature dependence regardless
of mean diameter and yield. To gain further insight into
the mechanisms behind the increase in yield, we also
looked at the SWNT diameter distribution changes with
the catalyst mix. The diameter distribution, as men-
tioned above, can be obtained from the peak profiles
in OAS. Previous studies of ours showed that, for a Pt/
Rh/Re catalyst mix, the yield went through a maximum
as one increased the temperature and that this is corre-
lated with the diameter distribution of SWNTs."

In this study, again a correlation with yield and
SWNT diameter distribution is found. Figure 5a shows
the full width at half-maximum (fwhm) of selected
samples as derived from the S;; OAS peaks. The se-
lected samples are all synthesized at 1150 °C, and the
catalyst mixes were as follows: pure Ni, Ni/Mo (9:1), pure
Co, Co/Mo (9:1), Ni/Co (1:1), and Ni/Co/Mo (5:4:1). The
smallest fwhm is observed for Ni (ca. 0.18 nm), while the
largest is observed for pure Co (ca. 0.32 nm). Remark-
ably, all of the mixed catalyst systems with enhanced
yields relative to the pure metals exhibit similar fwhm
values (ca. 0.22 nm). For comparison, the yield and the
mean diameters for the samples are provided in panels
b and ¢, respectively. From panel b, it is obvious the
best yield is obtained with a combination of Ni, Co, and

Mo. From panel ¢, one can discern that larger diam-
eters are obtained if Co is present in the system. The
largest diameter is obtained from Co/Mo catalysts.

DISCUSSION

The various data show one can tailor the mean di-
ameter, diameter distribution, and yield of laser evapo-
rated SWNTs through catalyst choice, mix ratio, and
temperature. For most applications, it is desirable to
produce samples with high yield. To this end, mixed
catalyst systems are clearly superior to single metal
catalysts.

Some of the observations found here are in agree-
ment with previous studies of ours that investigated Pt/
Rh/Re catalysts. Those studies focused on the tempera-
ture/mean diameter/yield dependence for a fixed catalyst
ratio. In that study, the observations were all explained
within a remarkably simple model, the so termed cata-
lyst volume to surface area model. In this model, the
amount of carbon precipitating from the catalyst particle
at the point of nucleation depends (at a basic level) on the
catalysts’ volume for a given catalyst system (carbon solu-
bility). In addition, it assumes that a hemispherical cap is
required for nucleation, in agreement with Fan's density
functional theory calculations'® which show such caps are
overwhelmingly preferred for SWNT nucleation. Hence, if
insufficient carbon is available at the point the catalyst
particles precipitate their carbon (due to cooling), no
stable hemispherical cap forms. This makes the particle
vulnerable to other process (e.g., sintering) and is unlikely
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Figure 5. (a) Comparison of SWNT diameter distribution fwhm for pure Ni and Co against various catalyst mixes. (The fwhm
is derived from the S;; peak from the absorption spectra.) (b) Relative yield and (c) mean diameter for the same catalyst mixes

as in panel a.
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Schematic representing the change in precipitating cluster distribution relative to the nucleation window (hemispherical cap
formation) for Ni and Co when adding Mo. In the case of Ni, the cluster size distribution expands, leading to higher yields.
In the case of Co, the precipitating cluster distribution shrinks, again increasing the yield (cf. panel a).

to nucleate a SWNT. Increasing the catalyst size will lead
to sufficient carbon being available to form a hemispheri-
cal cap due to the carbon supply being volume-
dependent while the cap is area-dependent. SWNTs can
then nucleate and grow. If the particle is too big, however,
there is an excess of carbon that leads to the particle be-
ing encapsulated. Hence, due to the above stated catalyst
volume to surface area restrictions, a SWNT nucleation
cluster size window exists. Moreover, the catalyst cluster
size distribution (at the point of nucleation) is indepen-
dent of the nucleation cluster window. SWNTs only form
when the nucleation cluster size window and precipitat-
ing cluster size distribution overlap. The precipitating
cluster size shifts with temperature, and so one can con-
trol this overlap to tailor the mean diameter, SWNT size
distribution, and yield according to the degree of over-
lap. Indeed, this is observed in the sigmoid dependence
observed in the Ni- and Ni/Co-catalyzed samples (Figure
1). Initially, at lower temperatures, the overlap between
the nucleation cluster size distribution and the precipitat-
ing cluster size distribution is minimal, and the mean di-
ameter will be at its lowest. As the temperature increases,
the overlap increases further and the mean diameter
(and yield) increases slightly. Once the bulk of the precipi-
tating cluster size distribution lies within the nucleation
window, the yield will be at its highest, and as it shifts
through the window, the change in mean diameter will
be more pronounced until it starts to move through the
upper nucleation size limit at which point the yield drops
and the change in mean diameter is less marked. This ac-
counts for the sigmoid profile of the mean diameter ob-
served with pure Ni. Pure Co does not exhibit a sigmoid
profile but shows almost no change in diameter (or yield)
with temperature. As one adds increasing amounts of Co
to Ni, the sigmoid profile becomes less pronounced and
more spread out. This points to Co having a very broad
precipitating cluster size distribution so that little change
in temperature is observed. Hence, adding Co to Ni in-
creases the precipitating cluster size distribution. This is
reflected in the resultant SWNTs, which also have a
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broader size distribution (proportional to the fwhm). Add-
ing Mo to Ni or Ni/Co also increases the precipitating clus-
ter size distribution. Adding Mo to Co decreases the clus-
ter size distribution. This is in agreement with the findings
from Lolli et al.® All of the catalyst mixes have improved
relative yields and have similar fwhm distributions (Figure
5). This process is illustrated in Figure 6, in which the
fwhm data are also provided to help illustrate the pro-
cess. In effect, the role of mixed catalysts is to optimize
the size distribution of catalyst particles so as to maximize
the precipitating cluster size distribution lying within the
nucleation window. This process can account for the yield
variation between mixed catalyst systems despite having
similar SWNT diameter distributions (fwhm).

It is worth noting that the catalyst volume to sur-
face area model also depends on the carbon solubility
in the catalyst cluster. Thus, one might expect the mean
diameters from Ni, which has a lower carbon solubility
to Co, to be larger than for Co. However, Co is suscep-
tible to martensitic transformation, viz. C is trapped
within. Hence, larger Co catalyst clusters are required
to provide sufficient carbon for the nucleating hemi-
spherical cap. This also explains why all of the Co alloys
used form SWNTs with larger mean diameters than sys-
tems without Co.

The overall findings fit remarkably well within the
catalyst volume to surface area model,'" in which nucle-
ation can be defined as the formation of a stable hemi-
spherical cap as a cooling catalyst particle precipitates
carbon. This suggests that growth occurs from a solidi-
fied catalyst particle. If so, then it is likely that carbon ad-
dition to a growing SWNT occurs through surface diffu-
sion, as argued by Hofmann et al."” Further studies are
required to better elucidate this point.

CONCLUSION

Systematic studies on binary and ternary catalysts
based in Ni, Co, and Mo were conducted. The data re-
veal a close synergy between reactor temperature, yield,
and crystallinaty of the produced SWNT. The mean diam-
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eter of the SWNT varies according to both temperature
and catalyst choice. All of the findings are fully described
within a simple model in which the nucleating hemi-
spherical cap formation window (due to catalyst cluster
volume to surface area considerations) overlaps with the
precipitating cluster size distribution. The cross-over de-
gree between the two windows establishes the SWNT di-
ameter distribution (and mean) and yield. This study re-

EXPERIMENTAL SECTION

A furnace-based laser evaporation system was used to syn-
thesize the SWNT. The reaction was driven by an Nd:YAG laser
(N = 1064 nm, power = 2.5 GW per pulse, pulse width = 8 ns).
Furnace temperatures between 1050 and 1250 °C were explored.
High purity catalyst material (>99.9%) was used throughout.
The catalysts used were Ni, Co, and Mo. These were mixed with
different ratios depending on the experiment in question. The
catalysts were then mixed with spectroscopy grade graphite
(>99.9% pure) and pressed in a 13 mm dye to form a 3 mm thick
target. The total catalyst content was always 10 wt %. Nitrogen
was used as the buffer gas. All experiments were performed at
1000 mbar and a flow rate of 0.4 slpm. The as-produced SWNTs
were collected at the rear of the reactor on a copper coldfinger,
which also provides a well-defined reaction stop point.

A Bruker 113V/88 spectrometer was used for optical absorp-
tion measurements between 0.35 and 2.35 eV with a spectral
resolution of 0.25 eV. Raman spectroscopic measurements were
achieved using a Thermo-Scientific SmartRaman DXR spectrom-
eter (80 to 3000 cm™") using a 780 nm excitation laser. The mor-
phology of the samples was investigated using transmission
electron microscopy (TEM) on a FEI Tecnai T20 operating at 200
kV and scanning electron microscopy (SEM) using a JEOL JSM-
6510 operating at 20 kV. Samples investigated through optical
absorption spectroscopy were prepared by drop coating on KBr
crystals. The KBr prepared samples were kept consistent by using
equal concentrations of sample and acetone when preparing a
dispersed sample for drop coating onto the KBr crystal. The film
thickness and measurement area were also consistent for all
samples. These films were floated off in distilled water and cap-
tured on standard Cu TEM grids for the TEM studies.
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