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Pulsed laser vaporization synthesis of single-wall carbon nanotubes on Co/Ni and Rh/Pd catalysts
was explored with respect to variations in the production temperature. The nanotube type popula-
tions were determined via photoluminescence, UV-Vis-NIR absorption and Raman spectroscopy. It
was found that lowered production temperature leads to smaller nanotube diameters and excep-
tionally narrow �n�m� type distributions, with marked preference towards large chiral angles for both
catalysts. Interestingly, larger nanotube diameters tend to be associated with larger chiral angles.
These results demonstrate that PLV production technique can provide at least partial control over
the nanotube �n�m� populations. In addition, these results have implications for the understanding
the nanotube nucleation mechanism in the laser oven. SWCNT synthesized at lower temperatures
appear quite attractive as a starting material for nanotube type separation experiments.
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1. INTRODUCTION

Like with other nanomaterials, the electronic properties of
single-wall carbon nanotubes (SWCNT) strongly depend
on their size and molecular structure. SWCNT structure
can be conveniently expressed in terms of chiral indices n
and m when SWCNT is visualized as a rolled-up graphene
sheet. The circumference of the SWCNT is determined by
its chiral vector Ch = na1+ma2, where a1 and a2 are the
unit vectors of the graphene lattice, and integers �n�m�
are the chiral indices. Nanotubes with n = m (armchair
nanotubes) are metallic at room temperature while those
with n−m = 3j , (where j = 1�2�3� � � �) are strictly semi-
metals, but often called metals along with armchairs. Nano-
tubes with n−m = 3j + 1 and n−m = 3j + 2 (where
j = 0�1�2�3� � � �) are semiconductors with a band gap that
varies approximately inversely with diameter. Metallic and
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semi-metallic nanotubes exhibit singularities in the elec-
tron density of states similar to semiconducting ones, with
corresponding optical transition energies inversely propor-
tional to the diameter.
Such wealth of available electronic properties presents

many opportunities to utilize SWCNTs in various
applications, such as field emission sources, transistors,
interconnects on microchips, conductive transparent films,
photovoltaics, etc.1–6 Most of these applications will benefit
from use of certain �n�m� nanotube types (metallic, small
gap semiconductor, etc.) However, as produced SWCNT
samples are polydisperse, with many �n�m� types present
and typical ∼1:2 metal/semiconductor ratio. This lack of
specificity in the SWCNT samples is one of the primary
reasons why SWCNTs are rarely used in commercial appli-
cations today.
The most common means of synthesizing SWCNTs

include laser ablation,7 arc discharge8 and chemical vapor
deposition (CVD) including HiPco,9 CoMoCat10 and alco-
hol CVD.11 The polydispersity of nanotube populations is
usually expressed in terms of diameter distributions, typ-
ically 1�4± 0�4 nm for laser SWCNTs,12 1�6± 0�5 nm
for arc-discharge SWCNTs,13 and 1�0±0�3 nm for HiPco
SWCNTs.9�14 In order to fully describe a population of
nanotubes in a sample, chiral angle distributions have
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also been utilized.15 Due to a discreet nature of relation-
ship between atomic structure and electronic properties of
SWCNTs, the best way to describe a nanotube population
is to determine the fraction of each �n�m� type present
in a sample. Experimental methods for determining nano-
tube type populations include optical spectroscopy (optical
absorption, photoluminescence and Raman spectroscopy)
and microscopy (electron beam diffraction and scanning
tunneling microscopy). For example, 33 semiconducting
nanotube types have been identified in standard HiPco
SWCNT samples by photoluminescence.15

There has been significant progress recently in sepa-
ration of SWCNTs by type, in order to create monodis-
persed samples suitable for various applications [Ref. [16]
and references therein]. In particular, it was discovered
that nanotubes can be separated by density gradient
centrifugation,17–19 based on small variations in the buoy-
ant density of surfactant-coated species. Other promising
techniques rely on sidewall chemical reactions selective
towards metallic tubes,20 selective adsorption of solubiliz-
ing agents such as flavine21 or DNA22�23 selective adsorp-
tion of semiconducting nanotubes on agarose gel24�25 and
dielectrophoresis in a flow channel,26�27 the latter two tech-
niques being quite amenable for scale-up. However, selec-
tivity, reproducibility, and scalability of all approaches to
nanotube type separation have much room for improve-
ment, as the techniques are still in their infancy.
The production of SWCNTs with narrow “tube type

populations” might be beneficial for the subsequent sepa-
ration efforts, especially since most techniques only sepa-
rate metallic tubes from semiconducting ones, and further
separation by band gap and/or chiral angle is more compli-
cated. However, there are only few reports on production
of nanotube samples enriched in certain nanotube types.
The best known example are low temperature CoMoCat
SWCNTs,10 that are naturally enriched in �6�5�, �7�5�
and �7�6� types. SWCNTs produced by alcohol CVD
technique11 at lower temperatures are similarly enriched
in the �6�5�, �7�5� and �7�6� types. SWCNT samples
enriched in �7�6� type were also produced by pulsed laser
vaporization (PLV) technique on Rh/Pd catalyst.28 Unfor-
tunately, use of Rh/Pd catalyst increases cost and reduces
nanotube yield.
In the present work, PLV production of SWCNTs on

Co/Ni and Rh/Pd catalyst was explored with respect to
variations in the production temperature. In case of Co/Ni
catalyst, the temperature was lowered with respect to the
standard 1200 �C,29–32 while for Rh/Pd catalyst the tem-
perature was varied around 1150 �C reported in Ref. [28].
The nanotube type populations were determined via pho-
toluminescence (PL), UV-Vis-NIR absorption and Raman
spectroscopy. A reduction in the average diameter of PLV
nanotubes at lowered production temperature has long
been known to occur.12�29 The effect of the pressure and
carrier gas (Ar and He) on the populations of the semi-
conducting nanotubes has been studied in Ref. [33], with

reported predominance of type II tubes and shift away
from close-to-armchair structures at higher pressure and in
He carrier gas. However, the temperature effect on nano-
tube population (and not just diameters) has not been
explored.

2. EXPERIMENTAL DETAILS

Single-wall carbon nanotubes were produced in the
PLV setup at NASA Johnson Space Center described
elsewhere29–32 at the following conditions:
(1) Co/Ni catalyst (1 at.% each). Argon buffer gas at
500 Torr pressure and 100 sccm flow rate. Green/IR abla-
tion laser combination (2nd and 1st harmonics of Nd:YAG
lasers) with 50 ns pulse delay, 1.6 J/cm2 energy density
each and 60 Hz repetition rate. Three operating temper-
atures were selected: 900, 1000 and 1100 �C. Each run
lasted 1 hour.
(2) Rh/Pd catalyst (1 at.% each). Argon buffer gas at
750 Torr pressure and 100 sccm flow rate, Green/IR abla-
tion laser combination with 50 ns pulse delay, 1.6 J/cm2

energy density each and 10 Hz repetition rate. Three oper-
ating temperatures were selected: 1100, 1150 and 1200 �C.
The increased pressure and decreased laser repetition rate
were selected according to Ref. [28]. Each run lasted
3.5 hours.

The samples were collected from the PLV setup and
dispersed in D2O/1.5% SDBS (surfactant) by ultrason-
ication at ∼1 mg/ml concentration. The resulting dis-
persions were centrifuged at 74,000 g for 2 hrs. The
top 2/3rd of the resulting supernatant was separated
and used for photoluminescence and absorption spec-
troscopy measurements. Photoluminescence (PL) spectra
in the 800–1600 nm range were collected with 659 and
784 nm excitations on Nanospectralyzer (Applied Nanoflu-
orescence, Houston, TX). Absorption spectra were col-
lected on Perkin Elmer Lambda 900 spectrometer in the
325–1600 nm range. Raman spectra were acquired with
514, 633 and 785 nm excitations on dry nanotubes using
Renishaw inVia spectrometer.

3. RESULTS AND DISCUSSION

Absorption spectra of three Co/Ni samples and three
Rh/Pd samples are shown on Figures 1 and 2. Metal-
lic M11 transitions are marked in red, semiconducting S22

transitions in blue and semiconducting S11 transitions in
black. The intensity of the spectral features with respect
to background implies that SWCNT purity in Rh/Pd sam-
ples is smaller compared to Co/Ni catalyst, and decreases
strongly with decrease in the temperature. Similar decrease
in purity at lower temperature is present in the Co/Ni sam-
ples, but is much less pronounced. Average diameters and
widths of diameter distributions increase as the tempera-
ture is increased.
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Fig. 1. UV-Vis-NIR absorption spectra of SWCNT samples produced on Co/Ni catalyst at (a) 900 �C, (b) 1000 �C and (c) 1100 �C. Metallic M11

transition are marked in red, semiconducting S22 in blue and S11 in black.

PL spectra of all samples are shown on Figures 3–8. The
S11 emission frequencies of the semiconducting nanotubes
are marked on top. Again, it can be seen that the average
diameters and widths of diameter distributions increase as
the temperature is increased for both catalysts. The range
of the spectral features observed on the 900 �C Co/Ni
sample is the narrowest. As the diameters of the nano-
tubes increase at higher temperatures, the emission wave-
lengths of the large diameter nanotubes present in 1000
and 1100 �C Co/Ni samples obviously exceed the range of
the instrument. However, for Rh/Pd samples the emission
is within the detector range for all samples.
Raman radial breathing mode (RBM) spectra of all sam-

ples are shown on Figures 9 and 10. Nanotube types that
can be assigned to particular peaks are marked on top
(metallic in red and semiconducting in black). Only few
nanotube types are in the resonance with each excitation
laser, which has a strong effect on the Raman RBM spec-
tra. For example, 514 nm excitation spectra of the Co/Ni
samples (Fig. 9) are dominated by contribution from only
three large diameter semiconducting SWCNTs resonant on
S33 transitions, with small contribution from three small
diameter metallic nanotubes. 633 nm excitation spectra
of these samples are almost exclusively dominated by
metallic nanotubes, and 785 nm excitation spectra show

exclusively semiconducting SWCNT features. For Rh/Pd
samples, 514 nm excitation spectra only show metallic
nanotubes, 633 excitation spectra are split in half among
large metallic and small semiconducting tubes, and 785 nm
excitation spectra only show semiconducting nanotubes.
The �n�m� population analysis employed the strategy

proposed first in Ref. [10]. Interband transition energies
and Raman RBM frequencies were tabulated according to
Ref. [34, 35]. A preliminary graphene sheet plot for the
sample was constructed according to the PL data. Then
for each semiconducting nanotube �n�m� type, its pres-
ence was checked in the PL, absorption and Raman spec-
tra, taking into account how far it is from the resonance
with excitation lasers in case of emission and Raman spec-
tra. After semiconducting nanotubes were identified, their
positions were marked on PL, absorption and Raman spec-
tra. Then metallic nanotubes were identified on absorption
and Raman spectra according to the remaining spectral
features, taking into account the possibility of overlapping
with semiconducting nanotubes.
It has to be noted that this approach works well for small

diameter SWCNT (at or below ∼1.1 nm), and becomes
exceedingly unreliable for larger nanotubes, for several rea-
sons. First, interband transition energies of the larger nano-
tubes are closer to each other due to approximate Eii ∼ 1/d
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Fig. 2. UV-Vis-NIR absorption spectra of SWCNT samples produced on Rh/Pd catalyst at (a) 1100 �C, (b) 1150 �C and (c) 1200 �C. Metallic M11

transition are marked in red, semiconducting S22 in blue and S11 in black.

relationship between energies and diameter, and become
impossible to resolve. This effect can be clearly seen on
absorption spectra of the Co/Ni 1100 �C sample (Fig. 1),
where the low energy side of the S22 hump can be identified
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with more than a dozen semiconducting nanotube types,
but their spectral features coalesce into a broad shoulder.
The numerous larger tubes identified on the chiral map of
this sample (Fig. 13) are therefore possible assignments of
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nanotube structures that fall within this absorption range. It
is impossible to truly discriminate among them, and there-
fore all these structures are taken into account. Same is
true even for smaller diameter tubes, since transition ener-
gies tend to group closely together (especially for small
diameter metallic tubes). This emphasizes that there is less
certainty in the �n�m� assignments made from absorption
data than in those made from PL and Raman. Second, large
diameter nanotubes can not be detected on PL spectra due
to limited wavelength range of the Nanospectralyzer and
transmission cut-off in D2O. Even detectable nanotubes
with PL emission frequencies close to the 1600 nm detec-
tor limit have transition energies close to each other and are
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difficult to resolve on PL spectra. Similar difficulties with
PL of large diameter nanotubes were noted in Ref. [36].
Third, S22 transitions of these nanotubes are too far from
the 785 nm Raman excitation to be detected, while exci-
tation on the S33 transition with 514 nm laser only detects
three distinct nanotubes. The latter problem can be over-
come by using a tunable Raman, however tunable Raman
instruments are rare, and experiments are difficult, time
consuming, and require careful intensity calibration.
Attempts to fit absorption and PL spectra with a num-

ber of Lorentzian lines corresponding to nanotube types
present in the samples turned out to be inconclusive. The
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precise transition energies are sensitive to the environment,
and small change in the transition energies of two closely
overlapping peaks led to large variations in the respective
peak intensities. Apart from that, the fitting of the absorp-
tion spectra was found to be sensitive to the variations
in the background subtraction. Even if reliable Lorentzian
fits could be achieved, the relationships between nanotube
concentration and intensity of its spectral features are not
known accurately, and are known to vary quite a bit among
nanotube types.37–40 Therefore, nanotube populations were
simply expressed as “major” nanotube types with very
strong spectral features and “minor” nanotube types with
weaker but definitely detectable spectral features.
The results of the population analyses are shown

on Figures 11–16. Nanotubes present on absorption
spectrum are marked with red hexagons, PL spectra—
blue hexagons, and Raman spectra—green hexagons.
Thick hexagons represent major SWCNT types, and thin
hexagons—minor SWCNT types.
The increase in the average diameters and widths of

diameter distributions at higher temperatures, noted above
from the shapes and positions of the absorption and PL
spectral features, is seen on these �n�m� maps as well.
However, �n�m� maps also reveal the effect the tempera-
ture has on the nanotubes’ chiral angles.

In case of Co/Ni 900 �C sample, major nanotube types
cluster in the 12–30� chiral angle range, most major types
being either armchair metals (�7�7�, �8�8� and �9�9�) or
very close to 30� (�8�7�, �9�7�, �9�8�). The major types
that are not armchairs (�9�6�, �10�5�, �11�3�) all have
very close diameters in 1.00–1.05 nm range. As the tem-
perature is increased to 1000 �C, the nanotube population
broadens and shifts towards larger diameters, with major
types covering 1.05–1.20 nm range. Interestingly, chiral
angles shift away from the 30�, with only �9�9� arm-
chair tube present. As the temperature is further increased
to 1100 �C, the nanotube population broadens dramati-
cally, with the major types covering 1.15–1.35 nm diam-
eter range and 4–30� chiral angle range. The tendency
towards close to armchair chiralities remains, while only
one major armchair type �9�9� is detected, with very little
�10�10� present as well.
The picture with Rh/Pd samples is quite different. At

1100 �C Rh/Pd catalyst produced somewhat broader diam-
eter distribution compared to Co/Ni 900 �C sample, in
the 0.85–1.05 nm diameter range. There is less preference
towards close-to-armchair structures, and chiral angles of
the major types cover broader range, 5–30�. As the tem-
perature is increased to 1150 and then to 1200 �C, small
nanotubes that were present at 1100 �C do not disappear

J. Nanosci. Nanotechnol. 10, 3780–3789, 2010 3785
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completely as is the case with Co/Ni catalyst, but rather
the nanotube population is broadened towards larger diam-
eter tubes, reaching 0.85–1.2 nm diameter range.
It is difficult to compare these populations to that in

standard PLV nanotubes produced with Co/Ni catalyst at
1200 �C. Since standard PLV nanotubes have diameters
in the 1�4± 0�3 nm range,12�29 the population analysis in
these is not truly possible via spectroscopy for reasons
stated above, and has not been attempted. Recent electron
beam diffraction data shows broad chiral angle distribution
somewhat skewed towards 30�,41 which suggests a broad
nanotube population skewed towards armchair types.
An important observation can be made: in all Rh/Pd

samples, and in Co/Ni 900 �C sample, larger diameters
are clearly associated with larger chiral angles. This trend
is consistent with a simple picture of the energy balance
of a nanotube nuclei proposed in Ref. [42]. As the nuclei
size changes, the strain energy of a curved graphene sheet
is balanced by the energy of the open graphene edge.
A decrease in the edge energy will cause an increase in the
nucleus diameter43 for a fixed number of carbon atoms. It
has been estimated that an armchair edge is ∼15% more
stable compared to a zig-zag edge (12.14 vs. 10.31 eV/nm)
due to formation of partial triple bonds between one-
coordinated carbon atoms on armchair edge.44 Therefore,

nuclei structures that are closer to armchair configuration
will tend to nucleate nanotubes of the largest diameter.
Note that this picture is largely oversimplified, as nano-
tube nuclei probably do not reach any meaningful ther-
mal equilibrium in a rapidly expanding and cooling plume
of carbon clusters. However, it does point in the right
direction.
The temperature dependence of the average nanotube

diameter can be explained by changes in the cooling rate
of the ablated carbon species. As the carbon vapor plume
expands and cools down, the nanotube structure becomes
kinetically fixed when the temperature is not high enough
to allow rearrangement of the carbon atoms.46–48 Expan-
sion into colder buffer gas increases the cooling rate, and
will lead to nanotube nuclei size being fixed earlier in
time, and therefore to smaller nanotube diameters. Smaller
nanotube diameters observed with Rh/Pd catalyst at com-
parable temperatures are also consistent with this picture.
Rh/Pd catalyst has lower saturated vapor pressure com-
pared to Co/Ni, and therefore will start to adsorb on the
graphitic nanotube/fullerene precursors to form nanotube
nuclei earlier in time. This leads to earlier nucleation and
smaller nanotube diameters as well. Earlier nucleation with
Rh/Pd may also explain the noted behavior of the SWCNT
type population with increase in temperature.
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The decrease in the intensity of the absorption features
with respect to background (Figs. 1 and 2) implies that
SWCNT purity decreases noticeably with decrease in the
temperature, and this effect is more pronounced for Rh/Pd
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catalyst. However, the ablation rate (quantity of material
collected per hour) has only showed weak dependence
on the oven temperature for both catalysts, decreasing by
∼20% at the lowest temperatures. This implies that purity
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decrease is mostly a result of slower/less efficient nanotube
growth that occurs long past nucleation, when their tem-
perature equilibrates with that of the buffer gas. We can not
exclude a possibility that higher cooling rates negatively
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alyst at 1200 �C. Nanotubes present on absorption spectrum are marked
with red hexagons, PL spectra—blue hexagons, and Raman spectra—
green hexagons. Thick hexagons represent major SWCNT types, and thin
hexagons—minor SWCNT types.

affect the efficiency of nanotube nucleation as well, and
some of the purity decrease is caused by this.
Another interesting observation was made with respect

to Raman and absorption intensities of armchair nano-
tubes. Armchair nanotubes (�7�7�, �8�8� and �9�9�)
present in the Co/Ni 900 �C sample all have easily identi-
fiable Raman peaks (Fig. 9). The absorption peaks at 550
and 600 nm that are in the vicinity of �8�8� and �9�9�
transitions (Fig. 1) are much better identified with �9�6�
and �10�7�, that have closer transition energies and clear
Raman signatures as well. Therefore, the optical absorp-
tion by �8�8� and �9�9� armchair tubes is very small
if nonexistent, in agreement with.35 On the contrary, the
absorption peak at 505 nm clearly belongs to �7�7� tube,
since all chiral metallic tubes with close transition ener-
gies (�8�5�, �9�3� and �10�1�) are absent on Raman RBM
spectra. It can be concluded that optical absorption by
�7�7� tube is “regular,” i.e., similar to chiral metallics,
while the absorption by �8�8� and �9�9� is vanishingly
small. This behavior of �7�7� tube goes against the sym-
metry arguments put forward in Ref. [37], and the reasons
for this are not clear and beyond the scope of this work.

4. CONCLUSIONS

Single-wall carbon nanotubes were produced with Co/Ni
catalyst at 900, 1000 and 1100 �C temperatures, and with
Rh/Pd catalyst at 1100, 1150 and 1200 �C temperatures.
Nanotube type populations were studied by absorption,
photoluminescence and Raman spectroscopies. The sam-
ples prepared with both catalysts at lowest temperatures
have rather narrow type distributions compared to more
common HiPco samples. Therefore, they appear quite
attractive as a starting material for nanotube type separa-
tion experiments. Considering noticeably higher yield and
lower cost, as well as narrower type population, SWCNTs
synthesized with Co/Ni catalyst at 900 �C are preferred.
Interestingly, in samples produced at lower temperatures,
larger nanotube diameters tend to be associated with larger
chiral angles.
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