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Thermal Decomposition of Ferrocene as a Method for Production of Single-Walled Carbon
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A new method to grow bulk quantities of single-walled carbon nanotubes (SWCNTSs) by a catalytic chemical
vapor deposition (CVD) process with the possibility of varying the pressure has been developed and is reported
in this paper. Thermal decomposition of ferrocene provides both catalytic particles and carbon sources for
SWCNT growth using Ar as a carrier gas. Upon an increase in the pressure, the mean diameter of the SWCNTs
decreases. In fact, high abundances of SWCNT with diameters as small as 0.7 nm, which is the limit for
stable caps with isolated pentagons, can be obtained. An additional advantage of this method is that as no
external carbon sources are required, SWCNT synthesis can be achieved at temperatures as I6®@.as 650

1. Introduction other authors have applied similar methods suitable for large-
scale production of SWCNTs using ferrocene as a metal
Jerecursor for the production of SWCNTSs without using sulfur
as a promotet?2! The advantages of using ferrocene as an
iron precursor are its innocuity and low cost. In fact, it is difficult

to imagine a large-scale production of SWCNT based on a
catalyst made from a suspected cancerous agent precursor such
as nickelocen&? Another process that is very suitable for scaling
up nanotube growth to mass production is the HiPco protess.
'In this paper, we present a method similar to the HiPco process
for continuous high-yield production of extremely narrow
SWCNT using ferrocene as the sole source for both catalytic
Fe particles and carbon feedstock. The feasible control on the
Leaction parameters renders this technique a stable and repro-
ducible route of synthesis of bulk-scale SWCNTs with defined
diameter distribution. As no external carbon sources are required,
we show that it is possible to synthesize SWCNTs in a

Since their discovery in 1991 by lijimacarbon nanotubes
(CNTs) have attracted widespread attention. Several method
can be applied for nanotube production, the most popular being
arc dischargé,laser ablatior?,and chemical vapor deposition
(CVD)* such as the HiPco proce33he unique electrical and
mechanical properties of these?dpybridized molecular nano-
structures make them one of the most promising building blocks
for nanoscale science and nanotechnology. Their small size
large aspect ratio, large current carrying density, ballistic
transport properties, and exceptional mechanical properties
render CNTs promising candidates for application in nanoelec-
tronics, nanomechanics, and composite matefigts far, many
different nanoscale devices based on CNTs as active element
such as field-emission displa§sjltrastrong yarn§,intercon-
nects!C batteries! single-molecule transistot$panobalance’s,
and nanosensdrshave been successfully realized. Many of ; .
these applications demand very pure, well-defined, and cheaptPNtinuous manner at temperatures as low as"65@ further
CNTSs on a bulk scale. To this end, CVD is in comparison to advantage is that ferrocgne is not tox[c in contrast to Fe{CO)
arc discharge and laser ablation, the best choice because of it@nd CO, which are required for the HiPco process.
upward scalability, low cost, and rather low production tem-
peratures. In particular, lower reaction temperatttresre
essential for implementing the synthesis of SWCNT into existing  Figure 1 shows a parallel cross-section of the high-pressure
and well-established processes in semiconductor industries.reactor used for this process that is similar to the one used for
Among the available CVD processes, injection CVD and the HiPco proces3.This reactor consists of a quartz tube
aerosol-assisted (AA) CVD methods are exceptionally cheap surrounded by an electrical heating element. Both the reactor
and well-suited for scaling up to mass production of CNT with and the quartz tube are contained within a thick-walled
a defined nanotube diameter distribution. These processes havaluminum cylinder. The heating element itself and the space
already been widely used for the growth of multiwall CNTs between the quartz tube and the inner wall of the aluminum
(MWCNT)16 and have also been successfully applied for the cylinder reside under an atmosphere of argon maintained at
synthesis of SWCNTY using ferrocene as a catalyst precursor slightly higher pressure than that inside the quartz tube.
and ferrocene promoted by sulfur, respectively. Recently, this A gas mixture consisting of 2000 sccm argon mixed with
CVD process has also been applied for the direct spinning of the sublimated gaseous ferrocene was flowed through the quartz
carbon nanotube fibers in a continuous marfigklso, some tube. The rate at which the reactant gases were heated had
substantial effects on the amount and quality of SWCNTs
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Figure 1. Axial cross-section of the high-pressure CVD reactor used for the SWCNT synthesis via thermal decomposition of ferrocene.

a water-cooled injector tipped with a copper injection nozzle micrograph in Figure 2, the morphology of a sample grown at
positioned inside the quartz tube, which maintained the gasesl bar and 900C is shown and can be considered as typical.
at low temperatures until they were injected into the furnace, One can see the overall sample morphology that consists of a
resulting in rapid heating. Around the exit of this injector, a high amount of spaghetti-like bundles of carbon nanotubes that
shield with holes was positioned through which preheated argonare rather long.

passed at a 150 sccm flow rate to mix with the flow emerging  Direct evidence for the growth of SWCNT is given by TEM.
from the injector, further increasing the heating rate of the predominantly, the samples consisted of long bundles of straight
injected gas. The preheated argon passed to the reaction zon&wWCNTs decorated with low amounts of amorphous species,
where it collided and mixed with the cold injector flow emerging  carbon-coated iron clusters, and individual SWCNTs. Despite
from the copper nozzle, which protruded into the reaction zone. extensive TEM studies on various samples synthesized between
The temperature of the heated argon/ferrocene mixture paSSin%SO and 900C and 1 bar and 5 bar, On|y exiguous amounts of
through the injection nozzle could be controlled and was set at double-walled or multi-walled carbon nanotubes were observed.
90 °C for all our experiments to avoid the decomposition of Thys, this synthesis process is very selective toward SWCNT.
ferrocene before entering the reaction chamber. The pressureyost of the SWCNTs form bundles with a diameter between
of the cold argon/ferrocene was held at 2 bar higher than inside2p and 30 nm, although some isolated SWCNT could be
the reaction chamber, thus favoring a rapid and vigorous detected. The diameters of the observed individual SWCNT
injection. The growth temperature was found to be in the range range from 0.7 to 1.7 nm. Typical diameters of the bundles are
of 650-900°C, and the growth pressure was varied from 1t0 20 nm-30 nm. Figure 3 depicts two TEM micrographs of
5 bar. SWCNT synthesized at 908 and 1 bar. These results are
The SWCNT was is carried out of the reactor by the hot gas very similar independent of the reaction conditions, and hence,
flow and into a product collection apparatus. There, the gas flow the micrographs depicted in Figure 3 can be denoted as typical.

pf\;\lsse’\?_rthrou%h a Zerles of filters, la';d the soot"contalnlng However, as TEM gives only a local probe for the estimation
SWCNTSs condensed on a water-cooled copper collector. of the yield, relative defect concentration, diameter, and diameter

The reaction products were characterized using scanning isuiption, we further characterized our samples optically with
electron microscopy (SEM) (Philips XL30), transmission elec- p, , scale measurements. Raman spectroscopy, in this case

tron microscopy (TEM) (Tecnai F30 (FEI)), Fourier Transform  erpg s a

: , powerful tool to analyze SWCNT. The Raman
Raman spectroscopy (FTRS.) with a Bf“"er FT RFS 100/ s spectrum of SWCNTSs shows three responses of major interest.
Raman spectrometer, and optical absorption spectroscopy (OAS)ry o so-called G-line (graphitic line) is located around 1600

with a Bruker IFS 113V/88 spectrometer. cm L. This feature is common to all 3ybridized carbon.
Around 1300 cm?, there is the D-line (defect line). This line
is due to a second-order Raman process only possible via the
At a temperature higher than 50Q, ferrocene decomposes scattering on a defect in the SWCNYFinally, there is the
completely spontaneously following the chemical reaction Fe- radial breathing mode (RBM), which allows the diameters of
(CsHs), — Fe+ H, + CHy + CsHg + ... as well as reactive  the nanotubes to be evaluated from the resonantly enhanced
hydrocarbong2 Thus, when ferrocene enters the reaction zone, nanotubes by the well-established inverse diameter dependence
iron clusters and reactive carbon in the gas phase are producedof the RBM dv = (234 cnt/d + 14 cnt1).24 Typical Raman
Upon these clusters, acting as catalyst nuclei, the SWCNTsspectra of samples synthesized at 900 and°@5@re depicted
nucleate and grow with the carbon atoms provided only from in Figure 4 upper spectrum and lower spectrum, respectively.
the ferrocene. There are no significant changes in the Raman spectra, neither
We first turn to a local-scale analysis of the sample morphol- in the D-line to G-line ratio nor a shift in the RBM when
ogy and structure using both SEM and TEM. In the SEM increasing the reaction pressure up to 5 bar, and the spectra

3. Results and Discussion
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Figure 2. SEM micrograph showing the morphology of as-grown SWCNT at 9D@&nd 1 bar.

Figure 3. Overview (a) and high magnification (b) of pristine SWCNT produced at ®@@nd 1 bar.
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Figure 4. Typical Raman spectrum of a sample synthesized at
temperatures of 90TC (upper spectrum) and 65C (lower spectrum).

show a defined peak at 270 cincorresponding to 0.9 nm
diameter SWCNT. This is very similar to standard HiPco
material and a first hint that the relative yield of thick diameter

This is because only a certain subset of the nanotubes can couple
to that one laser line, following the Kataura p#fThis is even
more so for infrared excitations and such narrow SWCNTSs.
The Raman spectra of samples synthesized in the temperature
range from 750 to 900C are very similar. For low-temperature
SWCNT synthesis below 70, there is a decrease in the yield
as can be seen if comparing the two spectra in Figure 4 due to,
on one hand, a decrease of the height of the RBM. On the other
hand, this can also be related to a change in the SWCNT
diameter distribution. Nevertheless, the overall SWCNT yield
can be estimated from the relative Raman signal of the G-lines
under the assumption of a sample density independent from the
synthesis temperature and a sample thickness bigger than the
penetration depth of the laser light. Both conditions are fulfilled
for these samples, and we observe a reduction of the SWCNT
yield by a factor of 10 when reducing the synthesis temperature
from 750 to 65C°C. Furthermore, the relative defect concentra-
tion in the samples can be analyzed in a nondestructive way
from the ratio between the G-line and the D-line. As can be
seen in the upper spectrum in Figure 4, the D/G ratio in all our
samples grown at temperatures above “GGs below 0.1 while
for temperatures below 700C is usually around 0.25. A

tubes, such as the ones with 1.4 nm thickness (small RBM in comparison of these values to other contemporary scalable routes

the upper spectrum in Figure 4 at about 164 ¢éis much

of synthesis (e.g., AA CVD of MWCNT with a typical D/G

smaller as in most of the other CVD processes or for SWCNT ratio around 0.5) clearly highlights the benefits of the synthesis
produced via laser ablation and arc discharge, which have amethod reported in this paper.

similar resonance Raman cross-section following the Kataura For a detailed analysis of mean diameters and diameter
plot.25 One should note that Raman spectroscopy with one single distribution in a bulk sensitive way, we utilize OAS. OAS has
laser line is not susceptible to fine changes in mean diameter.been proven to be a powerful tool to evaluate these prop-
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Figure 5. (a) OAS results with typical spectra synthesized at 900and 5, 3, 2, and 1 bar from bottom to top along with a decreasing mean
diameter distribution with increasing pressure and in comparison to purified HiPco n¥gedtrum at the top). For clarity and a better comparison,
the relative peak intensity is divided by five for this curve. The dotted lines guide the eye to the signature of preferential growth of SWCNT with
diameters of 0.95, 0.87, 0.81, 0.79, 0.74, and 0.70 nm from left to right. The inset shows a typical unstrapped spectf@n3984r). (b)
Diameter distribution as evaluated from the corresponding spectra on the left for the HiPco reference material and for the SWCNTs produced by
thermal decomposition of ferrocene at 1, 2, 3, and 5 bar.
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erties7:26-28 For the determination of the mean diameter, there A detailed analysis of the diameter distributions is depicted
is a well-established relatioB;;° = 2 — yoag/d — A, where in Figure 5b. The compilation of the purified HiPco reference
E1:S is the center of the first absorption peak,= 2.9 eV is material and the SWCNTSs synthesized at 9C0and at 1, 2, 3,
the tight binding overlap integralo is the C-C distance of and 5 bar clearly demonstrates how the reaction pressure can
0.142 nm, andA = 90 meV is an excitonic correction for be used to fine-tune the mean diameter. This CVD technique
bundled SWCNT®¢ Besides detailed information on the diameter bears some similarities to laser evaporation. Thus, the growth
distribution, OAS is also suitable for determining the total yield and nucleation of the SWCNT may occur through a similar
of SWCNT with respect to amorphous impurities by taking into  mechanism as described in ref 28. Indeed, fullerene capping in
account the linear background with respect to peak inten- the nucleation step could account for the selective bulk synthesis
sities1726-29 OAS spectra of SWCNT material synthesized at of extremely narrow SWCNTs and the observed preferential
pressures of 1, 2, 3, and 5 bar and 900as well as a reference  growth that is indicated by the dashed lines in Figure 5a.
spectrum of purified HiPco material are depicted in Figure 5a. Interestingly, the smallest observed diameter is by far not the
The inset shows the unstrapped spectrum of SWCNTs synthe-least abundant at 5 bar reaction pressure. There seems to be a
sized at 3 bar. As compared to the purified HiPco material, the hard limit for the synthesis of diameters less than 0.7 nm. This
relative yield of all our pristine samples is about 20% as we matches quite closely to the diameter ofpCwhich is the
assume all the samples to expose fairly similar densities. In this smallest fullerene that can satisfy the isolated pentagon rule,
context, we point out that, similar to what has been observed and is expected to be the hard limit for any bundled or isolated
previously for SWCNT raw material with different qualitiés, =~ SWCNTSs.
the purification behavior crucially depends on the relative
amount of amorphous carbon and catalyst particles. For our4. Conclusion
ferrocene SWCNTSs, we find that the purification parameters  1pe high-pressure ferrocene method is suitable for the large-
using selective oxidation in air plus HCI treatment to remove gcaje synthesis of high quality and extremely narrow SWCNTS.
the Fe catalysts, which we are currently optimizing, strongly The majority of the obtained diameters are in the range of0.7
differ from standard HiPco material. 1.1 nm. The mean diameter can be tailored by varying the
After evaluating the OAS data, it can be stated that the reaction pressure. Higher pressures lead to smaller diameters.
majority of the investigated SWCNTSs have diameters between The diameters are strictly limited by the isolated pentagon rule,
0.7 and 1.1 nm, and the abundance of bigger diameter SWCNTswhich is needed to form a stable cap for SWCNT nucleation.
is fairly low. The gradual shift of the absorption peak upon
increasing pressure indicates a decrease in mean diameter. From Acknowledgment. The authors thank D. Selbmann for
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