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ABSTRACT

Hot wire chemical vapor deposition (HWCVD) has been adapted to be a continuous growth process for high-density carbon multiwall nanotubes
(MWNTs). MWNT growth is optimized in 1:5 CH4:Ar at 150 Torr with reactor temperatures of 400 and 550 °C for static and flowing gases,
respectively. Ferrocene is employed to provide a gas-phase catalyst. Highly graphitic nanotubes can be continuously deposited with iron
content as low as 15 wt % and carbon impurities below thermal gravimetric analysis detection limits. The MWNTs are simply purified to ∼99.5
wt % with minimal structural damage and with a 75 wt % yield.

Carbon multiwall nanotubes (MWNTs) are promising for
multiple applications including strong composite materials,
field emission displays, and adsorbents for gas separation
or storage. A continuous low-cost production method for
easily purified MWNTs is therefore desired. MWNTs were
discovered while vaporizing carbon in an electric arc1 and
were then produced at higher yield by increasing the pressure
of the helium gas atmosphere.2 Chemical vapor deposition
(CVD) techniques employing benzene pyrolosis,3 and the
decomposition of ethylene4 and acetylene5 on supported
metal catalysts were also demonstrated as viable large-scale
production methods. Recently, MWNTs have been grown
on supported metal particles or films via CVD,6-10 plasma
enhanced CVD,11-21 hot wire chemical vapor deposition
(HWCVD),22,23and plasma enhanced HWCVD methods.24,25

Also, one HWCVD report employed evaporation of the Fe-
Cr filament to supply a gas-phase catalyst, resulting in
MWNTs with a high density of structural defects and
significant carbon impurities.26 Although more research is
necessary, this particular HWCVD method has potential for
large-scale production since it is not substrate dependent.

In 199727 and 1998,28 ferrocene provided a gas-phase
catalyst for continuous MWNT formation from methane at
1150 °C. However, the 1997 study reported materials
containing more amorphous carbon than arc-generated
MWNTs, presumably due to a lower synthesis temperature
than that achieved in the arc process.27 In the 1998 study,
the outer layers of the tubes were not graphitic.28 Later,
ferrocene and ethylene were employed in CVD of MWNTs
between 650 and 950°C.29 Again carbon impurities were

observed at high density. The authors concluded that further
work was necessary to improve the nanotube microstructure
and yield.29 High-purity aligned, graphitic MWNTs were
synthesized via decomposition of a ferrocene-xylene mix-
ture at∼675°C. However, although the catalyst was supplied
in the gas phase, nucleation of tube growth occurred only
for iron species deposited on a quartz substrate, resulting in
a surface growth mechanism and limiting yields to available
surface area.30

Here, the first continuous high-density MWNT gas-borne
formation is demonstrated with HWCVD, and all of the
MWNTs are highly graphitic. A wide diameter distribution
of nanotubes is obtained for the optimal conditions of this
process with the MWNTs containing approximately 2-20
concentric shells with inner and outer tube diameters of
approximately 3-15 and 5-25 nm, respectively. The as-
produced materials have low metal contents of 15-25 wt
% and nonnanotube carbon contents ranging from∼10 wt
% down to levels that are undetectable with thermal
gravimetric analysis (TGA). Furthermore, the MWNTs are
easily purified to>99 wt % without detectable structural
damage and with 60-75 wt % yields. To date, the best
quantitative purification technique resulted in MWNT nano-
tube purity of >94% and∼50% yield.31 However, these
purified nanotubes were oxidized at a lower temperature than
the raw nanotubes, indicating that defects or reactive
functional groups were introduced during purification.31

Another nondestructive purification method resulted in 91%
pure tubes and a yield of 17%.32

In this study, the depositions are performed in a quartz
tube reactor enclosed in a clamshell furnace. Two physically* Corresponding author. E-mail: adillon@nrel.gov.
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parallel 0.5 mm tungsten filaments∼15 cm in length are
operated in series at∼20 A, 25 V, and at 2000°C as
determined by an optical pyrometer. Ferrocene is used to
supply an iron catalyst by maintaining the powder source
near the sublimation temperature (140°C), and methane is
the primary carbon source. The furnace temperature is varied
between room temperature and 1200°C, and various methane
concentrations in argon are explored. Under optimal condi-
tions, graphitic MWNTs with minimal carbon impurities are
produced in 1:5 CH4/Ar at 150 Torr at∼100 mg/hr with the
furnace at 400°C in a static gas environment or at∼150
mg/hr with gas flow rates of 20 (CH4) and 100 (Ar) sccm
and the furnace at 550°C. The raw materials are purified
with a 16 h reflux in 3M nitric acid at 120°C. The MWNTs
are recovered via filtration on a hydrophilic polypropylene
filter, rinsed with deionized water and dried at 60°C for
∼1 h. To remove intercalated nitric acid, the purified
materials are degassed in a vacuum to 550°C. TGA in a
TA SDT2960 with a heating rate of 20°C/min in flowing
“dry air” (80% N2, 20% O2) at 100 sccm is used to determine
MWNT purity.

Figure 1a displays a transmission electron microscope
(TEM) image of MWNTs produced in static 1:5 CH4/Ar at
400°C. Iron particles approximately 10-25 nm in diameter
are also apparent, but carbon impurities are not readily
detected in this or other images of the crude soot. Similar
material is observed at∼50% higher growth rate with
flowing gases at 550°C. The increase in furnace temperature
most likely compensates for the continuous flowing of room-
temperature gases. Figure 1b displays high-resolution TEM
images showing the MWNTs are graphitic with the distance
between layers measuring∼0.34 nm.

Surprisingly, these crystalline tubes are produced at a lower
furnace temperature than that employed in most MWNT
CVD processes (∼650-1150°C). During deposition, a black
carbon soot is deposited throughout the reactor, coating the
quartz walls, electrical feed-throughs, and ceramic insulators.
The thickness of the carpet-like deposit increases with
reaction duration and the density of MWNTs in the deposit
scales with the filament length. In the flowing environment,
carbon soot migrates downstream and deposits outside the
hot zone. MWNT formation is not observed without operat-
ing the filaments for furnace temperatures as high as 800
°C; however, some carbon deposition occurs due to thermal
dissociation of the ferrocene and/or methane. Together these
data indicate that the MWNT growth is initiated at elevated
temperaturenear the filaments,33 allowing for a decreased
external furnace temperature. The data are also consistent
with a gas-borne growth mechanism. The MWNT growth
is most likely quenched upon migration to cooler temperature
zones.

Figure 2a displays the TGA curves of crude MWNT soot
produced at optimal conditions and the same material
following purification. The crude material weight shows a
slight initial increase consistent with the oxidation of iron
catalyst particles between 250 and 450°C. The simultaneous
temperature difference signal for the crude material (not
shown) indicates combustion of a single carbon phase

(MWNTs) maximized at 592°C. A material fraction of∼20
wt % remains and corresponds to Fe oxide residue. (No
tungsten is detected with energy dispersive spectrometry,
indicating that for these operating conditions the filament
does not decompose.) The remaining weight fraction in
Figure 2a is then consistent with∼15 wt % iron in the crude
soot. The TGA curve of the purified material (Figure 2a)
shows that decomposition again occurs in a single phase with
the simultaneous temperature difference maximized at 680
°C. The lower decomposition temperature for the MWNTs

Figure 1. TEM images of (a) MWNTs produced with optimized
HWCVD conditions, 1:5 CH4/Ar and 400°C furnace and (b) the
graphitic nature of these tubes revealed at higher magnification.
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Figure 2. TGA curves showing (a) the oxidation of HWCVD crude
MWNT soot produced at optimal conditions and the same material
following purification with a dilute nitric acid reflux, (b) the
oxidation of HWCVD crude MWNT soot produced at optimal
conditions but containing∼10 wt % nonnanotube carbon impurities,
and (c) the oxidation of HWCVD crude MWNT soot produced at
nonoptimal conditions (CH4/Ar, 1:1). The simultaneous temperature
difference curves are also shown in (b) and (c).

Figure 3. Raman spectra of (a) the HWCVD crude MWNT soot
produced at optimal conditions and the same material following
purification, (b) the spectrum of the crude material and the four
Lorentzian peak fits, and (c) the spectrum of the purified material
and the four Lorentzian peak fits. Raman spectroscopy is performed
with a resolution of 2-4 cm-1 using∼7 mW of the 488 nm line
of an Ar ion laser. There is an offset in (a) to aid the visualization
of the spectra.
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in the crude soot is consistent with exothermic combustion
of the metal particles, resulting in localized hot spots that
initiate early tube oxidation. After the complete combustion
of the purified MWNTs, a small remaining particle was
removed and weighed with a microbalance to eliminate TGA
drift. The particle weighed 25µg (10%, indicating the
nanotubes are∼99.5 wt % pure.

Figure 2b displays the TGA curve of a crude MWNT soot
also produced under optimal conditions. However, in this
case∼10 wt % carbon impurities are detected by TGA, as
weight loss now occurs as early as∼375 °C. Transmission
electron microscopy confirmed the presence of nanoparticle
carbon. The simultaneous temperature difference signal for
this TGA curve is also shown in Figure 2b and indicates
that combustion of the nonnanotube carbon phase is maxi-
mized at 453°C and the combustion of the MWNTs is
maximized at 615°C. For this sample, the∼10 wt % carbon
impurities as well as the∼26 wt % metal were digested in
the dilute nitric acid reflux, and a sample that was>99 wt
% pure MWNTs was obtained.

Figure 2c displays a TGA curve of a crude MWNT sample
that was produced under nonoptimal conditions with a CH4/
Ar ratio of 1:1 instead of 1:5 (optimal). For this sample, TEM
revealed that the nanotubes were highly coated with nano-
particle carbon. The simultaneous temperature difference
signal for this TGA curve (Figure 2c) is again shown and
indicates that the combustion of the nonnanotube carbon
phase is maximized at 420°C and the combustion of the
MWNTs is maximized at 633°C. The TGA curve suggests
that the sample has>20 wt % nonnanotube carbon as well
as∼39 wt % metal. It is unlikely that nonnanotube carbon
at this higher level would be completely digested with the
dilute nitric acid reflux employed in this purification process.
However, the carbon impurities may be removed by air
oxidation at∼420 °C prior to the acid reflux, as indicated
by the simultaneous temperature difference signal of Figure
2c, or by air oxidation at approximately the same temperature
following the acid reflux as previously demonstrated for
carbon single-wall nanotubes.34

Raman spectroscopy was employed to further evaluate the
MWNTs. Figure 3a displays Raman spectra for MWNTs
produced with optimal synthesis conditions before and after
purification. In both spectra, features at∼1590 and 1355
cm-1 are consistent, respectively, with the in-plane carbon
stretching mode (G-band) and a disorder-induced vibrational
mode (D-band) associated with either MWNT finite size
effects and structural defects35 or the presence of nanocrys-
talline graphite impurities.36,37The D-band/G-band intensity

(D/G) ratio in the spectrum of the as-produced HWCVD
nanotubes is∼0.40, indicating that these MWNTs are more
completely graphitized and/or contain fewer carbon impuri-
ties than other CVD-generated MWNTs where the D/G ratio
is g1.8,12,13,18,19,26However, a similar14,16,17,20and slightly
smaller38 D/G ratio than that observed here has also been
previously reported for unpurified CVD-generated MWNTs.

The G-bands of the MWNT materials in Figure 3a are
highly asymmetric, indicating that they are a superposition
of more than one peak. A shoulder at∼1614 cm-1 appears
in both spectra consistent with previous Raman characteriza-
tion of MWNTs.38 Upon purification, a decrease in the sharp
feature centered at 1591 cm-1 is strikingly apparent. The
change in shape of the purified material G-band is perhaps
consistent with the digestion of smaller diameter or more
defective, less stable MWNTs during the HNO3 reflux. To
further quantify the decrease in the sharp feature at 1591
cm-1, the original Raman spectra of both the crude and
purified materials were fit to a model. The model consists
of four Lorentzians (one for the D-band and three for the
tangential modes38) superimposed with a cubic background.
Both curves were fit simultaneously with the constraints that
the corresponding peaks in the two traces could have different
amplitudes but their positions and full-widths-at-half-
maximums (fwhms) were common. Similarly, the linear,
quadratic and cubic terms of the background were common
for the two traces and the constant term could be different.

Figures 3b and 3c show the initial spectra and the resulting
Lorentzian fits for the crude and purified materials, respec-
tively. It should be noted that absolute peak amplitudes
between the two traces cannot be directly compared due to
nonequivalent optical collection efficiencies for the two
samples. Quantitative comparisons must be based on the
relative changes of the component peaks. Table 1 contains
the numerical results and shows that the area of the peak at
1591 cm-1 is reduced to about 1/3 of its original value after
purification while the other peaks remain roughly constant
in magnitude. This is further borne out if the data is nor-
malized to the D-band peak so that a more direct comparison
of the two traces is possible. Although a direct absolute
comparison is not possible, it is interesting to note that the
Raman fits predict an∼15 wt % nanotube loss. A 75 wt %
yield was recovered for this sample following purification,
indicating that the 15 wt % metal and∼10 wt % carbon
nanotubes were consumed. The experimental results are thus
in reasonably good agreement with the data predicted from
the curve fitting analysis.

Table 1. Fits to the Raman Spectra for the Crude and Purified MWNTs Including Four Lorentzians for Each Spectruma

peak location
(cm-1)

peak fwhm
(cm-1)

crude peak
area (% total)

purified peak
area (% total)

pure/crude
ratio

ratio normalized
to D-band

1355.33 87.19 42.86 48.48 1.131 1.000
1576.95 56.82 38.95 41.13 1.056 0.934
1590.65 21.91 13.13 4.81 0.367 0.324
1614.05 22.91 5.07 5.58 1.101 0.974

a The peak locations and fwhms are common between the two spectra and the amplitudes are independent. The data show that the peak at 1591 cm-1

decreases drastically for the purified sample compared to the crude sample.
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Modification of the synthesis parameters from optimal
conditions causes MWNT contents in the carbon soots to
decline. For example, when the external furnace temperature
is decreased below 400°C, the amount of nanocrystalline
graphite and/or amorphous carbon increases. Graphitic
MWNTs are not formed in room-temperature depositions.
When the furnace temperature is elevated above 650°C,
larger nonnanotube graphitic structures are frequently ob-
served. Above 1000°C micron-sized graphitic particles,
sheets, and onions are formed and MWNTs are no longer
detected with TEM. The MWNT growth is optimized with
the external furnace between 400 and 550°C. The mecha-
nistic aspects leading to this optimization are not yet clear,
but the relative stability of nuclei in the near-filament region
is probably important. Additionally when the carbon precur-
sor concentration is increased to 1:1 CH4/Ar or decreased
to 1:20 CH4/Ar, more amorphous carbon and nanocrystalline
graphite is observed. Optimal nanotube growth for a carbon
precursor concentration of 1:5 CH4/Ar may be explained with
nucleation and kinetic considerations. MWNTs are nucleated
on the metal particles and growth in length occurs as carbon
atoms are added. If the carbon mass transfer is too low,
nanotube nucleation may not occur. For higher carbon mass
transfer, however, more gas borne carbon nanoparticles are
formed. The metal particles may then be coated with these
carbon impurities, terminating MWNT production.

This HWCVD method represents the first continuous gas-
borne production of graphitic MWNTs at high density that
are simply purified to 99.5 wt %. Since both the synthesis
and purification techniques described here may be easily and
economically scaled, this work could facilitate industrial
production of carbon MWNTs.
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