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Novel aerosol method for aligned carbon nanotubes synthesis
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Abstract: A novel aerosol method for the production of alighed carbon nanotubes was presented. Multi-walled carbon nanotubes
(MWNTs) with fairly uniform diameters and aligned MWNT bundles were obtained by using solutions of organometallics such as
ferrocene in hydrocarbon solvents. A hollow and multi-walled structure was observed with diameter ranging from 15 to 50 nm,
leading aspect ratio to be over 200. The quality of the product is dependent on the pyrolysis temperature, carrier gas flow rate and the
catalyst precursor concentration. For the sample synthesized at 900 ‘C, G/D is 1.81. G/D of samples obtained at 850 ‘C and 800 ‘C
are 1.18 and 0.77, respectively. The inclusion of acetylene to an atomized spray of ferrocene in hexane yield aligned MWNT bundles

with a narrow diameter distribution.
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1 Introduction

Since carbon nanotubes were discovered by lijima
in 1991[1], considerable efforts have been made to study
their preparation, growth mechanism and potential
applications[2—4]. Aligned and well separated CNT
morphology is important for many potential applications,
where a high electric-field concentration is needed in
field emission applications, and a large surface area is
desirable in catalytic reactions, such as fuel cell or
battery applications. It is very desirable to directly
synthesize aligned carbon nanotubes (ACNTs). Up to
now, a lot of studies have been done on the synthesis of
ACNTs by the CVD method[5—9]. They can be broadly
divided into chemical and physical methods according to
the way that
carbon-containing precursor molecules. In the physical

carbon atoms are released from
methods, high-energy input is used to release the carbon
atoms. The chemical methods rely on carbon atomization
via catalytic decomposition of carbon precursors on the
surface of transition metal particles. In CVD methods,

the carbon precursor decomposition and CNT formation
take place on the surface of catalyst particles that are
supported on a substrate. Conversely, in nebulized spray
synthesis, the catalyst particles are suspended in the
gas-phase throughout the entire CNT formation process.
Nebulized spray is generated by an ultrasonic atomizer.
When a high frequency (100 kHz—10 MHz) ultrasonic
beam is directed to a gas/liquid interface, geyser forms at
the surface, and the height of the geyser is proportional
to the acoustic intensity. The formation of the geyser is
accompanied by the generation of a spray, resulting from
the vibrations at the liquid surface and cavitation at the
gas/liquid interface[10]. Nebulized spray pyrolysis has
been employed for the preparation of submicron sized
particles and epitaxial thin films[11-12] of complex
metal oxides. The advantage of nebulized spray is the
ease of scaling into an industrial scale process, as the
reactants are fed into the furnace continuously. In this
study, the nebulized spray pyrolysis process involving
liquid aerosol containing both the carbon and the catalyst
sources was used and prepare clean to well-aligned
carbon nanotubes.
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2 Experimental

Silicon substrates were placed in the region of the
reactor to collect the products. In a typical synthesis, 2 g
metallocene was dissolved in 100 mL of a hydrocarbon
and the solution nebulized using a 1.54 MHz ultrasonic
beam was carried into a 40 mm quartz tube, placed in a
SiC furnace maintained at the required temperature
(800—1 000 °C). Ultra pure argon was used as the carrier
gas and the gas flow rate was controlled using mass flow
controllers. In a typical procedure, the carrier gas flow
rate was kept at 1 000 mL/min and the pyrolysis was
carried for 30 min. After the reaction, the flow rate was
reduced to 80 mL/min and the furnace was allowed to
cool. The products were collected after the tube was
cooled to room temperature. Ferrocene was used as both
catalyst and carbon sources. Hexane was used as solvents
for the catalysts and acted as additional carbon sources.

Morphology of the samples was characterized using
a JSM-6700F SEM and JEM-3010 HRTEM. Raman
spectrum was measured using a Jobin Yvon-Horiba
Labran-010 Raman spectrometer with an excitation
wavelength of 632.8 nm.

3 Results and discussion

Generally, samples are composed of carpets of
clean MWNTs perpendicularly aligned to the substrate
surface. SEM observation (Fig.1) shows the section of a
carpet composed of well-aligned MWNTSs obtained when

the aerosol flow passes through the reactor during 30 min.
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The length of the aligned CNTs are approximately 200
pm. Fig.1(d) shows a magnified SEM image of Fig.1(c).
The aligned CNTs are shown with a high number density.
The low magnification TEM image (Fig.2) shows that
the carbon nanotubes are the product obtained and no
trace of carbon nanoparticles, which indicates the high
selectivity of the synthesis method in good agreement
with the SEM results. A hollow and multi-walled
structure is observed with diameter ranging from 15 to
about 50 nm, leading to an aspect ratio over 200.

The optimum temperature for the growth of
MWNTs is 900 ‘C. As the temperature decreases the
large quantities of carbon spheres are obtained, as shown
in Fig.3. Furthermore, the quantity of the reactants
carried inside the furnace is directly proportional to the
Ar flow rate. The flow rate of the carrier gas afects the
yield and quality of the MWNTSs. At low argon flow rate
of 200 mL/min, yield of MWNTs is negligible. Short
MWNTs and large particles are obtained at a high flow
rate of 2 000 mL/min of argon. A flow rate of 1 000
mL/min of argon is found to be ideal for the growth of
MWNTs. In addition, the concentration of ferrocene in
hexane is crucial in determining the yield of the MWNTs.
As the concentration of ferrocene increases, the yield of
MWNTs also increases. A concentration of 20 g/L is
found to be ideal while at higher concentration catalyst
particles are obtained. GLERUP et al[13] observed the
diameter of the MWNTs to be proportional to the
concentration of the catalyst. The effect of the
concentration in this experiment, however, is different.
The higher concentration indicates that there are multiple
nucleation centers within the droplet. Even though there
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Fig.1 SEM images of sample obtained from pyrolysis of 5%(mass fraction) ferrocene solution in hexane at 900 ‘C during 30 min
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Fig.2 TEM image of MWNTs obtained from pyrolysis at (a)
900 ‘C and (b) 850 C of 20% ferrocene solution in hexane

during 30 min
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Fig.3 SEM image of sample obtained from pyrolysis at 800 C

is multiple nucleation, the diameter distribution of
MWNTs obtained is found to be narrow. Any significant
changes are not observed in diameter when the
concentration changes.

Raman spectroscopy has been applied to all the
samples obtained at different reaction temperatures. The
Raman spectra of CNTs with different temperatures are
shown in Fig.4. All the spectra indicate the presence of
G-band (at about 1 590 cm ") and D-band (at about 1 320
cm ') with different G/D. The G-band is representative
of the amount of graphitization associated with the
nanotube growth, while the D-band represents the
amount of defects (open ends, disorder, amorphous
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Fig.4 Raman spectra of aligned CNTs obtained at different

reaction temperatures: (a) 900°C; (b) 850C; (c) 800C
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deposit, etc). It is observed that the G/D ratio of
as-grown nanotubes depends on the reaction temperature.
For the sample synthesized at 900 °C, the G/D ratio is
1.81. G/D values of samples obtained at 850 C and 800
‘C are 1.18 and 0.77, respectively. The broad D-band is
an indication of the formation of defective MWNTs and
graphitic impurities. The narrow D-band and higher G/D
observed at 900 ‘C synthesis indicate that the amounts
of graphitic impurities and side wall defects are much
lower than those at the other temperatures.

4 Conclusions

Well-aligned high-density carbon nanotubes were
synthesized by aerosol method. A hollow and
multi-walled structure was observed with diameter
ranging from 15 to about 50 nm, leading to an aspect
ratio over 200. The quality of the product is dependent
on the pyrolysis temperature, carrier gas flow rate and
the catalyst precursor concentration. The optimum
temperature for the growth of MWNTs is 900 C. A
flow rate of 1 000 mL/min of argon and a concentration
of 20 g/L are found to be ideal for the growth of
MWNTs. It is observed that the G/D ratio of as-grown
nanotubes depends on the reaction temperature. For the
sample synthesized at 900 °C, the G/D ratio is 1.81. The
G/D ratios of samples obtained at 850 ‘C and 800 C
are 1.18 and 0.77, respectively. Any significant changes
in diameter are not observed when the concentration is
changed. The procedure described can be scaled up for
large-scale production.

CHEN Xiao-hua, et al/Trans. Nonferrous Met. Soc. China 17(2007)

References

(1]
(2]
B3]
(4]
(3]
(6]

(71

(8]

(9]

[10]

(11]

[12]

[13]

IIJIMA S. Helical microtubules of graphitic carbon[J]. Nature, 1991,
354: 56.
COLLINS P G, ZETTLE A, BANDO H, et al. Nanotube
nanodevice[J]. Science, 1997, 278: 100—103.
TANS S J, DEVORET M H, DAI H, et al. Individual single-wall
carbon nanotubes as quantum wires[J]. Nature, 1997, 386: 474.
KONG J, FRANKLIN N R, ZHOU C W, et al. Nanotube molecular
wires as chemical sensors[J]. Science, 2000, 287: 622—625.
KIRSTEN EDGAR, JOHN L. Aerosol-based synthesis of carbon
nanotubes[J]. Spencer Current Applied Physics, 2004, 4: 121-124.
IAIA A, MARTY C, NAUD V, LOISEAU A, DI MUOIO E,
FOURNIER T, BONNOT A M. Oriented growth of suspended single
wall carbon nanotube by hot filament CVD[J]. Thin Solid Films,
2006, 501: 221-223.
ANASTASIOS JOHN HART, ALEXANDER H. Slocum. Rapid
growth and flow-mediated nucleation of millimeter-scale aligned
carbon nanotube: Structures from a thin-film catalyst[J]. J Phys
Chem B, 2006, 110, 8250—8257.
LIANG Z, TAN Y Q, DANIEL E.. Controlling the growth of
vertically oriented single-walled carbon nanotubes by varying the
density of CoAMo catalyst particles[J]. Chemical Physics Letters,
2006, 422: 198-203.
CHIUA C C, TAIA N H, YEHB M K, CHENB B Y, TSENGA S H,
CHANGC Y H. Tip-to-tip growth of aligned single-walled carbon
nanotubes under an electric field[J]. Journal of Crystal Growth, 2006,
290: 171-175.
LANGLET M, JOUBERT J C. Chemistry of advanced materials—a
chemistry for the 21st century (IUPAC Monograph)[M]. Oxford:
Blackwell Scientic Publishers, 1993: 55.
RAJU AR, HEMANTKUMAR N, AND RAO C N R. Oriented films
of LaNiOs and other members of the La"'NinO*"*! series, LaCuO®~
delta. and Pb(Zr( 5,Tig45)O3, obtained by nebulized spray pyrolysis[J].
Chem Mater, 1995, 7: 225-231.
AIYER H N, RAJU A R, SUBBANNA G N. Epitaxial nature of the
films of LaNiOs, Pb(ZrysTips)Os, and LagosMngosO; obtained by
nebulized spray pyrolysis[J]. Chem Mater, 1997, 9: 755-760.
GLERUP M, KANZOW H, ALMAIRAC R, CASTIGNOLLES M.
Synthesis of multi-walled carbon nanotubes and nano-bres using the
aerosol method with metal-ions as the catalyst precursors[J].
Chemical Physics Letters, 2003, 377: 293—29.

(Edited by CHEN Can-hua)




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /ENU (Use these settings to create PDF documents with higher image resolution for high quality pre-press printing. The PDF documents can be opened with Acrobat and Reader 5.0 and later. These settings require font embedding.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308030d730ea30d730ec30b9537052377528306e00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /FRA <>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /KOR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe7f6e521b5efa76840020005000440046002065876863ff0c5c065305542b66f49ad8768456fe50cf52068fa87387ff0c4ee575284e8e9ad88d2891cf76845370524d6253537030028be5002000500044004600206587686353ef4ee54f7f752800200020004100630072006f00620061007400204e0e002000520065006100640065007200200035002e00300020548c66f49ad87248672c62535f0030028fd94e9b8bbe7f6e89816c425d4c51655b574f533002>
    /CHT <FEFF4f7f752890194e9b8a2d5b9a5efa7acb76840020005000440046002065874ef65305542b8f039ad876845f7150cf89e367905ea6ff0c9069752865bc9ad854c18cea76845370524d521753703002005000440046002065874ef653ef4ee54f7f75280020004100630072006f0062006100740020548c002000520065006100640065007200200035002e0030002053ca66f465b07248672c4f86958b555f300290194e9b8a2d5b9a89816c425d4c51655b57578b3002>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


