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Abstract     
 
     This paper describes experimental research on synthesis of single walled carbon nanotubes (SWNTs) from 
nonmagnetic catalysts with plasma chemical vapor deposition (PCVD). Nonmagnetic metal particles were found to 
have catalytic activity for the growth of SWNTs under a specific plasma condition. An actinometry method based on 
optical emission spectroscopy (OES) measurements was also used to determine the molar fraction of monoatomic 
hydrogen and carbon species produced in plasma. We found that Methane conversion is remarkably promoted using 
plasma which enhances growth of SWNTs over nonmagnetic catalysts. It is well known that metals such as Au, Ag, 
and Pt  have low adsorption and dissociation for catalytic reactions. Hence external forces such as  methane-
hydrogen discharge is required for high dissociation of hydrocarbons. Plasma–catalyst reaction system is able to 
generate desired reactants for SWNTs growth from nonmagnetic catalysts. 
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1. SWNTs grown by PCVD over nonmagnetic 
catalysts 
 
    Single walled carbon nanotubes (SWNTs) growth 
over nonmagnetic catalysts [1] using plasma chemical 
vapor deposition (PCVD) [2, 3] was succeeded for the 
first time. Figure 1 shows Raman spectra and 
transmission electron microscopy (TEM) of SWNTs 
grown over nonmagnetic catalysts using PCVD. The 
Raman spectra of SWNTs grown over three different 
nonmagnetic catalysts of Au, Ag, and Pt were measured 
with 633 nm excitation wavelength. Appearance of 
peaks in low frequency region of Raman spectra which 
is known as radial breathing mode (RBM) confirms 
nucleation of SWNTs in our samples. TEM images also 
reveals existence of SWNTs and bundles of SWNTs 
grown over Au, Ag, and Pt catalysts by PCVD. 
 
2. Kinetics of SWNTs growth reaction over 
nonmagnetic catalysts 
 
    On precious metal surfaces (e.g. Au, Ag, and Pt) the 
methane decomposition reaction is generally believed 
to be by a Langmuir-Hinshelwood mechanism. If the 
two adsorbed molecules are assumed to be hydrogen 
and methane reactants then the rate of the reaction will 
be given by the following rate expression for the 
bimolecular surface combination step  
 
Rate = k θCH4 θH2 

 
where k is rate constant  and θ is coverage area. 
Where these two species are competing for the same 
adsorption sites then the relevant expressions are :  
 
θH = (bH PH2)/1 + (bCHPCH4)1/2 + bHPH2) and  
 
θCH = (bCHPCH4)1/2/ (1+ (bCHPCH4)1/2 + bHPH2).  
 
Hence rate is given by:  
 
rate = kbHPH2 (bCHPCH4) 1/2/ (1+(bCHPCH4)1/2 +bHPH2)2. 
 
Since H is much more strongly bound to the 
nonmagnetic catalysts surface then bHPH2>> 
(1+(bCHPCH4)1/2), then 1+ (bCHPCH4)1/2 + bHPH2~bCHPCH4. 
The rate equation simplifies to give 
k(bCHPCH4)1/2/bHPH2~k0P1/2

CH4/PH2 [4]. In this limit the 
kinetics are half-order with respect to the gas phase 
pressure of molecular methane, but negative order with 
respect to the hydrogen partial pressure, (i.e. H acts as a 
poison, despite being a reactant) and increasing its 
pressure slows down the reaction. This is because the H 
is so strongly bound to the surface that it blocks CH 
adsorbing, and without sufficient CH atoms on the 
surface the rate of reaction is reduced. Therefore  
minimizing the hydrogen concentration is the critical 
point for the growth of high quality SWNTs from 
nonmagnetic catalysts. 
 
 
 
 

*Corresponding author: Zohreh Ghorannevis;  
   E-mail: zohreh@plasma.ecei.tohoku.ac.jp 

Tel: (+81) 22 7957046 
Fax: (+81) 22 7957046 

Archive of SID

www.SID.ir

www.sid.ir
www.sid.ir


Effects of Plasma Conditions                                                                                  Iranian Physical Journal, 3-2 (2009) 

43 
 

3. Methane Dissociation  
 
     First step for SWNTs catalytic growth is to 
decompose methane molecules to generate CHi (i=0~3) 
species. On the other hand, it is well known that CH 
and C2 species are more effective for SWNTs growth 
among other species. Fig. 2 schematically presents 
potential curve for the methane molecule. Thermal 
dissociation of methane to H and CH3, for example, 
follows the ground state potential curve. This process 
requires high temperature heat source and consumes 
4.26 eV dissociation energy. Also it is noticeable that 
energy required for methane decomposition to form CH 
species is more than 8 eV but hydrogen molecule 
dissociation requires only 4.5 eV, which is much lower 
than that of methane. Hence low density of CH species 
are expected in thermal dissociation case. Carbon 
reactants in this case contains species such as CH2 and 
CH3. On the other hand, methane dissociation by 
electron impact must follow upper electronic state that 
is expressed as dissociation curve. Also since electric 
excitation takes place much faster (10-13~10-12 seconds), 
which  is called well-known Franc–Condon principal, 
process time for SWNTs growth in plasma-catalyst 
system is shorter. In general Plasma enhanced catalytic 
reaction is explained by two-step excitation as shown in 
the figure. Vibrational state of methane (bending mode: 
0.16 eV, stretching mode: 0.36 eV) is produced by 
inelastic electron collision. Thermal dissociation 
reaction is explained by ground state excitation only. 
And it is also estimated that Methane molecules excited 
to stretching vibrational state are about 1600  times 
more reactive on catalyst surface than those in the 
ground state. 

Therefore advantage of using PCVD for SWNTs 
growth over nonmagnetic catalysts is to use highly 
reactive species such as CH which can be generated by 
methane-hydrogen discharge for SWNTs growth, which 
is not essential for SWNTs growth from magnetic 
catalysts. Since these catalysts already have strong 
adsorption and dissociation for hydrocarbon molecules, 
some external force is required to decompose methane 
molecule previously to assist thermal and catalytic 
dissociation. 
  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 2:  Methane activation by thermal energy, and 
electron impact. 
 
4. Conclusion 
 
SWNTs were synthesized on nonmagnetic catalysts of 
Au, Pt, and Ag using a PCVD process. We found that 
minimizing the hydrogen concentration is the critical 
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     Fig. 1. Raman spectra and TEM image of SWNTs grown by PCVD on (a) Au catalyst, (b) Pt catalyst, and (c) Ag catalyst.  
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point for the growth of high quality SWNTs from 
nonmagnetic catalysts. H acts as a poison (despite being 
a reactant) and increasing its pressure slows down the 
reaction. Also since Au, Ag, and Pt  have low 
adsorption and dissociation for catalytic reactions, 
external forces such as  methane-hydrogen discharge is 
required for high dissociation of hydrocarbons. Plasma–
catalyst reaction system is able to generate desired 
reactants for SWNTs growth from nonmagnetic 
catalysts. 
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