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Abstract—One of the major challenges in the fields of heterogeneous catalysis and carbon nanotubes (CNTs) synthesis via chemical vapour de-
composition (CVD) method is lack of established theoretical model for direct selection of carbon precursor/metal catalyst matrix, which constitutes 
the most important material parameters of the whole process. In the present report, a theoretical model is proposed via kinetic theory and applied 
in correlating gas stoichiometry equations and the decomposition of carbon precursors with electrons of metal atoms. Theoretical predictions of 
this model were found to be in conformity with recent advances in the fields of heterogeneous catalysis in general and CVD synthesis of CNTs in 
particular. The proposed theory may compliment the current selection of carbon precursor/catalyst matrix through experimental trial and error.  

 
Index Terms—Chemical vapour deposition, CNTs, heterogeneous catalysis, theoretical model 
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1 INTRODUCTION

In a typical CVD process of CNT synthesis, a carbon source 
(mainly hydrocarbon) is made to collide on a metal surface 
where it decomposes, nucleate and grow into CNTs; this signi-
fies that the metal catalyst and the carbon source constitute the 
most important material parameters [1]. However, despite 
advancements in the fields of heterogeneous catalysis in gen-
eral and CVD synthesis of CNTs in particular, there is no es-
tablished theoretical model for the direct selection of metal 
catalyst/carbon source matrix, which necessitated selections 
through tedious experimental trial and error [2]. Although 
various theoretical models were developed to explain the ad-
sorption of atoms and molecules on metal surfaces [3] they 
failed in correlating the stoichiometric decomposition of gas 
molecules with any parameter of the surface metal atoms. 

In this report, a theoretical modelwas proposed with the at-
tempt of correlating gas stoichiometry equations directly with 
metal atomic electrons and used in predicting suitable carbon 
precursor/metal catalyst matrix for CVD processes.The colli-
sional kinetic properties of H2, N2, O2, CO2, CO, CH4, NH3, 
C4H10 and C2H4 gas molecules, in addition to their Leonard-
Jones intermolecular attractive-repulsive parameters were 
used to develop a volume-energy constant term with which 
each gas molecule may interact with an atom of a metal sur-
face, Hooke’s law was employed to correlate gas stoichiomet-
try to atomic electrons of corresponding metal atoms. The re-
sulting theoretical expression was then applied in deriving 

similar expressions for predicting the decompositions of 
common hydrocarbons used in the CVD synthesis of CNTs. It 
is hoped that the current approach may augment the trial and 
error approach. 

2 THEORETICAL METHODOLOGY 
The collisional kinetic properties of gas molecules and their 
Leonard-Jones attractive-repulsive potentials were considered 
in developing the model equations, while Hooke's law was 
applied to correlate some heterogeneously catalyzed gas stoi-
chiometry to metal catalyst atomic electrons, in order to check 
the efficiency of the model. The model equations were then 
applied in predicting the decomposition of the various carbon 
precursors used in the CVD synthesis of CNTs.  

2.1   Theoretical Basis 
Effective collision was known to form the basis for breaking 
and remaking of chemical bonds and according to Barrow [4], 
the parameters that determine the collisional properties of a 
gas are the diameter and viscosity, and are related as in equa-
tion (1). 

2 2
md µ
πη

=    (1) 

The diameter, d , is related to the mean free path, L , (i.e. 
the distance a gas molecule travel before it collides with 
another molecule), the collision frequency, 1Z , (i.e. the aver-

age number of collisions per second) and collision rate, 11Z , 

(i.e. the average number of collisions per second per unit vo-
lume) as in equations (2), (3) and (4). 

2
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22IZ d Nπ µ= (3) 

2 21 ( )
2IIZ d Nπ µ= (4) 

 
Where:  
 µ = average molecular speed (m s-1) 
 m = mass of 1 molecule (kg) 
 η = viscosity (kg m-1 s-1) 

 N = Number of molecules (m-3) 
 
The Leonard-Jones attractive-repulsive potential is given by the 

relation as shown in equation (5). 
12 6

(r) 4 [( ) ( )]
r r

α αψ β= − (5) 

Where, 
β  = Extent of attraction between pairs of molecules  
α  = Extent of molecular separation. 

 

2.2Theoretical Procedure 
In spectroscopic studies, the energy term with which a quan-
tum of light interacts with a given sample is given by the 
Planck's relation of equation (6). 

E hv=       (6) 
Hooke’s law is then used to predict how these phonons are 
displaced from their equilibrium positions by the atoms of the 
sample. Based on the assumption that displacement of phonon 
is proportional to the number of atomic electrons of the sam-
ple atom, the finger print of the sample atom can be identified. 

To develop similar relation for a gas molecule, it is assumed 
in the current model that, on collision with a metal atom, each 
of the H2, N2, O2, CO2, CO, CH4, NH3, C4H10 and C2H4 gas mo-
lecules must loss a certain minimum volume, in order to stick 
to a metal atom. This volume may be estimated by the quo-
tient of collision frequency and collision rate, asrepresented in 
equation (7) andillustrated in Fig. 1. 

1

11

ZV
Z

 
=  

      

(7) 

 

 

Fig. 1. Gas-metal interaction showing minimum volume lost by a gas mo-
lecule. 

In order to sustain the collision of equation (7), each gas mo-
lecule should possess a unique reciprocal energy term in ac-
cordance with equation (8), in order to overcome the forces of 
molecular repulsion, α, and molecular attraction, β, as illu-
strated in Fig. 2.  

21 LE
β α

 =  
       

(8) 

 

 
Fig.2. Gas-metal atom interaction showing the reciprocal energy term, 
E,with which a gas molecule overcomes the forces of molecular attraction, 
ß, and molecular repulsion, α.  

 
This is based on the assumption that the quotient of the 

mean free path, L, and the extent of molecular separation, α, 
may render the gas molecules dimensionless such that the 
probability of molecular collision is almost zero; contribution 
of the molecular attraction, β, may prevent collision of the mo-
lecule with walls of the container. Therefore, a gas molecule, 
in Fig. 2, with this reciprocal energy is assumed to collide di-
rectly with the metal atom.   

The product of equations (7) and (8) gives a volume-energy 
term with which each gas molecule may interact effectively 
with a metal atom, and is given in equation (9). The general 
illustration of the whole theoretical conception is shown in 
Fig. 3. 

2
1

11
e

Z LV
Z β α

 =  ×  
(9) 

 

 
Fig. 3. General illustration of the theoretical conception illustrating the 
volume-energy term with which a gas molecule interact with a metal sur-
face. 
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2.3 Application to Heterogeneous Catalysis 
In situ spectroscopic studies of heterogeneous catalysis re-
vealed that the catalysts undergo self-sustained dynamic oscil-
lations [5]. And according to Einstein’s model of a solid, each 
atom in a solid has an independent oscillation and all the 
atoms oscillate with the same frequency [6], as the electron 
shell configuration forms the fundamental basis for transition 
metal catalytic activity [7]. Based on these reported facts, the 
current model is of the assumption that the oscillation or vi-
bration of each atom is in accordance with Hooke’s law of eq-
uation (10), and is assumed to be proportional to the atomic 
electrons of the metal atom, which may be responsible for 
breaking the bonds associated with the reacting species. 
F kx=      (10) 

Since effective collision is associated with breaking and 
remaking of chemical bonds, let F , k , and x  in the Hooke’s 
equation represent the inter atomic force (bond enthalpy), 
constant term of interaction and extent of bond stretching, 
respectively, for each gas molecule. Therefore, the extent to 
which each gas molecule may be stretched to destruction due 
to catalyst oscillation may be estimated using equation (11).

Fx
k

=
   

(11) 

If 0N , g∆Η∑  and eV∑  are assumed to be the number 

of metal atomic electrons, numerical sum of the bond enthal-
pies and sum of the volume-energy terms for reacting gas mo-
lecules, respectively, as indicated in each stoichiometric equa-
tion, then from equation (11), 0N  for hydrogenation and oxi-

dation processes probed in the current model may be esti-
mated using equations (12) and (13), respectively,  

0
g

e

N
V

∆Η
∴ = ∑

∑
(12) 

[ ]0 2
g

e

N
V

∆Η
∴ = ∑

∑
(13)

 
Equation (9) may therefore be used to estimate the constant 
volume-energy term with which each gas molecule interact 
with a metal surface and equations (12) and (13) may be used 
to estimate the number of atomic electrons that may catalyze 
the various hydrogenation and oxidation processes, respec-
tively. 

 
2.4 Estimation of eV  values 
The L , 1Z , 11Z , α  and β  values for the probe gas mole-

cules were taken from Barrow [4], and were substituted in 
equation (9) to estimate the eV  values for each corresponding 

gas molecule.  
 

Example 1: Estimating Ve for hydrogen gas  
29 8

2 34 21 10

14.3 10 12.4 10:
17.6 10 0.52 10 2.92 10eH V

−

− −

 × ×
=  × × × ×   

3 128.18eV m J −∴ =  

To prove that eV  is a constant volume-energy term characte-

ristic of each gas molecule; 

Since, 
3

e
mV
J

=  and 3J Pa m= ×  

3

3

1
e

mV
Pa m Pa

∴ = =
×

 

According to Boyles Law, 
1

e eV k Pa V k
Pa

∴ = × ⇒ × =
 

 
2.5   Estimation of 0N  Values for Hydrogenation and 
Oxidation Processes 
Equation (12) was used in estimating the oN  values for the 

various gas equations. The eV  numerical values for H2, O2, and 

N2, gas molecules estimated with equation (9) were 28.18, 2.13, 
and 1.997, respectively. Numerical values of bond enthalpies 
were considered in estimating all oN  values based on the 

assumption that eV  is a constant term, which may necessitate 

the constancy of oN . 

 
Example 2: Estimating No for the hydrogenation of nitrogen 

( ) ( ) ( )2 2 33 2g g gH N NH+ →  

( ) ( ) ( ) ( )3 3 436 1 946 2254H H N N∆Η = − + ≡ = × + × =∑  

( ) ( )3 28.18 1 1.997 86.537eV = × + × =∑  

2254 26
86.537oN∴ = =  

 
Example 3: Estimating No for the hydrogenation of CO2 

 

( ) ( ) ( ) ( ) ( )4 1 724 4 436 3192g O C O H H∆Η = = = + − = × + × =∑  
( )4 28.18 0.336 113.056eV = × + =∑  

0
3192 28.

113.056
N∴ = =

 
 
Example 4: Estimating No value for oxidation of ethylene 

( ) ( ) ( ) ( ) ( )2 2 4 24 2 27 6 6 2 2g g g g gC H O C H O CO H O+ → + +  

( ) ( )7 344 6 495 5378g∆Η = × + × =∑  

( ) ( ) ( ) ( )2 2 4 24 2g g g gCO H CH H O+ → +
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[ ] ( ) ( ) 22 7 0.162 6 2.13 193.6eV = × + × =  ∑  

5378 28
193.6oN∴ = =  

 
Example 5: Estimating No value for oxidation of carbon mo-
noxide 

 

( ) ( ) ( ) ( ) ( )2 2 350 1 495 1195g O C O O∆Η = − + = = × + × =∑
 

( ) ( ) 2
2 1.453 1 2.13 25.361eV = × + × =  ∑  

1995 47
25.361oN∴ = =  

 
2.6   Theoretical Application in the CVD Synthesis of 
CNTs 
 
The carbon precursors used in the CVD synthesis of CNTs 
were reported to decompose and produce C2 or C species 
bonded to coordination sites of catalyst and are considered as 
building blocks for the nanotubes [8]. Reports on the heat of 
sublimation of carbon and gas-phase equilibrium analysis re-
vealed that both atomic carbon, C, and di-carbon, C2, mole-
cules has the same value of heat of formation (718.38 kJ/mol.) 
estimated from atomization of graphite [4]. Based on these 
considerations, the current model is of the assumption that for 
a carbon feedstock with a single C-C bond or C=C double 
bond, its decomposition on metal surface is assumed to occur 
as in equation (14) [9] 

22x yC H x C yH→ + (14) 

Oxygen containing hydrocarbon may decompose as in equa-
tion (15), 

22x y zC H O x C yH zO→ + +
  

(15) 

and nitrogen containing hydrocarbon is assumed to decom-
pose as in equation (16), 

22x y zC H N x C yH zN→ + +
 

(16) 

The No values for equations (14), (15), and (16) may be esti-
mated using equations (17), (18) and (19), respectively,

( )
( )

2
0

2

2
2

f

e

x C yH
N

V y H

•∆ +
= ∑

∑
(17) 

( )
( )

2
0

2 2

2
2 2

f

e

x C yH zO
N

V y H z O

•∆ + +
=

+
∑
∑

(18)

( )
( )

2
0

2 2

2
2 2

f

e

x C yH zN
N

V y H z N

•∆ + +
=

+
∑
∑  

(19) 

 

Numerical eV  values for H2, O2 , and N2, gas molecules esti-

mated with the current model were 28.18, 2.13, and 1.997, re-
spectively; numerical ∆H•f values for C2, H, O and N atoms 
were 718.38, 217.94, 247.52 and 473, respectively [4]. 
 
Example 4: Estimating decomposition of hexane using equa-
tion (17), 

( ) ( ) ( )6 14 23 14g g gC H C H→ +  

( ) ( )
0

3 718.38 14 217.94
26

7 28.18
N

+  ∴ = =
×

 

 
Example 5: Estimating decomposition of ethanol using equa-
tion (18), 

( ) ( ) ( ) ( )2 6 2 6g g g gC H O C H O→ + +
 

( ) ( ) ( )
0

718.38 6 217.94 247.52
26

(3 28.18) (0.5 2.13)
N

+ +  ∴ = =
× + ×

 

 
Example 6: Estimating decomposition of tripropylamine using 
equation (19), 

( ) ( ) ( ) ( )9 21 29 2 21g g g gC H N C H N→ + +  

( ) ( ) ( )
0

9 2 718.38 21 217.94 473
28

(10.5 28.18) (0.5 1.997)
N

+ +  ∴ = =
× + ×  

3 RESULTS AND DISCUSSION 
 
3.1   Correlation of Ve Values with Number Molecular 
Bonds 
Table 1showthe eV  numerical values the probed gas molecules 

with their corresponding total number of bonds, estimated 
using equation (9). From Table 1, it was suggested that the 
volume-energy term with which the gas molecules interact 
with the metal surface is inversely proportional to the total 
number of bonds present in each gas molecule, and it decreas-
es in the order H2> O2> N2, CO, NH3 > CO2, CH4> C2H4> C4H10. 

Implication of this outcome may be that in hydrogenation 
and oxidation processes, hydrogen and oxygen gas molecules, 
respectively, may be assumed to have a greater interaction 
with the metal surface. The constant volume of interaction (V) 
for all the gas molecules was estimated at an average of 0.812 × 
10-25 m3, in accordance with equation (7). However, more 
chemical considerations are required to fully explain the phys-
ical meaning of this term. 
 
 
 
 
 

TABLE1 
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VALUESOF L , 1Z , 11Z , α AND β FOR THE PROBE GAS 
MOLECULES 

 
Gas L 

(10-8 m) 
Z1 

(109 s-1) 
Z11 

(1034 m3 s-1) 
α 

(10-10 m) 
β 

(10-21 J) 
H2

 12.4 14.3 17.6 2.92 0.52 

N2
 6.56 7.2 8.9 3.69 1.28 

O2
 7.16 6.2 7.6 3.51 1.59 

CO2 4.41 8.6 10.6 4.24 2.61 

CO 6.50 7.23 8.97 3.94 1.51 

CH4 5.44 11.52 14.17 3.85 1.96 

NH3 4.64 13.11 16.12 3.38 2.52 

C2H4 3.79 12.49 15.27 5.22 2.68 

 
3.2   Correlation of No Values to Hydrogenation and 
Oxidation Processes 
Table 2 contains the No values and suspected metal catalysts 
for some hydrogenation and oxidation processes, predicted 
using the current model.  

 
TABLE 2 

No VALUES AND SUSPECTED METAL CATALYSTSFOR 
HYDROGENATION AND OXIDATION PROCESSES 

 
Stoichiometry 

oN  Predicted  
metal 
catalyst 

( ) ( ) ( )2 2 33 2g g gΗ + Ν → ΝΗ  26  Fe  
( ) ( ) ( ) ( )2 2 4 24 2g g g gCO H CH H O+ → +  28  Ni  

( ) ( ) ( )2 2 2 2 6g g gH C CH H C H= + →
 

28  Ni  

( ) ( ) ( ) ( )2 4 23g g g gCO H CH H O+ → +  28  Ni  

( ) ( ) ( )2 22 2g g gCO O CO+ →
 

47  Ag  
( ) ( ) ( )2 2 44 27 6g g gC H O C H O+ →  28  Ni  

( ) ( ) ( ) ( )23 24 5 4 6g g g gNH O NO H O+ → +
 42  Mo  

( ) ( ) ( ) ( )4 2 2 2 3 210 23.5 4g g g gC H O C H C O H O+ → +  90  Th  
 

From the theoretical outcome in Table 2, and applying Eins-
tein’s view of a solid, it is suggested that the phonons emitted 
by the vibration of 26 electrons of atomic Fe may be suitable 
for the decomposition of the reacting specie involved in the 
hydrogenation of nitrogen to ammonia. This is in agreement 
with the experimental report that metallic Fe possesses an ad-
sorption binding energy in the range -1.1 ± 0.3eV, which is 
suitable for ammonia synthesis [10], [11]. Vibrations produced 
by 28 electrons of Ni were predicted to catalyze methane for-
mation from the hydrogenation of CO2 on Ni catalyst, as sup-
ported by the density functional theoretical study 
[12].Hydrogenation of CO by 28 electrons, is also in agreement 

with experimental report of 87% methane yield from the flow 
of H2/CO in the 3/1 ratio using Ni/Al2O3 catalyst [13]. Mousa-
vipour [14] reported a 97% conversion of ethylene to methane 
using NiO/SiO catalyst, all in conformity with the model pre-
diction of Table 2. In the oxidation processes, Ag catalyst was 
predicted to catalyze the oxidation of CO, which is correlated 
with the experimental finding that nanocluster of Ag catalyst 
showed strong catalytic activity towards CO oxidation [15]. 
Thorium dioxide (ThO2) was reported as an efficient catalyst 
for the synthesis of large ring products [16], which may be also 
efficient in the synthesis of maleic anhydride via oxidation of 
butane, as predicted by the current model. Epoxidation of 
ethylene on Ni catalyst and the oxidation of ammonia on Mo 
catalyst were also supported by the report of Bartholomew 
[17]. 

 
3.3   Correlation of No Values with Decomposition of 
Carbon Precursors 
Table 3 shows the estimated Novalues of the common car-
bon precursors used in the synthesis of CNTs via CVD me-
thod and their corresponding predicted metal catalyst, es-
timated using equations (15), (16) and (17).On the decom-
position of carbon precursors for CNT synthesis via CVD 
method, the current model suggested theoretically, that 
vibration of 26 electrons from Fe metal seems to show high 
catalytic effect on the decomposition of hydrocarbons, such 
as butane, pentane, and hexane, which is in conformity 
with reports of Kumar [1]. It is also indicated in Table 3 
that Fe catalyst may be effective in the decomposition of 
alkane alcohols which include methanol and ethanol, and 
is in agreement with experimental report on the synthesis 
of highly purified SWCNTs by the pyrolysis of ethanol on 
Fe catalyst [18].Nickel with 28 atomic electrons may be a 
suitable catalyst for the decomposition of ethylene, and 
tripropylamine, as predicted by the current model. The 
catalytic decomposition of ethylene on nickel catalyst was 
reported by Sawaand co-workers [19], while Minchev and 
group members[20] reported the decomposition of tripro-
pylamine on Ni catalyst, all confirming the prediction of 
the current model as indicated in Table 3.Ti appears to be 
good for methane decomposition, which is in conformity 
with methane decomposition on TiO2 catalyst reported by 
Awadallah and his group[21]; Cr was predicted for ethane 
molecule decomposition and was supported by the reports 
of Garcia [22] and Fu and co-workers [23]. Mn was pre-
dicted to suitably decompose propane and agrees with the 
report of Puertolasand group members [2]. 
 
 
 

TABLE 3 
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NoVALUES FOR DECOMPOSITION OF COMMON CAR-
BON PRECURSORS AND PREDICTED METAL CATALYSTS 

 
Stoichiometry 

oN  Predicted 
metal 
catalyst 

( ) ( ) ( )4 21 2 4g g gCH C H→ +  22  Ti  

( ) ( ) ( )2 6 2 6g g gC H C H→ +  24  Cr  

( ) ( ) ( )3 8 23 2 8g g gC H C H→ +  25  Mn  

( ) ( ) ( )4 10 22 10g g gC H C H→ +  26  Fe  

( ) ( ) ( )5 12 25 2 12g g gC H C H→ +
 

26  Fe  

( ) ( ) ( )6 14 23 14g g gC H C H→ +  26  Fe  

( ) ( ) ( )2 4 2 4g g gC H C H→ +  28  Ni  

( ) ( ) ( )6 6 23 6g g gC H C H→ +  41  Nb  

( ) ( ) ( )12 26 26 26g g gC H C H→ +  
27  Co  

( ) ( ) ( ) ( )4 21 2 4g g g gCH O C H O→ + +  26  Fe  

( ) ( ) ( ) ( )2 6 2 6g g g gC H O C H O→ + +  26  Fe  

( ) ( ) ( ) ( )12 22 11 26 22 11g g g gC H O C H O→ + +  37  Rb  

( ) ( ) ( ) ( )9 21 29 2 21g g g gC H N C H N→ + +
 

28  Ni  

 
The current theory also suggested that Co, with 27 atomic 

electrons may be suitable for the decomposition of dodecane, 
which is in correlation with the reported catalytic decomposi-
tion of hydrocarbons on cobalt catalyst [24]. Decompositions 
of benzene and sucrose on Nb and Rb respectively may be 
supported with the fact that, depending on the experimental 
conditions, any metal can catalyze CNT growth process, just 
as any carbon-containing material is a potential candidate for 
CNT yield; however, chemical considerations suggest that the 
active catalyst should be in the oxide form [25]. 

4   CONCLUSION 

A theoretical model was proposed and applied to correlate gas 
stoichiometry with electrons of metal atoms which was also 
used in predicting the decomposition of thirteen carbon feeds-
tock used in the CVD synthesis of CNTs. The predictions of 
this theory were found to be in agreement with experimental 
advances in the field of heterogeneous catalysis in general, 
and CVD synthesis of CNTs, in particular.The model may 
serve to compliment the modern selection of carbon precur-
sors through tedious experimental trial and error and may 
also be viewed as a possible corner stone towards better un-
derstanding of heterogeneous surface catalysis.  
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