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How does amalgamated Ni cathode affect Carbon Nanotube 
growth? A Density Functional Theory Study 

Gangotri Deya, Jiawen Renb, Tarek El-Ghazawia, Stuart Lichtb 
 

This is a Density Functional Theory (DFT) study on the influence of an alloying mixture of Ni-Zn catalysis on carbon 

nanotube, CNT, growth. The study is inspired by the one pot synthesis of carbon nanofiber during the electrolysis of 

Li2CO3.
1 Unlike CVD, CNT growth initiates at the liquid/solid, rather than gas/solid interface in the above process. The 

electrodes are amalgamated Zn cathode and pure Ni crucible as the anode, and both zinc and nickel (or other transition 

metals) are required for high yield production. The use of transition metals as the catalyst for CNT CVD growth is well 

known. However, in this study we show how a mixture of Zn-Ni alloy can act as the catalyst for the effective CNT growth. 

Ni and Zn are taken as an example of the first row transition metal with partially empty and completely filled d orbital 

respectively. The study shows that the π-d bonding between the nanotube and the metal results in strong bond formation 

at the interface of the nanotube growth. The study remains valid for other such metal alloys with partially and completely 

filled d orbital.

Introduction 

The increase in atmospheric CO2 has been of great concern 

due to its effect on global warming. A global effort is underway 

to find a path to decrease the emission of this greenhouse gas 

and to mitigate the consequences of climate change.2, 3 An 

additional focus should also revolve around making a useful 

product of the CO2 already present in the atmosphere. This 

should be done in order to bring down the rate of global 

warming. While other techniques for CNF formation are 

energy, equipment, time and cost-extensive, Ren et al.1 has 

proposed a “One-Pot Synthesis” of carbon nanofiber (CNF) 

from atmospheric CO2 by electrolysis of molten lithium 

carbonate (Li2CO3) to show an inexpensive way of storing 

carbon in the form of CNF. The nanofibers are widely used in 

high strength composites, capacitors, batteries, electrocatalyst 

etc.4, 5 The study further reported that the production of CNF 

can be tuned by controlling the electrolysis conditions such as 

by addition of Ni to act as the nucleation sites, inclusion of Zn 

during electrolysis and tuning the electron density. Zinc coated 

(galvanized) steel cathode with the addition of low Ni, Cu, Co 

or Fe in electrolyte yielded uniform straight CNF. However, 

with no traces of the aforementioned transition metals there 

was no growth of CNF. The significance and the motivation of 

the study are the experimental finding that zinc activates 

electrochemical synthesis of the CNF (and that the resultant 

electrochemical synthesis is orders of magnitude less 

expensive than prior, conventional chemical vapour deposition 

synthesis). In this paper, we will explore with the help of 

Density Functional Theory how addition of Ni in particular and 

some transition metals in general, over Zn coated cathode can 

help in CNF formation.  

In general, CNFs are a heterogeneous mixture of different 

carbon nanotubes. The CNT differ in shape, chirality and 

length. For this study, we have taken zigzag and armchair 

single walled carbon nanotubes (SWCNT) as representative for 

the study of the CNF. This is because the experimental results 

mainly show various tubular hollow structures similar to 

SWCNT as its main component. The chiralities of the SWCNT 

are mentioned in the method section. 

The nucleation and growth mechanism of the SWCNT over 

transition metals have been extensively studied with force 

field/tight binding technique,6, 7 first principle calculations,8-14 

classical molecular dynamics15-18 and monte carlo simulation.19, 

20 For an insight into the topic the readers are directed to the 

article by Page et al.21 and Elliott et al.22 Larrson et al. has 

studied the SWCNT adhesion strengths on Fe, Co and Ni cluster 

of 13 and 55 metal atoms.23 They showed that the adhesion 

energy of zigzag CNT over the metal cluster is stronger than 

the armchair nanotubes. In a similar approach Ding et al. 

showed that the adhesion energy of the SWCNT to the metal 

cluster must be larger than the energy gained during the 

formation of a graphene cap at the end of the nanotube.24 This 

can only be seen for few transition metals like Ni, Fe and Co 

while Cu, Pd and Au have weaker adhesion energies. Silvearv 
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et al.25 computed the bond strength of 1st, 2nd, and 3rd row 

transition metals in order to identify potentials catalyst for 

SWCNT growth. They showed that the adsorption of the 

nanotube must be within a range in order for successful 

nanotube growth (known as Goldilocks zone). This is because 

the metal cluster should support the hollow structure of the 

tube during growth. A higher energy leads to the formation of 

metal carbides and a lower energy value does not support the 

tube growth. The values can be tuned with a mixture of metals 

or alloys (e.g. Cu/Mo and Pd/W)8, 26 that are otherwise not 

capable of supporting the growth. This opens up the possibility 

of mixing various metals below and above the energetically 

favoured nanotube growth range known as “Goldilocks zone” 

in order to catalyze the CNT growth. An alloying mixture of 

metals may also influence the growth of graphene. A mixture 

of Cu and Ni alloy is sufficient for graphene growth as 

described by Li et al.10. Ren et al.1 has reported in their study 

that an absence of Ni ion and presence of Ir ion during 

electrolysis of Li2CO3, results in carbon clusters instead of CNF. 

This might be because the hollow structure of the CNF is not 

supported during the growth process and is outside the 

“Goldilocks zone”. 

Zn metal is not a good catalyst for nanotube growth due to the 

filled d orbitals (d10). These orbitals do not allow efficient π and 

d orbital overlap with the CNT that might result in the 

formation of a dative bond. This is also valid for other metals 

like Cd, Hg, Cu, Ge, Ga etc. On the contrary, metals that have 

partially filled d orbitals act as good catalyst for CNT growth 

like Fe, Co and Ni. The study reported in this paper shows the 

alloy of Zn (above the zone) and Ni (within the zone) acts as 

the catalyst for the growth of nanotubes. Although the above 

mentioned article by Silvearv et al.25 has studied a wide range 

of metals, their numerical values are limited to the use of 

zigzag nanotubes with a length of 3 Å. Their calculations 

indicate that the Goldilocks zone (energy range in which the 

SWCNT can grow) should be within -2.5 to -3.0 eV/atom. Even 

with larger cluster size the energy range remains unchanged. 

However, our result shows that there is a size effect on the 

adhesion energies of the tubes to the metal clusters.  

Method 

All the calculations are done using first principle Density 

Functional Theory using quantum espresso package.27 

Calculations were performed with generalized gradient 

approximation (GGA) with Perdew-Burke-Ernzerhof (PBE)28 

exchange-correlation functional using PAW pseudopotentials 

(http://theossrv1.epfl.ch/Main/Pseudopotentials). The carbon 

nanotube-metal cluster complexes, the cluster and the 

nanotube were all modelled in a box of (15x15x20) Å for the 

smaller systems and (20x20x25) Å for the larger systems. All 

the models were treated as isolated systems in order to avoid 

any physically inconsistent interactions by the implementation 

of martyna-tuckerman correction to the total energy and the 

scf potential29.  For the k-point mesh a γ-centre was used. The 

kinetic energy cut-off for the wave functions was set 42 Ry and 

for charge density a potential was set at 236 Ry. The Gaussian 

smearing was turned so that the difference between the free 

energy and the total energy is less than 1 meV per atom. The 

energy convergence was set to 1x10-4 a.u. and the force 

convergence threshold for the ionic minimization was set at 

1x10-3 a.u.  Spin nonpolarized calculations were applied as the 

metals are nonmagnetic under typical growth conditions24. In 

our calculations all the atoms are allowed to relax freely and 

only the nanotubes adsorbed over 55 and 72 metal cluster 

models have the metal atoms fixed in their position. 

An atom by atom growth of SWCNT over the metal and alloy 

clusters is beyond the scope of this study. At this time it 

remains beyond the scope of our modelling resources to 

compute the growth of these nanotubes with full ab initio 

molecular dynamics. However, there are a few related 

studies13, 30, 31 based on the topic. According to Ren et al.1 the 

melting point of the Zn component of the electrode is 420°C 

and the Ni electrode starts losing its atoms into the electrolyte 

above 950°C. In our current study, we evaluate the effect of 

temperature using ab initio MD (as implemented in quantum 

espresso) after the SWCNT has been strongly/poorly adsorbed 

onto the metal clusters. We compute the dynamics using ab 

initio calculation for 0.30 ps on a few SWCNT adsorbed onto 

the metal surface at the reported melting point of the metal 

clusters. We have used the Verlet algorithm to integrate 

Newton’s equation and used Berendson thermostat in order to 

keep the temperature constant. 

 

 

Figure 1: The figure shows the side view of the optimized geometry of various Ni atoms 

and clusters adsorbed onto zigzag SWCNT. (a) shows single Ni atom adsorbed onto 

(5,0) SWCNT, (b) shows a 13 atom Ni cluster adsorbed onto (5,0) SWCNT, (c) shows 9 Ni 

atoms adsorbed onto (9,0) SWCNT and (d) 55 Ni atom cluster adsorbed onto (9,0) 

zigzag CNT.  (e) 72 Ni atom cluster adsorbed onto (9,0) zigzag CNT. The details of 

calculation and the description of the SWCNT and the Ni cluster are mentioned in the 

method section.  Colour code: Green: Nickel, Grey: Carbon, White: Hydrogen. Similar 

structure is valid when the Ni metal is replaced with Zn metal. 
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In this study, we have taken 8 Å long (5,0), (5,5) and (9,0) 

SWCNT. On one end the dangling bonds are hydrogen 

terminated to simulate a capped end and the other end is 

attached to the metal centre (Figure 1). The open end of the 

CNT has several dangling bonds. The carbon atoms at this end 

have been fixed in the calculation in order to avoid closure at 

this end of the tube. In all the calculations the effect of the 

length of the SWCNT has not been taken into account. Our 

model systems consist of: 

Zigzag model: (i) (5,0) SWCNT with one metal atom adsorbed 

at one end (e.g. Figure 1(a) for Ni atom). (ii) (5,0) SWCNT 

adsorbed onto a 13 atom metal cluster (Ni/Zn/Ni-Zn) (e.g. 

Figure 1(b) for Ni atom). (iii) (9,0) SWCNT with 9 metal atoms 

adsorbed at one end of the tube (Ni/Zn/Ni-Zn) (e.g. Figure 1(c) 

for Ni atom). (iv) (9,0) SWCNT with 55 metal atom cluster 

adsorbed at the other end of the tube (Ni/Zn/Ni-Zn) (e.g. 

Figure 1(d) for Ni atom) (v) (9,0) SWCNT with 72 metal atom 

cluster (Figure 1(e) for Ni atom). 

Armchair model: (i) (5,5) SWCNT with one metal atom 

adsorbed at one end (ii) (5,5) SWCNT with 5 metal atoms 

adsorbed at one end (Figure 2). (iii)  (5,5) SWCNT adsorbed 

onto 55 metal atom cluster.  

As a model to study the surface adhesion energies, we have 

started with one metal adhesion to the nanotube, followed by 

five and nine metal atoms of Ni, Zn and Ni/Zn mixture. Further 

we have taken 13 and 55 Ni and Zn icosahedral structures as 

the surface model. This is because the most stable structural 

form of Ni and Zn at this scale is icosahedral as described by 

Gafner et al.32 for Ni and Wu et al.33 for Zn. Further we have 

also tested the adhesion energies of a 72 atom Ni(111) and 

Zn(001) surface model. Any larger size of the metal cluster will 

be difficult to compute with DFT. In the Ni-Zn alloy cluster, the 

bottom 2 layers are Zn and the top layers are Ni (Figure 3). This 

is a replica of the amalgamated Ni cathode that is used in the 

experiments by Ren et al.1. For these energies the metal-

carbon adhesion energies per bond were calculated as a 

measure of M-C bond strength (equation 1). All the structures 

are geometry optimized at 0K.  

∆E(Metal-C)bond = {E(SWCNT+metal-cluster) -(ESWCNT+Emetal-cluster)}/ {Total 

no. of M-C bonds} ...(1) 

 

 The energetically favoured nanotube growth “Goldilocks 

zone”as described by Silverv et al.25 falls within (+/-0.5) of      

-2.5 eV/atom for all the transition metals they have studied. 

However, their data is limited by the size of the model they 

have used and also the choice of functional, pseudopotential 

and length of the SWCNT. In our study we have used the 

principle that a positive ∆E indicates less probability of the 

formation of the SWCNT and vice versa. Although Silvearv et 

al.14 has studied a wide range of metals, their numerical values 

are limited to the use of zigzag nanotubes with a length of 3 Å. 

Their calculations indicate that the Goldilocks zone (energy 

range in which the SWCNT can grow) should be within -2.5 to   

-3.0 eV/atom. Even with larger cluster size the energy range 

remains unchanged. 
 

 

 

 

Results and Discussion 

Table 1 presents the adhesion energy of zigzag SWCNT to 1 

atom, 9 atoms, 13 atoms cluster, 55 atoms cluster and 72 

atom cluster of Ni, Zn and Ni-Zn alloy. The calculated average 

distance between the nearest carbon atom in the SWCNT and 

the metal in the ring/cluster has also been included. In both 

the cases of a single atom (Ni/Zn) adsorption, as shown in 

Figure 1(a), we find that the middle site (i.e. in between 2 

dangling bonds of C) is the most stable site for metal 

adsorption as it passivates two carbon dangling bonds. The 

same effect has also been determined in previous studies12. 

We find that the single Ni atom adsorbs stronger than the Zn 

atom to the tube by ~ 4 eV. This initial adhesion energy shows 

that Ni has stronger adsorption to the nanotube than Zn. 

Although the result broadly indicates that single Zn atom binds 

to the dangling bond of the nanotube at the end. In the second 

case there is adhesion of the nanotube to a 13 atom metal 

cluster, we find that the Ni cluster has stronger adsorption 

compared to Zn cluster. In fact, the Zn cluster does not adhere 

to the nanotube as the energy difference (∆E) is +0.75 

eV/atom. Ab initio molecular dynamics study of SWCNT 

adsorbed onto 13 atoms Ni and Zn cluster respectively (Figure 

4) show that the nanotube remains strongly adsorbed to the Ni 

cluster at the end of 0.30 picoseconds and in the same 

duration the nanotube dissociates into individual atoms over a 

Figure 2: Shows the optimized arm-chair SWCNT  adhesion energies to 5 atom (A) Ni 

metal (B) Zn metal (C) Ni(2)-Zn(3) alloy. (i) shows the side view of the SWCNT and (ii) 

shows the top view of the SWCNT. Colour code: Green: Nickel, Grey: Carbon, White: 

Hydrogen, Blue-Green: Zinc 

 

Figure 3: Shows the side view of the Ni-Zn alloy metal (a) 13 metal atom cluster (b) 55 

metal atom cluster that has been used for the calculation. Colour code is same as in 

Figure 2. 
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Zn cluster. This is further evidence that the Ni cluster exhibits a 

stronger adsorption than the Zn cluster.  

However, when there is a mixture of Ni-Zn atoms that 

represents the alloying metal as in the amalgamated cathode, 

we find that the ∆E increases compared to the Zn adhesion 

energy but does not exceed the energy of the Ni cluster. 

Further we find as the number of Ni atoms is increased the 

adhesion energy also increases (Table 1). This simple model of 

a Ni-Zn alloy indicates that the adsorption of the metals to the 

SWCNT can be manipulated by a mixture of metals. The 

adhesion energies follow the same trend when using a larger 

nanotube (9,0) and 9 metal atoms adsorbed at one end of the 

tube. The adsorption is strongest for the Ni atoms, followed by 

Ni-Zn alloy and then the Zn atom. This model also indicates no 

adhesion of the Zn to the nanotube. Our second largest model 

is the (9,0) SWCNT adsorbed onto a 55 metal atom cluster and 

our largest model is a (9,0) CNT adsorbed onto a 72 atom 

metal cluster. These models follow the same trend in the 

adhesion energies as the above. The trend in the adsorption 

energy remains the same. This shows that although the 

absolute difference between the 5 different models changes, 

the trend of adhesion energy is always similar. In each case, 

the adhesion energy of Ni alone may be too strong and inhibit 

CNT growth; the adhesion energy of Zn alone may be too weak 

to initiate CNT growth, while the Zn-Ni alloy provides an 

energetic zone to promote CNT growth. 

 

 

Figure 4: (A) shows a 0.30 picoseconds MD simulation of (5,0) CNT adsorbed onto a 13 

atom Ni cluster. (B) shows a 0.25 picoseconds MD simulation of (5,0) CNT adsorbed 

onto a 13 atom Zn cluster.  

 

 

 

 

 

Table 1: The table shows the adhesion energy (eV/atom) and the metal-carbon 

distance (Å) for Ni, Zn and Ni-Zn alloy with (5,0) SWCNT  and (9,0) SWCNT. Figures 1 

shows the nanotubes adsorbed onto the Ni atoms, rings and clusters. The values in the 

bracket are the energies from Larrsson et al.23 Although they show similar trend in the 

adhesion energy their absolute values are different due to the difference in the length 

of the SWCNT, DFT functional used, cut-off energy and pseudopotential. Also the paper 

reported partial closure of the SWCNT at the open end during optimization. This effect 

was not found during the calculation as reported in this paper.   

 

SWCNT  Adhesion energies 

(eV/atom) (∆E) 

Metal-SWCNT distance 

(Å) 

Metal Ni Zn Nix-Zny 

anode 

Ni Zn Nix-Zny 

anode 

(5,0) 1 atom -5.64 

(-5.48) 

-1.56 - 2.14 

(1.89) 

2.00 - 

13 atom 

cluster 

-1.70 

(-2.41) 

 

0.75 -0.68  (x = 

8, y = 5 

Figure 2) 

 -0.80  (x = 

10, y = 3) 

2.02 

(2.16) 

1.87 2.00 

 

(9,0) 

9 atom 

cluster 

-3.81 0.90 -1.39 

( x = 6, y = 

3) 

1.76 1.90 1.83 

55 atom 

cluster 

 

 

-0.40 3.81 -0.80 

(x = 37, y = 

18  Figure 

2) 

 1.98 2.05 1.89 

 

72 atom  -0.11 

Ni 

(111) 

3.94 

 

Zn 

(001) 

- 1.98 2.12 - 

        

 

The armchair model shows the same trend in ∆E as the zigzag 

model with Ni atom/cluster having the highest adhesion 

energy, followed by Ni-Zn alloy and then Zn metal in all the 

three cases that are studied (Table 2). The 5 atom model for Ni 

metal shows that the Ni atoms tends to form a small ring at 

the passivated end of the tube with the metal atoms (Figure 2 

A(ii)). The strong metal-metal bonding energies further bring 

down the ∆E. A larger metal cluster of 55 atoms shows that 

there is poor adhesion of the nanotubes to the metal cluster as 

indicated by ∆E in each of the three cases.  
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Table 2: The table shows the adhesion energy (eV/atom) and the metal-carbon 

distance (Å) for Ni, Zn and Ni-Zn alloy with (5,5) SWCNT. The values in the bracket are 

the energies from the paper of Larrsson et al.23. Although they show similar trend in the 

energy their absolute values are different due to the length of the SWCNT, DFT 

functional used, cut-off energy and pseudopotential.  Also the paper reported partial 

closure of the SWCNT at the open end during optimization. This effect was not found 

during the calculation as reported in this paper.   

 

  Adhesion energies 

(eV/atom) (∆E) 

Metal-SWCNT distance (Å) 

Metal Ni Zn Nix-Zny 

anode 

Ni Zn Nix-Zny 

anode 

1 atom -4.59 

(-4.11) 

-0.79 - 1.87 2.04 - 

5 atom ring -5.50* 

(-2.26) 

-1.30 -2.94 

(x = 2, y = 

3) 

1.90 1.98 1.92 

55 atom 

cluster 

 

 

-0.43 

(-1.51) 

4.93 2.46 

( x = 37, y 

= 18  

Figure 2) 

2.26 2.11 2.10 

*The 5 Ni atoms forms a closed structure as shown in Figure 2 A(ii). This gives 

lower adhesion energy due to the metal-metal bonding. 

We find that with an increase in size of the metal cluster the 

adhesion energies of similar nanotubes to the metal decreases 

irrespective of the metal or the alloy studied. Also a larger 

nanotube (9,0) has lesser adhesion energy compared to the 

smaller tube (5,0) (Table 1). This might be because the hollow 

structure of the tube cannot be supported by the growing 

metal atoms. A single metal adhesion to the tube gives an 

incorrect description of the overall adhesion energy, as the Zn 

metal shows positive adhesion to the nanotube that is not 

true. However, it exhibits a similar trend in the ∆E compared to 

larger models i.e. the adhesion energy of the SWCNT to the 

metal cluster is Ni> Ni-Zn alloy> Zn. The energy of the Ni 

atom/cluster adsorption to the nanotube is stronger than Zn 

atom/cluster in all the cases due to the overlap bonding 

between the empty d orbital in the Ni (d7) and π electron cloud 

in the SWCNT forming a dative bond between them. This 

special bond between the metal and the nanotube is absent in 

the case of Zn as the Zn has filled d10 orbitals. Hence, the 

adhesion energy is weak. When there is a mixture of the two 

metals (Ni-Zn), there is partial overlap of the π bonds from the 

nanotubes to the empty d orbitals and hence there is adhesion 

of the tube to the metal alloy. Experimental study shows that 

using pure Ni cathode can produce CNTs but there is lack of 

control for the homogeneity (to be published data). The π-d 

interactions as present in Ni metal, Ni-Zn alloy with the CNT 

are also present inside  organometallic compounds (e.g. 

metallocene).34 The orbital studies for such compounds can be 

found in details in the following articles.35-37           

Arm chair nanotubes have extra stabilization compared to the 

zigzag due to the model presence of triple bonds. Hence, the 

overall adhesion energies compared to the zigzag model are 

lower for similar type of arm chair models20. Also the longer 

bond distance between the Ni-Ni in the cluster metal might 

also favour the zigzag nanotube growth formation due to the 

longest bond length between Ni and C at the interface of the 

catalyst. 

Conclusions 

In this paper, Density Functional Theory calculations have been 

used to study SWCNT-metal/metal-alloy adhesion strengths 

for (5,0), (9,0) and (5,5) nanotubes bonded to Ni, Zn and Ni-Zn 

alloy. The different models used in this study gave the correct 

trend of experimentally observed Ni-Zn promotion of CNT 

growth, and that adhesion energy i.e. Ni adsorbs stronger than 

Ni-Zn alloy and this is followed by Zn metal, but the absolute 

values are different.   

We want to emphasize that in addition to the metal alloy 

nucleation effects demonstrated here, solvation effects will 

also impact the morphology and growth of the carbon 

nanotubes, and the magnitude of this effect will be conducted 

in a separate study. The calculations presented here 

emphasize the importance of understanding the transition 

metal nucleation composition on the carbon nanotube growth 

and align with our previously published experimental results 

(reference 1). They show Ni electrode forms NiC, Zn 

(amalgamated) electrode does not form any nanotube and the 

Ni coated Zn (amalgamated electrode) shows SWCNT 

formation. In our theoretical structural growth study 

presented here, we have taken a similar approach of studying 

the nanotube growth by changing the metals in the electrode. 

The data (Table 1 and Table 2 in the manuscript) aligns well 

with the experimental results. 

Our Density Functional Calculations shows quintessential 

metal catalyst for the growth of SWCNT can be replaced by a 

mixture of metal alloy in order to support the growth of hollow 

carbon nanotubes. The metal alloys can be the electrodes as in 

the study of Ren et al.1. Also it could be added as an additive 

during the chemical vapour deposition growth of nanotubes. 

The energies should be within the range of “Goldilocks zone” 

as described in previous studies. Thinner size of amalgamated 

cathode and increase in the quantity of Ni ions in the solvents 

may increase the amount of growth of SWCNT as this increases 

the number of empty d orbitals for the possible increase in π-d 

bonding. Stronger adhesion energy of the SWCNT to the metal 

may result in the formation of graphitic caps on the surface. 

This is seen during the experiments when only Fe, Co, Cu or Ni 

electrode were used in the absence of Zn metal.    

The arm chair SWCNT is more stable individually. Hence, the 

adsorption of the SWCNT to the metal centre is weaker 

compared to the zigzag models.  One can improve the growth 

quality of the SWCNT in the amalgamated cathode by using 

metals that are below the 'Goldilocks zone' as they principally 

have more vacant d orbitals. This might result in overlap of the 

filled d orbitals from the Zn and the empty d orbitals from the 

metals like V, Ti, Cr, Mn, Mo, Ta etc. However, the metals 

should also have a lower reduction potential than Zn in order 

to be deposited at the cathode. This should inspire future 
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research in this field. A fundamental difference between 

SWCNT electrolytic growth and CVD growth is that they first 

occur at the liquid/solid interface where diffusion effects can 

be more pronounced, whereas the latter occurs at a gas/solid 

interface.  

Mass transport of the carbon containing reactants is greatly 

facilitated in the electrolysis compared to the chemical vapour 

deposition synthesis of nanotubes. The density of tetravalent 

carbon reactants adjacent to the growth site is several orders 

of magnitude higher (in the approximate ratio of the density of 

the molten liquid to the gas density of the CVD reactant) for a 

liquid carbonate in the electrolysis than in the gas phase of a 

chemical vapour deposition. We have previously discussed an 

analogous effect comparing a gas phase carbon dioxide 

reactant to a solution phase carbonate reactant.1 In the future 

we will probe dynamic, rather than static energy models, to 

understand diffusional effects to optimize CNT growth. 
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