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Figure 4.12: Typical Nyquist plots on the Ni micro – wires (large circle in image), and 

the Ni micro – wires + CNT composite (smaller circle in image) 
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Figure 4.13: The difference in capacitance between the flat Ni substrate, the 1µ, 0.4µ 

and 0.2µ Ni micro – wires, the flat Ni substrate with CVD deposited CNT, the  1µ, 0.4µ 

and 0.2µ Ni micro – wires with CVD deposited CNT.  
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 The CdL increases from 0.078 on the Ni plate to 0.282, 0.318 and 0.576 mF on the 

1.0 µm, 0.4 µm and 0.2 µm Ni micro – wire arrays. This slight increase in the CdL can be 

attributed to the increase in surface area of the micro-wire arrays. The greatest increase in  

CdL is observed after the CVD growth of CNTs on the Ni micro-wires, where the CdL is 

8.062, 7.267 and 8.916 mF on the 1.0 µm, 0.4 µm and 0.2 µm Ni micro-wires plus CNT 

composite electrodes. It is interesting to note that the growth of CNT on the Ni plate 

(with no micro-wires) resulted in an increase in CdL comparable to that seen on the Ni 

micro-wires (0.505 mF). This result highlights the importance of the synergistic effect of 

the Ni micro-wires and the CNT in the composite. 

 The surface area of the consolidated composite carbon material was then 

determined by using the equation 2 below.  Capacitance is formed when two conducting 

plates are separated by a non- conducting media, called the dielectric. The value of the 

capacitance depends on the size of the plates, the distance between the plates and the 

properties of the dielectric. The relationship is as follows. 

  ⎟
⎠
⎞

⎜
⎝
⎛=

d
AC roεε                                          (2) 

Where; C = capacitance [F] 

 A  = electrode surface area [m2] 

 d  = electrode distance [m] 

 εo = 8.854 x 10 -12 [F/m] 

εr = relative dielectric constant 

The conducting plates were two Ni plates with surface area of 1.2 cm2, the dielectric was 

6 M KOH solution and the distance between the plates was 2 cm.   
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If measuring different samples with surface area A1 and A2 in the same electrolyte 

and experimental set-up, εo, εr and d will be constant. 

Hence,    
2

1

2

1

C
C

A
A

=       (3) 

 

By measuring the capacitance of the different samples and comparing it to the 

area and capacitance of a Ni plate, we can thus calculate the surface area of the sample by 

using equation 3. The surface area of the flat Ni was calculated to be 12.33 cm2 and the 

capacitance 6.24 x 10-5 F. The surface area of the Ni micro-wires and the Ni micro-wires 

plus CNT composite, is shown in Figure 4.14.  
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Figure 4.14: Comparison of the surface area of the Ni micro – wires and the Ni micro – 

wires + CNT composite. 
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The above figure illustrates that the addition of carbon nanotubes to the Ni micro-

wires not only increases the capacitance but also increases the surface area of the 

material. From Figure 4.14 it can be observed that the Ni micro-wires plus CNT 

composite, has a surface area 10 times higher than that of the Ni micro-wire arrays. 

From the CV results, the higher activity in the hydrogen evolution reaction is only 

seen in the composite arrays of Ni micro-wires plus CNT and not in the Ni plate plus 

CNT electrode, thus higher activity in the hydrogen evolution reaction can be attributed 

to the increase in the CdL and surface area. 

4.9. Comparison of the capacitance of consolidated composite 

carbon material against various carbon based materials  

In recent years there has been a great increase in research for alternative material 

that can be used as anode material in lithium ion batteries. Presently carbon material such 

as graphite is used as anode material in lithium ion batteries. Most carbonaceous 

materials can react reversibly with lithium to some extent. Therefore they can be used as 

negative electrodes in lithium batteries. Research on anode material for lithium ion 

batteries is focused on searching for carbon alternatives with large capacities and better 

cycling performance. 

The capacitance of various materials was measured in this study that may, 

possibly be used as anode material in lithium ion batteries. These included graphite 

plates, carbon cloth, Ni micro-wires, Ni micro-wires plus CNT composite and a 

commercial anode obtained from China (which consists of carbon anode materials on a 

copper foil support).  
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From Figure 4.15 it can be seen that the capacitance of the Ni micro-wires plus 

CNT composite is the largest when compared to the commercial anode, graphite plates, 

carbon cloth, Ni plates, Ni plates plus CNT and Ni micro-wires.  From Figure 4.15 it is 

clearly seen that the consolidated composite carbon material has a higher capacitance 

than that of the commercial anode. This could be attributed due to the composite carbon 

materials high specific surface area, excellent electronic semi-conductivity and 

conductivity of the carbon nanotubes. 
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Figure 4.15: Comparison of the capacitance of various materials that can possibly be 

used as anode materials for lithium ion batteries.   
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4.10. Modification of the consolidated composite carbon material 
 
 Water electrolysis has gained importance in recent years because of its promise of 

economic production without adverse environmental impact. For water electrolysis to 

become more competitive and an efficient process, energy loss has to be minimized and 

equipment cost lowered. From a technological standpoint, the cost of electrolytic 

hydrogen is directly dependant on the voltage used to operate an electrolyzer at 

significant current densities. The operational voltage depends on the overpotentials for 

cathodic and anodic reactions and on the internal resistance of the cell. Due to the high 

cost and stability consideration, very few materials can even be considered for use as 

anodes and cathodes in practical electrolytic cells. 

 Two properties play an important role in selecting catalytically active materials 

for hydrogen evolution. These are the actual electrocatalytic effect of the material and its 

long-term stability. Materials for alkaline water electrolysis were reviewed by various 

authors [106, 107] who reported on the properties of platinum materials as viable cathode 

material for hydrogen evolution. Although platinum is an expensive metal, but due to its 

electrocatalytic effect on the formation of hydrogen at the cathode, it is the most widely 

used metal for electrolysis in industry. 

 In this study, an attempt was made to enhance the electrochemical activity of the 

consolidated composite carbon material for hydrogen production. This was done by 

modifying it with Pt group metals.  
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4.11. The influence of Pt deposits on the consolidated composite 

carbon material and on the hydrogen evolution reaction 

Platinum is a versatile but expensive catalyst or material. [108]. Pt is one of the 

best electrocatalysts for hydrogen production. Pt was deposited on the consolidated 

composite carbon material by electroless deposition. The electrolyte that was used for Pt 

deposition consisted of a solution containing 1 mM of chloroplatinic acid (H2PtCl6) and 

0.1 M HCl made up to 1 liter. The deposition of Pt on the consolidated composite carbon 

material was done by using a sacrificial electrode. This was performed by using  1.2 cm2 

of the consolidated composite electrode and clipping it to a 2 cm2 stainless steel mesh 

using a steel paper clip. The deposition of Pt was performed at room temperature by 

placing the consolidated composite electrode in a beaker containing 50 ml of the 

electrolyte. The time of deposition was 30 minutes. 

Platinum distribution on the consolidated composite material was determined by 

SEM. From the SEM analysis (see figure 4.16) it can observe that platinum was 

deposited on the composite material. It can be seen that the platinum was deposited on 

the carbon nanotubes as particles. This deposition of Pt on the nanotubes is expected due 

to their unique structure that allows particles to attach to their surface. 
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Figure 4.16: SEM image of consolidated composite after modification with platinum in a 

chloroplatinic acid solution to enhance catalytic activity. 

  

Energy dispersive spectrometry (EDS) was further used in order to determine the 

chemical composition of the modified composite structure and to investigate the 

distribution of the elements on the electrode surface. The atomic percentage Pt on the 

consolidated composite is shown in Figure 4.17. The EDS data correspond to bulk 

particles and may differ from the surface values due to segregation. The EDS analysis of 

the sample resulted in a composition of 46.65 % Ni, 31.33 % C and 22.02 % Pt. This was 

recorded over an average of 10 samples. Literature shows that EDAX is a good 

qualitative and quantitative method for determining the composition of materials. [109]. 
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 Figure 4.17: EDS plot of the consolidated composite carbon material modified in 

chloroplatinic acid solution.  

 

The cathodic behaviour of the platinized consolidated composite carbon material 

was investigated using chronoamperometry to determine the current density of the 

modified composite electrode (see figure 4.18). A two-electrode system was employed as 

explained in Chapter 3.  
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Figure 4.18: Current-potential curves of the hydrogen evolution reaction of the nickel 

micro – wires, consolidated composite carbon material and the consolidated composite 

carbon material modified with platinum. 

 Nickel micro – wires modified with carbon nanotubes and Platinum (Pt) showed a 

higher activity for hydrogen production when compared to the Ni micro – wires and the 

Ni micro – wires plus CNTs.  

 The current densities obtained from the structures modified with Pt particles are 

higher than that of the unmodified structures (as shown in Figure 4.11). From Figure 

4.18 it can be seen that enhancement of the cathodic activity of nickel for electrolytic 

hydrogen evolution has been demonstrated by the formation of Pt particles on the surface 
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of the Ni micro-wires plus carbon nanotubes. Thus, the result clearly indicates that the 

catalytic activity for hydrogen evolution can be enhanced by modifying with platinum 

particles.    

Table 4.2: Summary of current densities of nickel micro-wires ‘before’ and ‘after’ 

modifcation with carbon nanotubes or platinum at 25 0C. 

Materials                               Temperature       Activated            Current density [A/cm2] 

                                                  0C                     with                    (at 2.0 V)     (at 1.7V) 

 

Flat Nickel                              25 0C                    -                         0.021             0.006 

Ni micro – wires 1µm            25 0C                     -                        0.058              0.017 

Ni micro – wires 0.4µm         25 0C                     -                        0.085              0.029 

 

Ni micro – wires 1µm            25 0C                   CNTs                  0.101             0.031 

Ni micro – wires 0.4µm         25 0C                   CNTs                  0.109             0.035 

 

Ni micro – wires 1µm            25 0C                   CNTs + Pt          0.146              0.051 

Ni micro – wires 0.4µm         25 0C                   CNTs + Pt          0.177              0.061 
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4.12. Conclusions of results and discussion 

The purpose of this research was to synthesize consolidated composite carbon nano-

materials, by using Ni micro-wires as a catalyst and substrate, and to observe what affect 

the Ni micro-wires had on the synthesis of carbon nanotubes. From the fabricated 

consolidated composite carbon material the structure and the study of its properties, the 

following general conclusions can be made: 

• Crystalline nickel micro-wires were produced by electrochemical deposition using 

a nickel hard bath by applying an applied potential of 0.7 V and a deposition time 

of 15 minutes, in PET etched ion - track membranes. 

• The nickel micro-wires were successfully applied as a catalyst and substrate for 

the synthesis of carbon nanotubes, and to produce consolidated composite carbon 

nanomaterial.  

• From the results obtained during SEM analysis, it was shown that carbon 

nanotubes grow preferably on the Ni micro-wire arrays as opposed to the Flat Ni 

surface. In addition, examination of the samples by SEM revealed that the Ni 

micro-wires physical morphology was moderatly altered by the CVD process.  It 

was shown that the nanotubes are attached to the Ni micro-wires and an extensive 

mat of CNT is present on the surface of the Ni micro-wires. This phenomenon is 

extremely interesting because it shows that the two materials are attached to each 

other and one would, therefore expect very interesting properties which would be 

different to that of the individual components.    
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• From the TEM results it was observed that Ni nano-particles are present on the 

nanotube surface, and some of the CNT end caps are open which would result in 

greater electrochemical activity. 

• Cyclic voltammetry experiments on the consolidated composite carbon 

nanomaterial and the Ni micro-wires determined that these electrodes had a 

higher electrocatalytic activity towards the hydrogen evolution reaction when 

compared to flat nickel; this increase is attributed to the increase in surface area 

resulting from the addition of CNTs to the Ni micro-wires and due to the presence 

of Ni nano-particles attached to the nanotubes after CVD. 

• From electrochemical impedance spectroscopy measurements it was determined 

that the increase in the electrochemically active surface area of the composite 

array by a factor of 10 was due to the synergistic effect of carbon nanotubes and 

Ni micro – wires. 

• The consolidated composite carbon material was successfully modified with 

platinum, and the presence of platinum on the surface of the nano-composite 

material improved the electrocatalytic properties in the HER. 

• The results obtained during this research can be used not only in electrochemistry 

but in a wide range of research fields. From an evaluation of the results, further 

research is needed to better understand the structure and electrochemical 

behaviour. 
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Chapter 5: Overall Conclusions and Future Research Directions 
 

In the previous chapter the research results were discussed. In this the final 

chapter of this thesis, the discussion focuses on the main conclusions, recommendations 

and proposals for future research. 

Consolidated composite carbon materials are a unique approach to synthesis of 

new materials with exceptional properties that can be used in a wide range of possible 

commercial and technological applications, including nano-devices, uses in analytical 

sciences (chemistry and biology), electronics and optics.  

The consolidated composite material was synthesized using a novel approach 

specifically the combination of template synthesis and chemical vapour deposition. The 

template method is a simple and powerful process for the synthesis of the Ni micro-wire, 

which served as a catalyst and substrate, for the synthesis of carbon nanotubes. The 

electrodeposition method is capable of producing high quality micro and nanowires with 

desirable features. It was demonstrated that well defined arrays of nickel microstructures 

can be prepared using electrochemical deposition.  

Chemical vapour deposition is a simple and highly favoured technique that is 

employed to synthesize carbon nanotubes, due to the fact that it produces relatively large 

yields with good purity, very adaptable, and is a method that can be scaled up relatively 

easily. Chemical vapour deposition via LPG pyrolysis was used to synthesis carbon 

nanotubes directly onto the surface of the nickel micro-wire arrays. The chemical vapour 

deposition methodology used to deposit carbon nanotubes onto the Ni micro-wires did 

not alter the crystallinity of the Ni micro-wires which was revealed by the XRD analysis. 
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The SEM images showed that the morphology of the Ni micro-wires where moderately 

altered after the CVD process. 

In this study the feasibility of using the consolidated composite material as a 

cathode for the hydrogen evolution reaction in alkaline solution was studied. 

Electrocatalytic processes on consolidated composite electrodes, as surveyed using 

electrochemical techniques, almost invariably commence and terminate at reasonably 

well-defined potentials within the region 0.6V to -1.4V. The consolidated composite 

material showed higher current density values for the HER in alkaline solution when 

compared to Ni micro-wire arrays and flat Ni respectively (0.109 A/cm2, 0.085 A/cm2, 

0.021 A/cm2). This increase in current density was attributed to the increase in surface 

area from the flat Ni substrate to the Ni micro-wires to the Ni micro-wires plus CNTs 

shown by the EIS results. In addition, the TEM results showed that the end caps of the 

nanotubes are open, which would further increase the electrochemically active surface 

area of the CNT. TEM also revealed the presence of Ni nanoparticles attached to the 

nanotubes, another factor that can produce the increased activity observed. 

Electrochemical impedance spectroscopy (EIS) revealed very interesting results; 

it showed that the consolidated composite material has a relatively high capacitance, and 

this increase in capacitance was only notable for the consolidated composite material. 

The capacitance of the consolidated composite carbon material was compared to a 

commercial anode for a Li ion battery; it was found that the composite material had a 

higher capacitance almost double than that of the commercial anode. The increase in 

capacitance is attributed to the synergistic affect between the Ni micro-wires and the 

carbon nanotubes, due to the carbon nanotubes excellent electrochemical properties.  
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Deposition of Pt particles from a suitable combination of H2Cl6Pt solution on the 

consolidated composite carbon material produced electrodes with catalytic properties for 

hydrogen production. The hydrogen evolution reaction from Pt modified consolidated 

composite carbon materials showed that the electrocatalytic activity of these electrodes 

was significantly improved. The enhanced HER electrocatalytic activity observed on 

these electrodes was attributed to their chemical composition. Energy dispersive 

spectrometry was used to determine the chemical composition of the modified structure 

and to investigate the distribution of the elements on the electrode surface. The spectra 

showed characteristic peaks for Ni, C and Pt. 

The synthesis of this novel consolidated composite carbon material has shown 

that it can be used in various areas in science and technology. From the preliminary 

investigations in alkaline solutions, the high current density for HER, suggests they can 

be used as possible cathode electrodes for hydrogen production. Also due to their high 

capacitance the material can be possibly used as anodes for Li-ion batteries. 

5.1. Future work and recommendation 

Based on the analysis and conclusions of this study, a number of suggestions regarding 

priorities for future research directions and areas of investigation are listed: 

 

1. The template method is a useful approach for preparing nanomaterials. From this 

fundamental point of view it would be interesting to produce nanostuctures with 

smaller diameters (less than 100 nm) in order to explore more thoroughly the 

effects of size on the synthesis of the consolidated composite carbon material. 
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2. Investigate the synthesis of carbon nanotubes on the Ni wire arrays using different 

source gases such as methane and ethylene and observe what effect they have on 

the structure and properties of the composite material. 

3. Investigate different catalysts, to observe what effect a) nanowires made up of 

alloys, b) nanowires made up of separate metal columns and c) doping Ni wires 

with different metal catalysts have on CNT diameter, and/or morphology control.  

4. For cathode materials for HER, improving catalytic performance may be achieved 

by modifying the CNT surface with various combinations of transition metals 

such Pt-Pd, Zr-Pt and Ti-Pt. For anode materials for Li-ion batteries similar 

studies can be undertaken by modifying the surface with MoO2 and MnO2. 

5. Different applications of the consolidated nanomaterials could be identified by 

modifying the CNT with various other materials such as metals, alloys and 

polymers. 
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