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ABSTRACT : The effect of oxidation on the structural of MWCNTs through nitric acid has 
been studied. Raman spectroscopy analysis clearly revealed that the nitric acid treatment 
under reflux conditions suffered the highest degree of degradation and additional defect 
generation on the graphitic network and this would greatly aid the dispersion of CNTs in 
ethanol to form a stable and homogenous CNTs suspension. The amount of charger 
salt that was added into the suspension also influenced the microstructure of the 
CNTs films, as shown by the SEM analysis. SEM and -EDX analyses also revealed 
that deposition from lower concentration of charger salt in the CNTs suspension 
produced a more uniform CNTs film with lower magnesium and oxygen content 
compared to CNTs films deposited from higher content of charger salt suspension. 

KEYWORDS : Carbon nanotubes, coating, charger salt, electrophoretic deposition, 
deposition voltage 

139 



Siti Hajar Kasim and Abdul Hakim Hashim 

INTRODUCTION 

The discovery of buckyballs led to the discovery of other forms of carbon that are structurally 

related, for example, carbon nanotubes (CNTs), which are the third allotropic carbon form in 

addition to diamond and graphite. Carbon nanotubes are cylinder-shaped macromolecules 

with a radius as small as few nanometers, which can be grown up to 20 cm in length. The 

walls of these tubes are made of a hexagonal lattice of carbon atoms analogous to the 

atomic planes of graphite. They are capped at their ends by one half of a fullerene-like 

molecule (Burghard et al., 2005). There are two types of carbon nanotubes' morphology. One 

is single wall nanotubes (SWNTs) which consist of a honeycomb network of carbon atoms 

and can be visualized as a cylinder rolled from a graphitic sheet. On the other hand, 

multi-walled nanotubes (MWNTs) that are a coaxial assembly of graphitic cylinders generally 

separated by the plane space of graphite (Sayago et al., 2005). They have attracted scientific 

interest with a great number of potential applications in numerous areas because of their 

special properties and features. Carbon nanotubes (CNTs) have been demonstrated to be 

exciting new materials for electrode of electrochemical energy storage and conversion 

devices, owing to their unique internal structures, high surface area, remarkable chemical 

stability and electronic conductivity as well as light weight (Du et al., 2006). The aim of this 

research is to produce CNTs films on conducting electrode; especially for batteries and 

capacitor applications. 

The oxidation of carbon nanotubes (CNTs) has gained a lot of attention in an attempt to 

purify and also enhance the chemical reactivity of the graphitic network. Typically, through the 

oxidation treatment, the chemical modification promotes the opening of the tube caps and the 

formation of the functional groups at defects sites along the sidewalls. The pristine carbon 

nanotubes (CNTs) can be effectively purified and functionalized with oxygen-containing 

groups, mainly carboxyl and hydroxyl. The grafting of chemical functionalities on the carbon 

nanotubes surface, such as carboxylate, imparts negative charges and, therefore, creates 

the electrostatic stability required for a colloidal suspension. Nanotubes functionalized in this 

manner basically retain their pristine electronic and mechanical properties 

(Burghard et al., 2005 ). 

Electrophoretic deposition (EPD) is one of the processing method which is gaining interest 

as a simple and versatile technique for the production of coatings and films from carbon 

nanotubes. The technique allows the fabrication of coatings, thin and thick film of CNT 

on conductive substrates. EPD is achieved via the motion of charged CNTs, dispersed in 

suitable solvent, towards an electrode under an applied electric field {Aldo et al., 2006). EPD 

is a rapid, cost-effective method which requires simple equipment enabling material layers 

{thin and thick films) to be made in only seconds or minutes. EPD is essentially a two-step 

process. In the first step, particles suspended in a liquid are forced to move towards an 

electrode by applying an electric field (electrophoresis). In the second step, the particles are 
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collected at the electrode and form a coherent deposit (deposition). Deposition occurs only 
on conducting surfaces, however non-conductive substrates can be infiltrated by using EPD 
(Aldo et al., 2006). 

MATERIALS AND METHODS 

The nanotubes used in this study, purchased from Shenzen Nanoport (NTP), China, were 
made via Chemical Vapor Deposition (CVD). The nanotubes need to be purified, and this 
was done by refluxing the nanotubes with concentrated nitric acid (10.6 N) for 8 hours using 
refluxing apparatus. The nanotubes were then repeatedly washed with distilled water and 
filtered, followed by rinsing with absolute ethanol and drying at 50 °C for 5 hours. By 
doing this, the metallic impurities were removed. This process would functionalize the 
nanotubes with COOH. Furthermore, this treatment also introduces defects or imperfections 
onto the carbon nanotubes, thus providing sites for functionalization with various chemical 
components such as COOH, and OH. The functionalized multi-walled carbon 
nanotubes (MWCNTs) were analyzed by Raman Spectroscopy (RENISHAW) to ascertain 
the effect of acidic reflux treatment on the structure and the integrity of the nanotubes. 

5 mg of purified and functionalized nanotubes were then dispersed ultrasonically in 100 ml 
ethanol, by ultrasonic equipment (VCX 500, Sonics USA) with 50 % amplitude for 2 hours. 
In order to charge the carbon nanotubes, two different concentration of Mg(N03) 2.6Hp were 
added into the suspension as electrolyte for EPD which were 1.1 X 10 -5 mol and 3.4 X 10 -4 

mol, respectively. 

Two 3 cm X 5 cm stainless steel foils were used as electrophoretic deposition (EPD) 
electrodes (Figure 1), and were put in parallel at 2 cm distance facing each other into 
the suspension. An electric field with various DC voltages (10 V, 50 V and 100 V) were 
applied across the two electrodes using high voltage DC power supply (KENWOOD 
Regulated DC power supply, model PD110-5AD). The positively charged nanotubes were 
attracted toward the opposite polarity electrode resulting in CNT film on the respective 
electrode. 

The microstructure of the CNTs coated electrodes were investigated by high resolution 
Scanning Electron Microscopy (LEO 1525). The effect of different concentration of charger 
salt on the chemical composition of CNT films were analyzed by EDX. 
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Figure 1. Schematic diagram of the electrophoretic deposition of CNTs on the 

cathode of an EPD cell with planar electrodes 

RESULTS AND DISCUSSION 

Acidic Oxidative Treatment 

As reported earlier (Datsyuk et al., 2008) oxidation treatment with nitric acid to the CNT 

materials may cause major alteration in its structural properties. This treatment causes large 

population of defect sites and also introduces the carboxyl group into the sidewalls of the 

nanotubes. The above observation is in full agreement with the Raman spectroscopic result 

presented in this paper. Raman spectroscopy is a very valuable tool for the characterization 

of carbon-based nanostructures. The Raman spectra of pristine and treated MWCNTs 

excited with the 514 nm laser line are shown in Figure 2. Each of them consist of three 

characteristic bands, which are the D-band at -1350 cm·1, the G-band at -1580 cm·1 and 

the G'-band at -2700 cm·1• The D-band is a disorder induced feature arising from double 

resonance Raman scattering process from a non-zero-center phonon mode and it is usually 

attributed to the presence of amorphous or disordered carbon in the CNT samples. The carbon 

structural disorder is due to the finite or nanosized graphitic planes and other forms of carbon, 

such as rings along with defects on the nanotube walls, vacancies, heptagon-pentagon pairs, 

kinks and heteroatoms. The G-band originates from in-plane tangential stretching of the 

carbon-carbon bonds in graphene sheets. In Figure 2(b), the Raman spectra of the CNTs 

shows an increase of D-band after treatment with nitric acid. By integrating the areas of the 

D and G peaks, a significant enhancement of the corresponding ratio lil0 was estimated. 
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The lil0 ratio for pristine MWCNTs is 1.03 as opposed to the treated MWCNTs of only 0.92. 
This reduction in ratio occurred due to increasing intensity of the D-band which is caused by 
the defect of the CNTs. 
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Figure 2. (a) The Raman spectra of pristine MWCNTs 
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Figure 2. (b) The Raman spectra of functionalized WMCNTs 
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Colloidal stability of CNT suspension 

CNTs have a strong tendency to agglomerate due to their nano size and their 

respective high surface energy (V. Datsyuk et al., 2008). However, the introduction 

of chemical functionalities on the CNT surface, such as carboxyl groups, give 

negative charges to the CNTs and this will create the electrostatic stability that is 

required for the stability of the colloidal dispersion. This is confirmed by comparing the 

dispersion of pristine CNTs in both functionalized and pristine conditions, as shown in 

Figure 3. 

Figure 3. The suspension of (a) functionalized MWCNTs (b) pristine 

MWCNTs dispersed in ethanol 

Microstructure 

The charger salts, namely Mg(N03) 2.6H20 was then added into stable colloidal suspension. 

This will give positive charge to the nanotubes as a result of the adsorption of Mg2+, onto the 

nanotubes surface. Hence under an electric field, it moves towards the negative electrode 

of a stainless steel foil and was deposited to form a thin film. Two different concentrations of 

Mg(N03) 2 was used in this suspension. 

The EDX analysis of all samples revealed the existence of C, Mg and O in the coating. 

According to Pan et al., 2006, during electrophoretic deposition of CNTs, hydrogen 

gas evolved on the negative electrode surface. Since the Mg2+ was attached to the CNT 

surfaces, reaction occurred between Mg2+, water and hydrogen at the surface near to the 

deposition electrode, hence forming MgOH compound which was incorporated together into 

the coating. 

144 



Electrophoretic Deposition of Multi-Walled 
Carbon Nanotubes on Stainless Steel (SS) Foils 

The effect of deposition voltages on the morphology and structure of the coating can also 
be observed in Figure 4. At lower voltage (10 V), CNT film deposited showed some void 
and recesses on the substrate's surface. By increasing the deposition voltages to 50 V and 
100 V, it can be seen that CNTs film deposited has a uniform pore structure formed by the 
open spaces between entangled annotates, without clear voids and recesses. However, this 
observation can only been seen for the suspension with lower concentration of the charger 
salt. The microstructure of the thin film with higher concentration (3.4 x 10 -4 mol) of charger 
salt shows a non continuous coating, with cracks and recesses all over the surface. Elemental 
analysis by EDX exhibited a high count of Mg and 0, indicating the deposition of 
predominantly MgOH. 

Deposition Charger salt concentration 
Voltage 1.1 X 10-5 mol MgN03 

Volts 

50 

100 

Charger salt concentration 
3.4 X 10-4 mol MgN03 

Figure 4. SEM images at magnification of 30 000 x of functionalized MWCNTs 
films obtained by EPD on stainless steel foil with different concentration 
of Mg(N0:)2.6H20 
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The composition of elements analyzed by EDX is shown in Table 1 and Table 2 for film 

deposited from suspension containing higher and lower charger salts respectively. It can 

be seen clearly that films deposited from higher concentration charger salts suspension 

contained higher Mg and O content as compared to films deposited from lower concentration 

suspension. 

The films deposited from lower charger salt concentration suspension have a more consistent 

elemental composition, even though the deposition voltages were varied. However, 

significant effect of deposition voltages was observed on films deposited from higher 

concentration suspension. It can be seen that deposition at higher voltage favoured the 

film formation of increased oxygen content and decreased Mg. At this point we can only 

speculate the reason for that occurrences which was related to higher charger salt 

concentration as there was more OH ions (from dehydrated MgN03.0H) available in that 

particular suspension. Because of this, at higher deposition voltage, a lot more of hydrogen 

molecules evolve at the surface of the depositing electrode. Some reaction involving Mg 

ions and OH occurred to form MgOH. In addition, the high potential difference between the 

electrodes caused more electrons to flow out from the deposited CNTs. Through 

electrochemical reactions at the electrodes, the CNTs were further functionalized with OH 

functional groups, hence the higher composition of O in EDX analysis. 

Table 1. EDX analysis on CNTs Thin Film deposited from suspension with higher 

concentration of charger salt (3.4 X 10·4 mol) 

DEPOSITION AVERAGE WEIGHT AVERAGE ATOMIC 

VOLTAGE CONTENT PERCENT CONTENT PERCENT 

c Mg 0 c Mg 0 

10 12.91 35.63 51.47 18.66 .25.46 55.88 

50 11.82 25.33 62.85 16.53 17.5 65.98 

100 16.76 22.66 60.59 22.82 15.24 61.94 
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Table 2. EDX analysis on CNTs thin film deposited from suspension with lower 
concentration of charger salt (1. 1 X 10-5 mo/) 

DEPOSITION AVERAGE WEIGHT AVERAGE ATOMIC 
VOLTAGE CONTENT PERCENT CONTENT PERCENT 

c Mg 0 c Mg 0 

10 46.79 8.64 44.57 55.36 5.05 39.59 

50 45.92 8.11 48.35 . 54.38 4.74 40.88 

100 42.93 8.72 45.97 51 .39 5.16 43.45 

CONCLUSIONS 

Chemical . oxidation of MWCNTs with nitric acid causes more defect on the sidewalls of 
the tube and also introduce oxygen-containing group, for example, carboxyl group on the 
CNTs. This defect and carboxyl group increase the stability of CNTs in polar media, thus 
produced a very stable suspension of CNTs. Charger salt consisting of Mg ions was 
introduced into the suspension to charge the CNTs. By employing EPD method, a film of CNTs 
was obtained on the stainless steel foil. It was found that lower concentration of charger 
salt in CNTs suspension was more suitable and produced a more uniform pore structure 
coating compared to the deposition of CNTs with higher charger salt concentration. Lower 
concentration of charger salt in CNTs suspension produced CNTs films with lower Mg and O 
content. 
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