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Abstract—This work was an attempt to synthesize multi walled carbon nanotubes (MWCNTs) via chemical vapor deposition (CVD) method and chemically modify 

their surface wettability to enhance their energy storing capability. The as-grown sample was subjected to simple alkali/acid treatments, which results in the attachment 

of amide and carboxylic functional groups and the electrochemical analysis of the resulting electrode reveals about 290% pseudocapacitance contribution to the elec-

trochemical double layer (EDL) capacitance in aqueous H2SO4 electrolyte. Highest specific capacitance of 86 F/g was recorded in aqueous KOH due to double layer 

capacitance only. Cyclic voltammograms of the sample reveals stable pseudocapacitive and S-shaped rectangular curves and the resulting charge/discharge profiles 

shows straight triangular lines. These outcomes may suggest possible application of these materials as potential electrode for both pseudocapacitor and electrochemical 

double layer capacitor (EDLC). 

Index Terms— CVD, MWCNTs, surface wettability, functional groups, EDLC, pseudocapacitor 

                                                                 ——————————      —————————— 

1 INTRODUCTION 

The need for energy storage has necessitated intensive re-

search in search of potential electrode materials for superca-

pacitor. Supercapacitors can store electric energy electrostati-

cally via charge adsorption between the surface of a conduc-

tive electrode and an electrolyte, and through fast electron 

transfer which is achieved by redox reactions, the two types 

known as electrochemical double layer capacitors (EDLCs) 

and pseudocapacitors, respectively, [1]. Generally, higher 

capacitance was recorded for pseudocapacitors because the 

redox reactions can occur both on the surface and interior of 

the electrodes, while higher rate capability and satisfactory 

cycling life was observed for EDLCs [2]. Carbon nanotubes 

(CNTs) are attracting attention in the field of electronics as 

promising electrode materials for supercapacitor, because 

they possess good electrical conductivity and pore sizes suit-

able for storing electrolyte ions [3]. However, non-linearity of 

the specific surface area and pore size of CNTs with specific 

capacitance were also reported, which made it necessary to 

attribute capacitive contribution from other factors, such as 

attached oxygen containing functional groups (OFG) and 

nitrogen containing functional groups (NFG). Experimental 

observations have revealed that the influences of these moie-

ties on the capacitance of CNTs have outweighed that of spe-

cific surface area. Attachment of functional groups on CNT 

matrix was observed to enhance their surface wettability 

which improves ion migration and greatly reduces the mass 

transfer resistance, making it easier to form electrochemical 

double layer (EDL) [4]. Reports on the specific capacitance of 

functionalized MWCNT electrodes tested in aqueous H2SO4 

and KOH revealed pseudocapacitance and electrochemical 

double-layer capacitance, respectively, in their cyclic volt-

ammograms (CVs). Specific capacitance (Cs) of 91 F/g, 104 

F/g, 160 F/g and 68.8 F/g were reported of acid functional-

ized MWCNTs tested in H2SO4 electrolyte, while in aqueous 

KOH electrolyte, 80 F/g, 90 F/g, 140 F/g and 68 F/g were re-

ported [5].  

In the current report, MWCNTs are grown via chemical va-

por deposition (CVD) pyrolysis of C6H14/N2 feedstock on 

iron rich Fe2O3/Al2O3 catalyst. Chemical treatment is em-

ployed to attach OFG and NFG on the as-grown MWCNTs. 

The physico-chemical properties of the materials are ana-

lyzed using X-ray diffraction (XRD), field emission electron 

microscopy (FESEM) and high resolution transmission elec-

tron microscopy (HR-TEM). The attached functional groups 

are investigated using Fourier transformed infra-red (FT-IR) 

analysis and the electrochemical performance of the result-

ing MWCNT electrode tested in 1.0 M H2SO4 and 1.0 M KOH 

electrolytes.  

 

2 MATERIALS AND METHODOLOGY 

 

2.1 Catalyst Preparation 

 

Appropriate amounts of Fe(NO3)3.9H2O and Al(NO3)3.9H2O 

(98%; Fisher) precursor salts were dissolved in 100 mL dis-

tilled water in a conical flask and stirred for 30 minutes, the 

resulting mixture was stirred for two hours, and left for anoth-

er 24 hours, in order to achieve homogeneity. The nitrate solu-

tion was then dried for 48 hours at an adjusted temperature of 

90•C. Calcination was performed in a Vulcan furnace at 450•C 

under air circulation for two hours, at a heating rate of 

5•C/min. to obtain the desired Fe2O3/Al2O3 catalyst matrix.  
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2.2. CNT Synthesis 

A split type horizontal furnace (LT Furnace STF-30-1200 mod-

el) was used in the pyrolysis of C6H14/N2 feedstock on the 

Fe2O3/Al2O3 catalyst matrix at 850oC, under nitrogen gas flow 

rate of 100 mL/min. About 1.0 gram of the catalyst powder 

was loaded in an alumina boat and the pyrolysis time was set 

for 60 min. at 0.06 mL/min., resulting products were then 

cooled and scraped into sample bottles until required. 

 

2.3. CNT Acid Treatment  

The alkali-acid treatment employed is in accordance with the 

report of Weng et al [6]. About 50 mg of the as-grown 

MWCNTs sample is mixed with 40 mL of 4 M NaOH solution 

at 50oC and stirred with a magnetic stirrer for two hours. 

Aluminum complex precipitate is formed and removed by 

decantation and resulting residues batched washed with dis-

tilled water via centrifugation, until the solution is clear. Re-

sulting solid MWCNT sample is then dried and dissolved in a 

mixture of concentrated H2SO4/HNO3 solution (3:1) ratio, ul-

trasonicated for one hour at 60°C; batch washed with distilled 

water via centrifugation to obtain a neutral solution. The solid 

content is finally dried for four hours at 150°C and stored in 

sample bottles until required. 

 

2.4. Catalyst and MWNT Characterization   

 

The X-ray diffraction patterns of the prepared catalyst was 

obtained using an X-RD-6000 powder diffract meter of CuKα 

radiation (λ = 0.15406 Ȧ) operated at 40 kV and 30 mA at 4•C 

min-1. Morphology of the sample MWCNTs was analyzed us-

ing a field-emission-scanning electron microscope (FESEM) 

(FEI Nova Nanosem 230), operated at 15 kV and a Zeiss EM 

902A high resolution transmission electron microscope. At-

tached functional groups were investigated using Fourier 

transformed infra-red analysis. An Auto lab 

PGSTAT204/FRA32M module was used in the electrochemical 

analysis, using a three-electrode cell. The working electrodes 

consisted of treated MWCNTs coated on a glassy carbon elec-

trode (GCE) and were tested in 1.0 M H2SO4 and 1.0 M KOH 

electrolytes. Pt. wire and Ag/AgCl/saturated served as counter 

and reference electrodes, respectively. In preparing the CNT 

electrode, about 10 mg of powdered CNTs was dispersed in 10 

mL of distilled water and sonicated for 15 min. in an ultrasonic 

bath, to obtain a stable suspension. About 5 μL of the suspen-

sion was drop casted on a bare glassy carbon electrode (GCE), 

using a micropipette and the MWCNT-GCE electrodes were 

left to dry at room temperature. Cyclic voltammetry tests were 

conducted at scan rates of 0.01 Vs-1, 0.02 Vs-1, 0.03 Vs-1, 0.05 Vs-

1, 0.1 Vs-1 and 0.2 Vs-1; potential windows were set from 0.0 V 

to 1.0 V, and 0.3 V to 1.0 V in the aqueous 1.0 M H2SO4 solu-

tion, while -0.2 V to 0.6 V was set in aqueous KOH solution. 

Charge-discharge tests were set at around 1.0E-5 V to -1.0E-5 

V. Quantitative evaluation of the charge storage ability of the 

MWCNTs were determined by the electrode mass (m), poten-

tial window (∆E) and the voltammetry charges (Q), from 

which the specific capacitance (Cs) were calculated using equa-

tion 1.  

                                                     
s

Q
C

E m

 

                                             

(1) 

The voltammetry charge (Q) was estimated from the sum of 

the anodic and cathodic charges, by dividing the integral area 

of the CV curve (A) with the CV scan rate [7], using an 

OriginPro 9.0 64 Bit. Software.  

 

3. RESULTS AND DISCUSSION 

 

3.1 Physico-chemical Analyses of Catalyst  

X-RD analysis of the sample catalyst revealed diffraction 

peaks at 2ϴ = 24.3•, 33.2•, 35.6•, 41.1•, 49.6•, 54.2•, 62.6• and 

64.2•, which were attributed to (012), (104), (110), (113), (024), 

(116), (214) and (300) reflections of hematite iron oxide, α-

Fe2O3, respectively, (JCPD no. 03-0664) [8], as shown in Figure 

1. This result shows that the Al2O3 phase was incorporated into 

the crystal phases of Fe2O3 at 450oC, as evidenced by the 

broadening of the XRD reflections.  

 

 
Figure 1: X-RD profile of as-prepared Fe2O3/Al2O3 catalyst 

showing different phases of α-Fe2O3 in which Al2O3 was incor-

porated. 

 

The FESEM image of the catalyst sample in Figure 2 revealed 

nanometer sized pellet of particles with few larger agglomera-

tions and the resulting EDS elemental analysis (inset) indicat-

ed the presence of only the original elements (O, Al and Fe) in 

the sample, suggesting high crystalline purity [9].  
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Figure 2: FESEM image of the Fe2O3/Al2O3 catalyst matrix 

showing nanosized pellet particles, inset was the resulting 

EDS profile showing the original O, Al and Fe elements.  

3.2 Physico-chemical Analysis of MWCNTs 

The XRD profile of the as-grown MWCNTs was displayed in 

Figure 3, in which the 2ϴ (degree) diffraction peaks at approx-

imately, 26.6 was attributed to hexagonal C (002) (JCPDS file 

no. 75 – 1621); α-Fe2O3 reflections occur at 35.3, 45.2, and 49.3 

in the (200), (332) and (024) phases, respectively, [10]. The 

peaks appearing at 37.8 and 43.0-43.9 are reflections of γ"-FeN 

in the (111) and (200) directions, respectively, [11]. Peaks at 

39.9, 40.8 and 48.8 were patterns of Fe3C in the (002), (201) and 

(200) phases, respectively, (JCPDS file no. 34 – 1), and the 

strong peak at 44.8 was attributed to α-Fe (110)/Fe3C (220) 

overlap (JCPDS file no. 6 – 696) *12+. Reflections of α-Al2O3 

appeared at 46.0 and 66.7 in the (221) and (440) directions 

(ICDD file no. 10 - 0425) [13] while diffraction at 65.1 was a 

reflection of α-Fe (200) and agreed with (JCPDS file no. 6 – 

696) *12+. The appearance of γ"-FeN and Fe3C moieties was in 

agreement with the spin density functional theory, which re-

vealed that both nitrogen and carbon atoms can occupy tetra-

hedral sites in the close-packing structure of Fe lattices via 

strong p-d covalent bonding, and stability of the composites 

were sustained through charge transfer to nitrogen and carbon 

atoms. Their appearance was also an indication that the 

MWCNT growth occurred on surface of the reduced catalyst, 

and the N, C and H atoms might have been generated by the 

decomposition of C6H14/N2 feedstock on the Fe2O3/Al2O3 cata-

lyst matrix during CVD pyrolysis [14].  

 

Figure 3: X-RD patterns of the as-grown MWCNTs showing 

presence of carbides and nitrides, suggesting that growth oc-

curred on elemental metals.  

The FESEM and TEM images of the as-grown MWCNTs sam-

ple were displayed in Figure 4 (a) and (b), respectively. The 

external morphology of the materials showed highly dense 

and entangled network of MWCNTs (Figure 4a), while the 

internal morphology revealed high purity image (Figure 4b).  
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Figure 4: (a) FESEM image of the MWCNTs showing entan-

gled network (b) TEM image showing high purity internal 

morphology. 

High resolution transmission electron microscopy analysis of 

the samples also revealed long tubes of high purity MWCNT 

image, as shown in Figure 5a, while 5b revealed stacking of 

the graphene basal planes parallel to the tube axis, one carbon 

thick (0.33 nm).  

 

 

Figure 5: (a) HR-TEM images showing long tubes of high puri-

ty (b) HR-TEM images showing an enlarged MWCNT with 

stacking of the tube axis 0.33 nm thick. 

The Raman profile of the as-grown MWCNTs showed weak 

D-band at 1351 cm-1, and a strong G-band peak at 1582 cm-1 

with resulting ID/IG ratio of 0.2, suggesting high graphitiza-

tion or low impurities in the sample.  

 

Figure 6: Plot of Raman profile of the synthesized MWCNTs 

showing important features, absence of RBM peak confirmed 

them multi walled.   

The G'-band peak at 2697 cm-1 was an indication of high de-

gree of long range order in the sample [15]. Another interest-

ing observation was the weak peak appearing at 2472cm-1, 

which suggested good quality experimental control [16].  

The HR-TEM image of the treated MWCNT sample and the 

resulting FT-IR profile are shown in Figure 7 (a) and (b), re-

spectively. Image of the treated sample indicated broken and 

defected tubes, which may suggest presence of attached 
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functional groups, as confirmed by their FT-IR profile. In the 

FT-IR profile, peaks appearing in the range 1600 cm-1 – 1699 

cm-1 correspond to stretching vibration from amide carbonyl 

functional group (-C=ONHR) [17] and reflection from 1000 

cm-1 to 1300 cm-1 was attributed to a bending vibration from -

COOH moiety. 

 

 
Figure 7: (a) HR-TEM image of MWCNTs after treatments 

showing broken tubes and side defects (b) FT-IR profile of 

the acid/alkali treated MWCNTs showing attached OFG and 

NFG. 

The O-H stretching vibration appeared at 3060 cm-1 - 3744 

cm-1 due to ambient atmospheric moisture or oxidation [18]. 

Peak reflection in the range 500 cm-1-850 cm-1 was attributed 

to α-Fe oxide phase [19]. This result was an indication that 

oxygen containing functional group and nitrogen functional 

group were successfully attached on the surface of the 

MWCNTs. It was observed that the O and N atoms in the 

functional groups may both act as electron donors when 

they interact with the CNT matrix, using their available elec-

trons in the formation of delocalized π-bonds with the adja-

cent carbon atoms of CNTs [20]. The functional groups were 

known to enhance the electrochemical properties of CNTs 

via surface wettability.    

3.3 Electrochemical Analysis of the CNT Electrode 

Table 1 was the recorded specific capacitance of the sample 

CNTs estimated from the integral area of the CV curve and 

the charge at different scan rates, in acidic and alkaline elec-

trolytes.  

TABLE 1 

SPECIFIC CAPACITANCE OF ACID/ALKALI TREATED 

MWCNTS TESTED (A) FROM 0.0 V – 1.0 V, (B) FROM 0.3 V 

- 1.0 V IN 1.0 M H2SO4 AND IN 1.0 M KOH FROM -0.2 V TO 

1.0 V.  

Scan 

Rate 

(V/s) 

Specific Capacitance (F/g) 

1.0 M H2SO4 

(a) 

1.0 M H2SO4 

(b) 

1.0 M KOH 

0.01 173 32 71 

0.02 157 35 78 

0.03 150 39 83 

0.05 140 36 86 

0.1 126 38 86 

0.2 110 38 84 

 

In 1.0 M H2SO4 (a) the potential window was opened from 

0.0 V to 1.0 V in which the highest Cs. of 173 F g-1 was ob-

tained at the lowest scan rate of 0.01 V s-1, and a low capaci-

tance of 44 F g-1 at 0.03 V s-1 was obtained when the potential 

window was reduced to 0.3 V – 1.0 V, where only electro-

chemical double layer (EDL) capacitance was suspected, as 

recorded in 1.0 M H2SO4 (b). Outcome of this analysis indi-

cated about four times (293%) increase in the Cs., due to 

pseudocapacitance contribution of the OFG and NFG moie-

ties. However, the specific capacitance was observed to de-

crease with increasing scan rate, which was attributed to 

degradation of the functional groups in the acidic medium. 

In H2SO4 (b), the specific capacitance showed a fluctuation 

decrease at 0.02 V s-1 and 0.05 V s-1 scan rates, suggesting 

either a decrease in the concentration of H+ ions or the elec-

trode might have moved slightly due to increase in current. 

In 1.0 M KOH electrolyte the Cs. recorded for the MWCNT 

electrode was 86 F/g at scan rates of 0.05 V s-1 and 0.1 V s-1 

which is about twice the value obtained in the 1.0 M H2SO4 

(b). These results indicated that although high Cs. was rec-

orded in H2SO4 (a) in Table 1, due to pseudocapacitive con-

tribution, however smooth electrode-electrolyte interaction 

were observed in the EDL of H2SO4 (b) and 1.0 M KOH, as 

their Cs. increases fairly with increase in scan rate. 

Figure 8 were CV plots of the functionalized MWCNT sam-

ple, tested in 1.0 M H2SO4 from 0.0 V to 1.0 V and 0.3 V to 1.0 

V represented in (a) and (b), respectively. CV curve of the 

same sample tested in 1.0 M KOH from -0.2 V to 0.5 V was 

displayed in Figure 8 (c). All the CVs revealed increase in 

current-potential response in conformity with Rondles-

Sevcik law. The CV curve of the sample in Figure 8 (a) 

showed enhanced current-potential responses with pseudo-
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capacitive behavior, indicating high power and possible ap-

plication for pseudocapacitor [7]. The essence of pseudo-

capacitance observed in 1.0 M H2SO4 (a) may be due to the 

fact that, in this medium, the functionalized MWCNT elec-

trode forms the negatively charged cathode which was sur-

rounded by the hydronium ions (H3O+) of the acid.  

 

 

 

 
Figure 8: (a) Plot of cyclic voltammograms of the treated 

MWCNT electrode tested in 0.1 M H2SO4 in the 0.0 - 1.0 V 

potential windows (b) Plot of cyclic voltammograms of the 

treated MWCNT electrode tested in 0.1 M H2SO4 0.3 - 1.0 V 

potential windows (c) Plot of cyclic voltammograms of the 

treated MWCNT electrode tested in 1.0 M KOH in the -0.2 – 

0.5 V potential windows.   

When a strong electric field is applied, the bond lengths and 

bond angles of functional groups on CNT surface and H3O+ 

will be reduced, bringing the two molecules closer to each 

other, such that their electron clouds interact. Consequently, 

electrons may be shifted from the functional group to the O 

atom of the H3O+, making it a negatively charged center [21].  

Figures 8 (b) and (c) showed stable rectangular S-shaped 

curves typical of an EDL up to scan rate of 200 mV/s, sug-

gesting suitable potential as electrode for EDLC [22]. In 

aqueous alkaline KOH electrolyte, the small size and large 

polarization intensity of K+ (3.31 Å) hydrated ions was re-

ported to facilitates high charge density of an EDL. The ab-

sence of visible redox peak in the resulting CV was because 

the attached function groups might have inhibited the mi-

gration of the hydrated K+ into the pores of the CNT, forcing 

them to diffuse into the bulk solution of the EDL. This was 

responsible for the S-shaped CV, in which K+ ions were ob-

served to form an inner Helmholtz layer (IHP) with elec-

trode surface at low potential. In the middle potential, the 

interfacial tension reached maximum, dispersing the K+ ions 

as the functional groups channel their diffusion into the bulk 

EDL solution due to steric hindrance which results in low 

capacitance. At high potential, the K+ are then squeezed giv-

ing rise to insertion/deinsertion reactions in the pores of elec-

trode which generate additional capacitive contribution [23]. 

Resulting plots of charge/discharge curves for the MWCNT 

electrode in the acidic and alkaline media were represented in 

Figure 9 (a) and (b), respectively. The profiles revealed stable 

triangular straight lines and the corresponding 

charge/discharge occurred in about of 60 seconds in 1.0 M 

H2SO4 and 45 seconds in 1.0 M KOH, which was also a sugges-

tion that the materials may be suitable as supercapacitor elec-

trode [7]. 
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Figure 9: (a) Plot of charge/discharge curves for MWCNT elec-

trode tested in 1.0 M H2SO4 showing estimated 60 seconds 

duration (b) Plot of charge/discharge curves for MWCNT elec-

trode tested 1.0 M KOH, showing estimated 45 seconds dura-

tion. 

 

4. CONCLUSION  

Introduction of functional groups results in about 293% in-

crease in the specific capacitance of the MWCNT electrode 

tested in 1.0 M H2SO4 electrolyte from 0.0 V to 1.0 V potential 

window. Stable rectangular S-shaped EDL CVs were obtained 

from 0.3 V to 1.0 V in 1.0 M H2SO4 and from -0.2 V to 0.5 V in 

1.0 M KOH suggesting smooth electrode-electrolyte interac-

tions, as their Cs. fairly increases with increasing scan rate. The 

electrode also showed straight triangular charge-discharge 

curves in both electrolytes. These observations may suggest 

that the functionalized MWCNTs may be potential electrode 

materials for electrical double layer capacitor in 1.0 M KOH 

and for pseudocapacitor in 1.0 M H2SO4. 
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