
DOI: 10.1590/S1516-14392011005000059

*e-mail: evmorais@fisica.ufmg.br

Enhanced Electrochemical Activity Using Vertically Aligned Carbon Nanotube 
Electrodes Grown on Carbon Fiber

Evandro Augusto de Morais*, Gaston Alvial, Rafael Longuinhos, Jose Marcos Andrade Figueiredo, 

Rodrigo Gribel Lacerda, Andre Santarosa Ferlauto, Luiz Orlando Ladeira

Departamento de Física, Universidade Federal de Minas Gerais – UFMG,  
CEP 31270-901, Belo Horizonte, MG, Brazil

Received: April 11, 2011; Revised: July 8, 2011

Vertically aligned carbon nanotubes were successfully grown on flexible carbon fibers by plasma enhanced 
chemical vapor deposition. The diameter of the CNT is controllable by adjusting the thickness of the catalyst Ni 
layer deposited on the fiber. Vertically aligned nanotubes were grown in a Plasma Enhanced Chemical Deposition 
system (PECVD) at a temperature of 630 °C, d.c. bias of –600 V and 160 and 68 sccm flow of ammonia and 
acetylene, respectively. Using cyclic voltammetry measurements, an increase of the surface area of our electrodes, 
up to 50 times higher, was observed in our samples with CNT. The combination of VACNTs with flexible carbon 
fibers can have a significant impact on applications ranging from sensors to electrodes for fuel cells. 
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1. Introduction

Carbon nanotubes (CNTs) have specific physical and chemical 
properties, such as high electrical conductivity, high ratio aspect 
and high mechanical resistance, becoming a promising material for 
applications in a wide variety of fields1,2. In particular, the combination 
of its high conductivity and high surface area makes CNTs very 
attractive to be used as electrodes in electrochemical applications as 
well as electron field emission sources3-8. Specially, CNTs and carbon 
nanofibers (CNFs) have become key materials as electrodes in proton 
exchange membranes (PEM) fuel cells6-15. For instance, the intrinsic 
properties of carbon fibers such as high flexibility, mechanical and 
chemical stability can ensure a higher durability, versatility and 
lifetime of the electrode11,13. For instance, Maheshwari et al. have 
demonstrated the best performance in PEM fuel cell with CNTs 
coated onto carbon fibers8. Recently, supports using carbon fibers 
and carbon nanotubes have been used as electrodes in PEM fuel cells 
in order to overcome some issues related to carbon black supports. 
These limitations include mass transport at high current densities, due 
to dense structure of carbon black, and its susceptibility to hostile 
work environments of the PEM fuel cells11. Also, importantly, the 
possibility to improve cell efficiency and to promote cost reduction 
by decreasing the Pt catalyst loading is one of main advantages of the 
carbon fiber/paper-based electrodes9. Besides that, the interactions 
between the gases with the catalysts nanoparticles on the external 
wall of the CNTs are more efficient than those interactions at the 
internal porous of carbon black12. Another advantage related with 
the growth of CNTs on CFs, is the direct electron conduction due 
to the weak interaction between the deposited catalyst and the 
carbon substrate15. Additionally, a higher electron emission was 
also observed in CNT grown on carbon fibers compared to CNT 
on Si, revealing that multiwalled carbon nanotubes (MWCNTs) on 
carbon fibers has a great potential for emission displays5. However, 
the growth of VACNTs on carbon fibers still has not been deeply 
explored16-18 as observed on Si and other substrates19-21. VACNTs 
have some advantages when compared with the ones grown without 

any orientation. One of the most important is the lack of interaction 
between neighbor tubes, allowing the full exploration of the entire 
surface area of the CNTs as well as a more efficient and stable electron 
emission16,18. It is also to be expected that the fact that the nanotubes 
are vertically aligned would provide a more efficient coverage of 
its surface with Pt nanoparticles catalysis, and hence, improve the 
efficient of the PEM fuel cells22. In this context, we present in this 
work a systematic study of VACNTs directly grown on carbon fibers 
by plasma enhanced chemical vapor deposition (PECVD). Scanning 
electron microscopy images of our grown material are presented. 
Cyclic voltammograms were also performed to asset the improved 
performance of CNTs grown on the carbon fibers. 

2. Experimental

Commercially available hydrophobic carbon cloths (fibers) coated 
with PTFE, roughly 8.3 µm width, 1.75 g.cm–3 of density and 0.33 mm 
of thickness were used as flexible substrate to promote CNT growth. 
Here, CF names the non-treated carbon fiber and VACNT names 
the vertically aligned carbon nanotubes grown on carbon fibers by 
PECVD using Ni as catalyst particles. The synthesis process follows 
the same procedure described elsewhere23,24 (see schematic diagram 
in Figure 1). Initially, the fiber was covered with a layer of Nickel 
via thermal evaporation at 10–6 Torr. Then, we heated the sample 
(CF) with the previously desired thickness of Ni, in a low vacuum 
(5 × 10–2 Torr) chamber at 160 sccm ammonia flow. A d.c. bias of 
-600V was applied onto the substrate generating a plasma between 
the graphite stage electrode and the gas shower head. When the stage 
temperature reached about 530 °C, an acetylene flux (68 sccm) was 
introduced into the chamber in order to promote the growth reaction 
through C

2
H

2
 decomposition until the temperature reaches 630 °C. 

Therefore, under mixing ratio of 2.3 between NH
3
/C

2
H

2
, the CNTs 

grow vertically aligned due to the electric field generated by the 
plasma and substrate. The length and density of the CNTs grown 
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the carbon fibers without nanotubes resulting in a poor coverage, i.e., 
the quantity of nanotubes per area. Besides this, the growth time was 
not sufficient to reach the maximum expected length of the nanotubes. 
By increasing the reaction time to 30 minutes, an improvement of 
the growth can be observed, as can be seen in Figure 3b. In spite of 
the fact that a higher density was obtained, still some non-uniformity 
can still be seen on the fiber surface. This behavior can be attributed 
to a non-homogenous Ni layer deposited on the CF and/or inefficient 
Ni-island formation (less than 100 nm of diameter) during annealing 
that was done before the plasma growth process, where probably the 
Ni-island does not reach the catalytic condition. SEM images, showed 
in Figure 3c, reveal that after 40 minutes of growth the best condition 
were reached. These conditions obtained lengths up to 3 µm and a 
forest of well aligned nanotubes, despite unfavorable conditions for 
CNT grown on porous carbon fibers which are often tangled25. 

on the fiber is dependent upon the time of the reaction. Using this 
procedure we prepared six samples with different Ni layers and 
reaction times. Sample identification and their preparation parameters 
are shown on Table 1.

For all samples, scanning electron microscopy (SEM) images 
of both CF and VACNT samples were taken with FEG – FEI – 
2006 microscope (voltage 200 V-30 kV) equipped with energy-
disperse secondary analysis system (EDS). In order to verify the 
electrochemical efficiency of our samples we performed voltammetric 
cycles using an Autolab PGSTAT 20 Potentiostate/Galvanostate. For 
this, a homemade cell was build using a platinum plate as counter 
electrode and Ag/AgCl as a reference electrode. All sampled were 
tested in H

2
SO

4
 0.1 M between 0.2 and 0.8 V at 20 mV/s. Working 

electrode area for all experiments was 0.55 cm2. More details are 
presented in Figure 2. It is important to mention that, for the same 
sample, after 8 cycles all voltammograms were overlapped. For this 
reason, the analyses shown in this paper were carried out after 8 cycles 
of voltammograms.

3. Results

3.1. Morphology analysis

Figure 3 shows the images obtained by SEM of samples 2.a, 2.b 
and 2.c, which show the effect of the growth time on the synthesis of a 
VACNT. Figure 3a shows the growth of VACNTs after a reaction time 
of 20 minutes. It is to be noted that there is still a considerable area of 

 

Figure 1. Schematic diagram for growth of vertically aligned carbon nanotubes (VACNT) by PECVD.

Table 1. Sample identification list and synthesis parameters.

Sample 
number

Ni thickness 
(nm)

Reaction time 
(minutes)

Temperature of 
synthesis (°C)

1 8 40 630

2.a 15 20 630

2.b 15 30 630

2.c 15 40 630

3 30 40 630
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Figure 2. Schematic diagram of electrochemical cell: WE – working electrode, 
RE – reference electrode and CE – counter electrode.

Figure 3. SEM images of VACNT for: a) 20 minutes; b) 30 minutes; and c) 40 minutes growth times.

Figure 4. SEM images of VACNT on treated samples for different Ni thickness: a) 8 nm; b) 15 nm; and c) 30 nm.

Based on this initial synthesis study, the samples from now on 
will be produced at this condition, but with different Ni thickness. It 
is well known that the catalyst layer has an important influence on 
the growth, allowing the control of the CNT diameter and density26. 
SEM micrograph images shown in Figure 4a, b and c are related to 

three different Ni thicknesses: 8, 15 and 30 nm (see Table 1). As can 
be observed, the Ni thickness is directly related to the diameter of 
the CNTs. Also, Ni particles are presented at the top of the nanotubes 
which indicates the occurrence of top-growth method. SEM analysis 
indicates an average diameter of about 25 nm for sample 1, 60 nm for 
sample 2.c and 140 nm for sample 3. Along each sample, there is a 
distribution of CNTs diameters and length due to non-uniformity of 
Ni deposition on porous fibers. 

3.2. Electrochemical study

Cyclic voltammetry (CV) measurements were performed 
on treated (with VACNTs) and non-treated CF. The resulting 
voltammograms for all samples are presented in Figure 5. This 
figure shows an overall increase on the exchange charge during the 
voltammetric cycle, defined as the area covered by the voltammogram. 
Moreover, the charging process of the double layer capacitance at the 
working electrode is depicted by the current profile at the beginning 
of the cycle. This clearly shows an increase on both its absolute value 
and derivative. This indicates a strong enhancement of the effective 
electrode area, when compared to the carbon fiber. This effect is 
more pronounced in the cases of sample 2c and 3, both having 
larger CNT diameter. A diffusive peak is clearly observed in all CNT 
samples, while CF presents an almost pure resistive character, with 
very low charging current profile. Again, samples 2c and 3 present 
strongest diffusive peaks, indicating here a possible sensitivity of 
these electrodes to the first dissociation of sulfuric acid27, given the 
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process and because it is a measure of the deviation of reversibility 
that characterizes slow kinetics at the electrode. In other words, an 
increase in the active surface area is conveyed by a larger internal 
area of the voltammetric curve. Values for the internal area of the 
voltammograms curves as function of Ni diameter on top of nanotube 
are presented in Table 2. 

The surface area of carbon nanotubes samples is directly 
related to the average diameter of the tubes9. For isolated or well 
separated nanotubes, larger diameters correspond to smaller 
surface area and consequently to lower charge transfer in CNT-
based electrodes. However, for electrodes with highly entangled 
nanotubes, this correlation does not necessarily hold. Ionic species 
within the electrolyte may not have complete access to the entire 
CNT electrode surface28. In our samples, we have observed increase 
in charge transfer for treated samples in relation to non-treated 
(see Figure 5 and Table 2). For sample 1, a ~5× times increase in 
charge transfer is observed as compared to untreated carbon fiber 
sample (without nanotubes). However, when the CNTs diameter 
is increased (sample 2.c), a significant ~50× times enhancement 
in the electrochemical activity is observed, as compared with the 
untreated fiber sample. Although it is expected that CNT with a 
smaller diameter are likely to be more electrochemically active29, 
our results show an increase in electrochemical activity for CNT 
with larger diameter. However, the CV measurements are made in 
aqueous medium and the surface tension promotes the agglomeration/
collapse of CNTs, as shown in Figure 6. It is reasonable to assume 
that the degree of this agglomeration is inversely proportional to the 
diameter. In other words, a larger diameter would result in a smaller 
degree of agglomeration. So, sample 3 has a more effective charge 
transfer than sample 2.c that, in turn, has a better charge transfer than 
sample 1. This collapse of small diameter CNT is an undesirable effect 
due to the blocking of the CNT surface, making it less sensitive to 
electrochemical activity16,30. 

pH of the solution. In order to guarantee the presence of nanotubes 
in samples investigated, new SEM images were carried out after 
voltammetric study, Figure 6. These images now present bundles of 
nanotubes, forming an agglomerated cusp at the top, probably due to 
the surface tension associated to the presence of water in the sample. 
Similar images were observed by Ye et al16. 

For the non-treated electrode case, the voltammograms show a 
quasi linear profile, with small cycle area and no peaks produced. This 
means that, in this case, charge transfer processes are slow, indicating 
no relevant electrochemical activity. Conversely, treated electrodes 
present a classical behavior and shape. Due to the large cycle area, 
these curves clearly illustrate the catalyst behavior of the VACNT. 
At small voltage values in the forward part of the voltammetric cycle 
the current grows exponentially, indicating a strong electrochemical 
activity, which could be associated to fast charge transfer processes. 
We have shown in Figure 4 that the average diameter of the nanotubes 
is determined by the thickness of the catalyst Ni layer. It is then to be 
expected that changes in the CNT diameter would promote changes 
in the active surface of the samples (VACNTs), and consequently, 
on its electrochemical activity. In fact, the internal areas of the 
curves in Figure 5 are related to the efficiency of the charge transfer 

Table 2. Internal area of cyclic voltammograms for non-treated and treated 
samples as function of Ni thickness.

Samples Ni thickness 
(nm)

CNT diameter 
(nm)

Cycle area
(mC.cm–2)

CF - - 0.2

VACNT

8 25 1.6

15 60 9.8

30 140 11.0
Figure 5. Cyclic Voltammetry for non-treated and treated samples as function 
of Ni thickness.

Figure 6. SEM images for samples 1, 2c and 3 after Cyclic Voltammetry measurements.
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4. Conclusion

In this work, well aligned carbon nanotubes were grown directly 
on carbon fiber by PECVD. By controlling the growth conditions and 
the thickness of the Ni catalyst, electrodes with different surface areas 
and good homogeneities were obtained. Cyclic voltammetry analysis 
clearly show a strong increase in the area of the voltammograms, 
electrode activity up to 50 times greater when compared with 
respect to bare carbon fibers, demonstrating the effective surface 
area enhancement promoted by the large diameter VACNTs. The 
characteristics of flexibility and high mechanical resistance of carbon 
fiber in conjunction with the growth of VACNTS make this developed 
material attractive for use as electrodes for applications such as fuel 
cell, sensors, and others. 
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