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ABSTRACT 
 
Carbon nanotubes (CNTs) were directly grown on cobalt-coated aluminum foil by 
chemical vapor deposition. They were subsequently grown within the carbon 
nanotube aluminum foil electrodes by chemical vapor deposition at different 
temperatures and durations with aluminum powder/graphite powder and/or CH4. 
Thus, negative electrodes were obtained. Subsequently, alumina was deposited 
onto aluminum carbide grown within carbon nanotube aluminum foil by a 
chemical liquid phase deposition method and positive electrodes were obtained. 
Finally, a negative electrode coated with solid conducting polymer electrolyte 
(poly-3, 4-ethylenedioxythiophene) was assembled with a positive electrode into 
an aluminum capacitor. The capacitance for aluminum carbide grown at 590°C 
was lower than that of aluminum carbide grown at 540°C. Furthermore, the 
decreasing rate of capacitance for aluminum carbide grown for one hour was 
lower than that of aluminum carbide grown for three or five hours. The decreasing 
rate of capacitance for aluminum carbide grown with aluminum powder/graphite 
powder and CH4 was lower than the others examined. 
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INTRODUCTION 
 
Aluminum electrolytic capacitors have been widely used as 
power supplies for all types of electronic equipment 
including automobiles, computers, monitors and other 
electronic components. The aluminum electrolytic 
capacitor consists of aluminum anode foil - on which an 
oxide is prepared by an electrochemical oxidation process 
- a suitable electrolyte and aluminum cathode foil. The 
capacitance of the aluminum cathode foil is much higher 
than the aluminum anode foil such that the applied 
potential appears mainly on the aluminum anode foil, 
which determines operation potential and capacitance 
(Goad and Uchi, 2000; Kang et al., 2005). Thus, we were 
concerned principally with the anode electrode. In order to 
improve the adhesion of carbon nanotubes (CNTs) and 
then enhance operational stability of aluminum capacitors, 
an interposition layer (aluminum carbide) was formed in 
this study. 

CNTs quickly rise to the surface and do not participate in 
the chemical reaction as a result of the poor wetting 

properties of CNTs and differences in their densities when 
CNTs are mixed into melting Al. However, the Al before or 
after melting reacts with carbon due to negative free 
energy of Gibss (Chunfeng et al., 2007). Due to relatively 
low free energy of Gibss (-12.7 kcal at 298 K), aluminum 
carbide is easily formed at the interface of Al as well as, 
CNT layers and reactions generally occur at locations 
containing an amorphous carbon coating at defect sites 
and at open ends of CNTs (Ci et al., 2006).  

The formation of aluminum carbide is confined to the 
Al/nanotube interface and CNTs synthesized by chemical 
vapor deposition (CVD) have a few defects as well as 
significant amorphous carbon coating on the tube surface, 
which promote the precipitation of an Al4C3 layer (He et al., 
2009). CNTs synthesized by CVD as well as Al powder 
were heat-treated to form aluminum carbide at different 
temperatures (800 to 1250oC) and the amorphous carbon 
layer initially reacted homogenously at the CNT surface to 
form   a   uniform   Al4C3   film.  Reactions may be limited by  
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diffusion through this film. However, at sufficiently high 
temperature, this film continued to grow until an Al4C3 
nanowire was produced (He et al., 2010). Two different 
types (dumbbell and tube) of aluminum carbide were 
observed in the boundary zone and dumbbell-shaped Al4C3 
originated from the CNT tips, whereas tube-shaped Al4C3 
originated from defective CNTs (Kwon et al., 2010). 
Aluminum carbide did not form during the mechanical 
alloying process and the milled (20 mm steel balls, ball-to-
powder weight ratio = 10/1 and 600 rpm of rotational 
speed) powder was then annealed at temperatures higher 
than 300°C in order to form Al4C3, which increased with 
increasing annealing temperatures. High defect due to the 
formation of nanostructure aluminum as well as the 
nanocrystalline carbon produced during milling can 
ensure large reaction interface areas between C and Al 
enhance their diffusion rates through aluminum carbide 
causing a decrease in the reaction temperatures (Sharifi et 
al., 2012).  

CNTs were first milled (0 to 5 h and 1200 rpm) alone, 
thereafter, a mixture of 10 volume % CNT/Al was also 
milled (2 wt. % stearic acid added as a process-control 
agent to avoid excessive sticking as well as, agglomeration 
of Al for 0.5 to 5 h and 1200 rpm in an Ar atmosphere) and 
the milled powder was annealed at 630°C under vacuum 
for one hour (Poirier et al., 2009). A mixture of Al powder 
(48.5 g, 99% purity, 150 μm maximum particle size) and 
carbon black (1.5 g, 99% purity, 2.4 μm mean particle size) 
was mechanically alloyed (10 mm steel balls, ball-to-
powder weight ratio = 6/1.2 wt. % process control agent 
added, 20 h and 450 rpm in an Ar atmosphere) and the 
milled powder annealed at 650°C for twenty hours (Arik et 
al., 2006). C60 powder (98%) and two Al sheets (99.95%) 
were used as carbon and Al sources, respectively. C60 
possessed higher activity and a lower sublimation 
temperature in comparison with other carbon materials. 
When the system was annealed to 350°C, plenty of C60 
molecules sublimated and deposited onto the Al microballs 
(1 to 2 μm), which were covered by a tungsten foil (99.9%) 
that was used as a substrate to form a high quality 
textured C60 thin film with many nanoholes. With the 
temperature increasing, the textured C60 thin film was 
prone to amorphization because of the existence of 
residual oxygen in the system and then reacted with Al to 
form aluminum carbide textured thin film (Sun et al., 
2011). 

In order to improve the adhesion between an active 
substance layer (carbon-containing) and aluminum 
materials, interposition layers (Al4C3) were formed 
between the carbon-containing layer and the aluminum 
materials by different hydrocarbon-containing substances 
(C2H2, CH4, C2H2+Ar and CH4+Ar), at temperatures of 540, 
590 and 620°C for 10 and 60 h, respectively. The resulting 
materials were then annealed at 620°C for 2 h (Ro and 
Ashitaka, 2005; Ro et al., 2009).  

Carbon-coated aluminum nanopowders were 

synthesized by laser-induction plasma arc heating (bulk 
pure Al melted and then vaporized) as well as pyrolysis of 
methane and simultaneously Al4C3 was formed (Guo et al., 
2007). Al-CNT composites were fabricated by hot-pressing 
of the 1 wt. % and 4 wt. %, as well as 10 wt. % CNTs and 
35 g Al powder and simultaneously AlC or AlC2 was formed 
(Xu et al., 1999).  

The aluminum composite dispersion strengthened by 
Al4C3 particles was prepared by mechanical alloying and 
the carbide content was in the range of 2.5 to 12 vol. % 
(Besterci, 2006a). Al4C3 precipitation starts when the Al/C 
powder is milled at least 6 h as well as, heated until 550°C 
and the volume fraction of Al4C3 increases with increasing 
milling time (Birol, 2008). The transformation efficiency 
(100%) of carbon to Al4C3 by heat treatment (3 h and 
550°C) of Al powder with porous furnace black (a1) is 
higher than that of the hard cracked graphite since the 
porous carbon type is incorporated into the matrix by 
friction during milling; its distribution is even and 
clustering is small; however, the hard graphite resists 
disintegration and the granules are large (Besterci, 
2006b).  

The transformation efficiency (dependent on 
temperature, hold time and carbon type) of carbon to Al4C3 
by heat treatment (550°C and 3 h) of Al with the porous 
furnace black (made by incomplete burning of 
carbohydrates at low temperatures) could reach about 
100% and the homogeneity of carbide distribution as well 
as, the amount of contact surface area would influence the 
transformation kinetics of Al+C into aluminum carbide 
(Besterci, 2006a).  

In the polyester binder-assisted (PBA) method, 
polyethylene glycol was expected to both disperse and 
bind CNTs on Al powder surface. The number of defects 
apparently increased in the CNTs after high energy ball-
milling and the CNT dispersion in the high energy ball-
milled sample was better than that in low energy ball-
milled or PBA samples (Liao and Tan, 2011). When 
aluminum foil (99.3% and 50 μm thickness) was annealed 
at 823 K for 25 ks in a hydrocarbon gas atmosphere, 
aluminum carbide was formed as a result of the chemical 
reaction between aluminum and carbon at the interface 
and the whiskers generated on the aluminum carbide 
cores successfully fixed carbon particles on the aluminum 
foil without any binder (Lu et al., 2004a). The carbon 
particles (~1 μm in diameter) were stucked to aluminum 
carbide whiskers strongly and substantially, the whiskers 
as well as, aluminum foil seem to be one body and the 
capacitance of the material increased with the thickness of 
the carbon layer (Lu et al., 2004b).  

The most important parameter influencing the growth 
rate and the amount of aluminum carbide is infiltration 
temperature. The degree of graphitization of the carbon 
fibers determines the fiber’s reactivity to the 
heterogeneous nucleation of aluminum carbide which is 
associated    with   surface   defects   on   carbon   fibers,  for  



 
 
 
 
example, exposed edges of graphite basal planes that 
exhibit carbon atoms with uncompensated high energy 
electron bonds (Etter et al., 2007).In order to find better 
cyclic stability and capacitance of aluminum capacitors, 
aluminum carbide was grown within carbon nanotube 
aluminum foil electrodes by chemical vapor deposition at 
different temperatures as well as, durations with 
aluminum powder/graphite powder and/or CH4 in this 
research. 
 
 
MATERIALS and METHODS 
 
Aluminum foil (10 × 5 × 0.001 cm3, purity 99.98%) 
decreased in acetone for 5 min. In order to remove the 
oxide layer from its surface, it was then immersed in 1 M 
aqueous NaOH for 2 min and subsequently rinsed with de-
ionized water. Next, it was rinsed ultrasonically with 
alcohol for 15 min. 

Before carbon nanotube growth, the cobalt (Co) catalyst 
particles were electrochemically deposited on the 
pretreated aluminum foil in an electrolyte of CoSO4·7H2O 
(5 wt. %) and H3BO3 (2 wt. %) by applying an alternating 
current potential of 10.5 V (frequency: 60 Hz) for 60 s. 
Next, CNTs were grown on the Co-coated aluminum foil 
using thermal CVD with the gas mixture (C2H2 = 50 sccm 
and Ar =100 sccm) at 600°C for 60 min.In order to 
improve the adhesion of CNTs, aluminum powder (0 and 3 
g), graphite powder (0 and 3 g) and binder (0 and 1.5 g 
polyethylene terephthalate) were dispersed in toluene 
solvents (0 and 22.44 ml) to obtain coating solutions 
which were applied to the CNT surfaces with a thickness of 
10 μm and then oven-dried in air at 100°C for 15 min. 
Next, aluminum carbide was grown within carbon 
nanotube aluminum foil by chemical vapor deposition at 
different temperatures (540 and 590°C) as well as, 
durations (1, 3 and 5 h) under CH4 (0 and 100 sccm) 
atmosphere and subsequently annealed in air at 300°C for 
2 h. Thus, negative electrodes of aluminum capacitors 
were obtained. 

A saturated solution of Al2(SO4)3 was prepared as a 
source liquid. The suspended particles were hydrolytes of 
Al+3 and could be filtered out by a 0.2 μm filter. Fine 
sodium bicarbonate powder was added slowly to obtain a 
pH value of 2.89 for the growth solution. As soon as the 
reaction was completed, DI water was immediately added 
in order to increase the pH to 3.80. After being filtered 
again by a 0.2 μm filter, the solution was then ready for 
alumina thin film growth on aluminum carbide grown 
within carbon nanotube aluminum foil for 3 h at ambient 
temperatures. Aluminum oxide was subsequently 
annealed in Ar for 30 min at 500°C and positive electrodes 
of aluminum capacitors obtained. 

Finally, a negative electrode coated with solid 
conducting polymer electrolyte (PEDOT: poly-3, 4-
ethylenedioxythiophene) polymerized at 6 to 1 weight 

ratios: iron (III) p-toluene sulfonate hexahydrate-6 H2O 
(oxidant) to 3, 4-ethylenedioxythiophene (monomer) was 
assembled with a positive electrode into an aluminum 
capacitor by a coin cell manual crimping machine 
(CR2032, Taiwan). 

Capacitance measurements were made at 120 Hz 
(frequency) with an LCR (inductance, capacitance and 
resistance) meter (Hioki, 3522-50, Japan). Furthermore, 
XRD (X-ray diffraction) (MAC SCIENCE, Japan) with low 
angle of incidence was used to characterize the crystalline 
structure of aluminum carbide being formed under 
different growing conditions. In order to observe the 
structure as well as, the chemical composition of 
aluminum carbide and the CNT conditions of aluminum 
carbide grown within carbon nanotube aluminum foil by 
chemical vapor deposition at different temperatures and 
durations, a field emission scanning electron microscope 
(FE-SEM) combined with energy dispersive X-ray (EDX) 
(JEOL JSM-6700F, Japan) was employed. 
 
 
RESULTS and DISCUSSION 
 
Figure 1 shows the effects of different temperatures on 
aluminum carbide grown for one hour (with aluminum 
powder, graphite powder and CH4) and differing numbers 
of charge-discharge cycles on capacitance. The capacitance 
for aluminum carbide grown at 590°C was lower than that 
of aluminum carbide grown at 540°C. This behavior may 
be explained by the fact that the higher the temperature 
for growing aluminum carbide, the more the amount of 
CNTs and graphite powder burnt due to binder 
(polyethylene terephthalate) containing oxygen (Figure 2), 
thus leading to lower capacitance. Furthermore, the 
decreasing rate of capacitance for aluminum carbide 
grown at 540°C was almost equal to that of aluminum 
carbide grown at 590°C (Figure 1) because of almost the 
same relative intensity (2Θ = 37.850) of Al4C3 for 
aluminum carbide grown at 540 and 590°C, respectively 
(Figure 3). 

Figure 4 shows the effects of different durations for 
aluminum carbide grown at 540°C (with aluminum 
powder, graphite powder and CH4) and charge-discharge 
cycles on the capacitance. The longer the duration for 
growing aluminum carbide, the lower the capacitance 
(Figure 4) because the longer the duration for growing 
aluminum carbide, the more the amount of CNTs and 
graphite powder burnt [binder (polyethylene 
terephthalate) containing oxygen) (Figure 5), thus, leading 
to lower capacitance. Furthermore, the decreasing rate of 
capacitance for aluminum carbide grown for one hour was 
lower than that of the aluminum carbide grown for three 
or five hours (Figure 4) due to higher relative intensity (2Θ 
=37.850) of Al4C3 for one hour growth aluminum carbide 
(Figure 6). 

Figure 7  shows  the  effects  of  aluminum carbide grown  



 
 
 
 

 
 

Figure 1: The effects of different temperatures on aluminum carbide grown for one hour (with aluminum powder, 
graphite powder and CH4) and differing numbers of charge-discharge cycles on capacitance 

 
 

 
 

Figure 2: FE-SEM micrographs of aluminum carbide grown for one hour at (a) 540°C and (b) 590°C (with 
aluminum powder, graphite powder and CH4). 

 
 

 
 

Figure 3: X-ray diffraction patterns of aluminum carbide grown at different temperatures for one hour 
(with aluminum powder, graphite powder and CH4). 
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Figure 4: The effects of different durations on aluminum carbide grown at 540°C (with aluminum 
powder, graphite powder and CH4) and differing numbers of charge-discharge cycles on capacitance. 

 
 

 
 

Figure 5: FE-SEM micrographs of aluminum carbide grown for (a) 1 h, (b) 3 h and (c) 5 h at 540°C (with 
aluminum powder, graphite powder and CH4). 
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Figure 6: X-ray diffraction patterns of different durations for aluminum carbide grown at 540°C (with 
aluminum powder, graphite powder and CH4). 

 
 

 
 

Figure 7: The effects of aluminum carbide grown with aluminum powder/graphite powder and/or CH4 
for 1 h at 540°C and different charge-discharge cycles on the capacitance. 

 
 
for this may be that graphite powder did not completely react  to  form  aluminum  carbide  (Figure 8) and thus, the  
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Figure 8: X-ray diffraction patterns of aluminum carbide grown with aluminum powder/graphite powder 
and/or CH4 for 1 h at 540°C. 

 
 

 
 

Figure 9: The effects of presence or absence of aluminum carbide (grown with Al powder/C powder and 
CH4 for 1 h at 540°C) and different charge-discharge cycles on the capacitance. 

 
 
remaining graphite powder led to higher capacitance.  

Furthermore, the decreasing rate of capacitance for 
aluminum carbide grown with aluminum powder/graphite 
powder and CH4 was lower than that of others (Figure 7) 
because of higher relative intensity (2Θ = 37.850) of Al4C3 
for aluminum carbide grown with aluminum 
powder/graphite powder and CH4 (Figure 8). 

Figure 9 shows the effects of presence or absence of 
aluminum carbide (grown with Al powder/C powder and 
CH4 for 1 h at 540°C) and different charge-discharge cycles 

on the capacitance. The capacitance with aluminum 
carbide was higher than that without aluminum carbide. 
The reason behind this may be that relative intensity (2Θ = 
26.50) of carbon growing with aluminum carbide was 
much higher than that growing without aluminum carbide 
(Figure 10) due to a small amount of graphite powder 
being reacted to form aluminum carbide [relative intensity 
(2Θ = 37.850) of Al4C3 in Figure 10 and thus, the remaining 
graphite powder caused higher capacitance. Furthermore, 
the decreasing rate of capacitance with  aluminum  carbide  
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Figure 10: X-ray diffraction patterns of samples with and without aluminum carbide (grown with Al powder/C 
powder and CH4 for 1 h at 540°C). 

 
 

 
 

Figure 11: FE-SEM micrograph and EDX spectroscopy of aluminum carbide. 

 
 
was lower than that without aluminum carbide (Figure 9) 
due to higher relative intensity (2Θ = 37.850) of Al4C3 for 

aluminum carbide grown (Figure 10). 
FE-SEM      of     Figure   11   shows    aluminum    carbide  
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(Spectrum 1) formed as a result of chemical reaction 
between aluminum and carbon at the interface. According 
to EDX of Figure 11, a large amount of Al and a small 
amount of C were detected for Al4C3 (Spectrum 1). 
 
 
Conclusion 
 
Longer duration growth of aluminum carbide led to lower 
capacitance. The capacitance for aluminum carbide grown 
only with CH4 was lower than that of others and the 
capacitance of capacitors with aluminum carbide was 
higher than those without aluminum carbide. 
Furthermore, the rate of decrease of capacitance of 
capacitors with aluminum carbide was lower than those 
without aluminum carbide. Moreover, FE-SEM combined 
with EDX shows aluminum carbide formed as the result of 
chemical reaction between aluminum and carbon at the 
interface. 
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