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Research highlights (5 bullet point à 85 items) 

Direct growth of up to 80 µm high vertical aligned CNT film on Al foil by efficient 

techniques was developed. 

Resulting VA-CNT/Al system is suitable for high power supercap electrodes. 

Higher capacities and lower resistances compared to nickel substrates were obtained 

Cycle stability (300,000 cycles) compared to VA-CNT/nickel supercap electrodes was 

increased. 
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Abstract 

A scalable process at atmospheric pressure for direct growth of vertical aligned carbon 

nanotube (VA-CNT) on aluminum substrates has been developed including dip-coating steps 

for the wet-chemical buffer and catalyst layer deposition and a subsequent chemical vapor 

deposition step. Up to 80 µm high vertical aligned carbon nanotube forests were obtained on 

catalyst-coated aluminium foil in a thermal plasma-free CVD process at atmospheric 

pressure and 645°C using ethene as carbon source. The influence of two catalyst 

compositions (Fe:Co 2:3 and Fe:Mo 47:3) and the effect of the catalyst concentration on 

growth rate, morphology and density of resulting CNT films were investigated. Additionally, 

the binder-free VA-CNT/aluminum system was electrochemically tested as supercap 

electrode and the feasibility of tailoring the specific capacity varying the catalyst layer 

thicknesses was shown. Electrochemical characteristics of supercapacitor cells made from 

VA-CNT/aluminum electrodes have been described in detail. The specific capacitance of 

electrodes deduced from impedance spectra varied between 25.6-61.2 F g-1 depending on the 

catalyst complex mixture composition and concentration. The VA-CNT/Al electrodes have a 

very low value of effective serial resistance (0.42-0.15 mΩ g) indicating a potential candidate 

as electrode material for high power supercapacitor application. Excellent cycle stability of 

supercapacitors has been demonstrated up to 300,000 cycles. 

 

Introduction 

The efficient synthesis of vertical aligned carbon nanotube (VA-CNT) films via CVD growth 

was discovered 2004 by Hata et al [1,2] and has been intensively studied since then. Most 

promising applications are field emission displays [3,4,5], lithium ion cells, optical polarizers 
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[2,6], gas sensors [7], heat conductors, electrochemical double layer capacitors [2]. This 

latter was demonstrated in our earlier report [8] and we demonstrated VA-CNT/sulfur 

cathodes for Li/sulfur battery applications [9], as well. For the scalable production of such 

devices atmospheric pressure deposition techniques and direct synthesis on conductive 

substrates need to be developed. Due to the high thermal stability, nickel or steel substrates 

are the most favorite flexible metallic substrates for the CNT deposition [4,10,11]. For 

energy storage electrodes, aluminium is the most frequently used substrate due to its low 

mass density, high electrical conductivity and flexibility. Direct VA-CNT growth via thermal 

CVD on aluminum foil is limited by its melting point ranging between 640 to 660 °C 

depending on the respective alloy. While the deposition temperature can be reduced by using 

plasma enhanced CVD [12], this method does not seem to be very promising from an 

industrial point-of-view due to the high energy costs for the plasma generation. There are 

only few publications that reports direct growth of CNTs on aluminum (alloy) substrates. In 

these cases the success of preparation was limited regarding either the dense and uniform 

growth of high-quality VA-CNT arrays on aluminum, or the obtainable nanotube length, or 

the use of highly explosive carbon precursors like acetylene, or the reduced CVD process 

pressure that require more expensive equipments [13,14,15,16,17,18].  

The aim of the present work was to grow vertically aligned carbon nanotubes with lengths of 

at least 50 µm on aluminum foil substrates without plasma treatment, by using carbon 

precursors at atmospheric pressure and within an appropriate deposition time. In short, the 

main question was that whether our preparation method [8] could be transferred from nickel 

foil to a more light-weight substrate materials, while retaining the control of the CNT 

morphology. This question rises inherently, as the melting point of Al require drastically 

lower temperatures than Ni. Naturally, the applicability of synthesized VA-CNT/Al samples 

as supercapacitor electrodes also should be tested. For the CVD growth of VA-CNT, 

substrates are typically covered by an Al2O3 buffer layer with the actual catalyst layer on top. 
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Most frequently low pressure physical vapor techniques are used for the deposition of Al2O3 

buffer layers and Fe thin films as catalyst [1,19,20,21,22]. An alternative route is the wet-

chemical catalyst deposition using metal nitrates, chlorides and acetates in polar organic 

solvents like ethanol and methanol [23,24,25,26,27] deposited mostly for low-pressure CVD 

processes or rather on polished silicon substrates. Precursor solutions can be applied via dip-

coating which is essential for the development of scalable processes. In this work, binary thin 

layers of transition metal catalyst alloys (Fe/Co, Fe/Mo) were deposited on aluminum foils 

achieving CNT film heights up to 80 µm. We found that, according to our experience with Ni 

substrates, the CNT film thickness could be controlled by the growth time under these 

circumstances, as well. We also examined the need for an additional Al2O3 support layer – 

prepared from an Al precursor – in contrast to the native oxide layer. To establish the 

applicability of the as-prepared VA-CNT/Al samples as supercapacitor electrodes, we 

performed wide-scope electrochemical investigations, using a symmetric two-electrode test 

cell [8]. We found that in the case of Al substrates with Al2O3 support layers the specific 

capacity of the CNT material could be tailored by the catalyst film thickness using different 

Fe:Mo (47:3) salt concentrations in the 2-propanol dip-coating solution. As this finding is in 

good agreement with our previous results on nickel foils [8], the aim of the present work 

seems to be satisfied. 

 

Experimental 

The detailed deposition of the Al2O3 and oxidized Co, Fe and Mo alloy layers and the 

subsequent CVD process for the VA-CNT growth has already been described elsewhere [8, 

28]. Al2O3 layer thickness is 30 nm (estimated on polished silicon substrate by AFM) and 

values of the surface roughness are Ra= 0.12 and Rq= 0.15 (1x1 µm2 scan size) so the surface 

morphology is very smooth. 
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For the deposition procedure on the metallic substrates aluminum foil (ALFA AESAR, 99.5 % 

Al and HYDRO, 99.99 %) are cut into pieces of 4.5 x 4.5 cm2 and primarily coated by a thin 

Al2O3 layer and then by a film with the respective Fe/Co/Mo combination. To investigate the 

effect of the native Al2O3 layer only the transition metal layer was deposited as described 

previously. The substrates are cut into pieces of 3.5 x 3.5 cm² for the thermal CVD process, 

and 30 min growth time is applied for the investigation of the optimal catalyst composition 

and the experiments regarding the different temperatures. CNT lengths are controlled by 

variation of the growth time from 10 to 60 min at 645 °C controlled furnace temperature that 

corresponds to 635-645 °C substrate temperature. For 650 °C controlled furnace temperature, 

substrate temperatures between 640-650 °C are measured. In this work, the controlled 

furnace temperature is given. 

The detailed characterization of the catalyst films by atomic force microscopy (AFM) and 

CNT films or rather scratched-off CNT (depending on the need of the method) by Raman 

spectroscopy, Scanning Electron Microscopy (SEM) and Transmission Electron Microscopy 

(TEM) are described in former publications. Furthermore, the equipment for measuring the 

specific surface area (SSA) has been reported elsewhere, as well [8,28]. The CNT film 

thickness or rather CNT heights was investigated by determining the height at five sample 

locations with a distance of approximately 5 mm. For each location, three different heights 

were determined and an average value was calculated. The CNT film thicknesses in the SEM 

images appear shorter due to 45° sample tilting. CNT (mass) density is estimated by 

weighting the substrates before and after the CVD process. Volume was calculated by CNT 

film height (SEM images) and the coated substrate size. 

Electrochemical measurements were performed in a two-electrode flat cell. Details of the cell 

assembly have been described elsewhere [8]. Briefly, the symmetric electrochemical cell is 

composed of two identical CNT-coated Al foil electrodes (area of each electrode: 1 cm × 1 
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cm), with 25 µm-thick ethylcellulose separator between them, and 1 g tetraethylammonium 

tetrafluoroborate (TEABF4) / 10 ml acetonitrile as electrolyte.  

Electrochemical measurements were performed with a SOLARTRON 1286 electrochemical 

interface and a 1250 frequency response analyzer. The impedance spectra were obtained in 

the frequency range from 65 kHz to 100 mHz with 10 points per decade at different bias 

voltages using 10 mV amplitude. The data analysis was performed using Zwiev software by 

NLLS fitting impedance spectra to equivalent circuit models. The leakage resistance was 

determined from impedance spectra recorded in larger frequency range down to 10 mHz at 0 

V and 2 V bias voltages. Galvanostatic charge/discharge measurements were done with 

different currents varying between 0.1 to 1 A g-1 relative to the mass of CNT in the active 

layer, with a voltage limitation between 0 V and 2 V. The charging and discharging 

capacitance were determined by integration of corresponding voltage – time curves, while 

the cycle efficiency was determined by the ratio of discharge and charge capacitance. Cyclic 

voltammograms were measured in the potential window from -2V to 2V at different scan 

rates of 10, 20, 50 and 100 mV/s. The cell capacitance values obtained in the symmetric cell 

configuration were recalculated also to a single electrode capacitance (i.e. which value can be 

measured in 3-electrode configuration). This latter is four times larger than the value of cell 

capacitance measured in a two-electrode cell configuration [8,29].  

Results and discussion 

As described in a previous publication, the applied process chain includes the wet-chemical 

buffer (Al2O3) or rather catalyst (oxidized Fe, Co and Mo) coating procedure and the 

subsequent CVD process [28] at 645 °C or 650 °C by using ethene as carbon precursor.  

CNT films 

Catalytic active transition metal (Fe, Co, Mo) [30] complex mixtures are subsequently 

deposited on the Al2O3 coated substrates and tested as catalyst in the CVD process at 645 °C. 

Homogeneous black coatings on the metal substrates are observed after at least 10 min CVD 
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process. We optimized the catalyst compositions on nickel foil at 730 °C and observed the 

highest CNT films for the Fe:Co (2:3) binary catalyst system being discussed in detail 

elsewhere [28]. Additionally, a slight addition of Mo to pure Fe (6 mol %) led to the densest 

CNT forest due to a reduced Ostwald ripening behavior. Therefore, the latter catalyst system 

is also suitable for decreasing the catalyst concentration in the dip coating solution from 

0.220 to 0.022 mol l-1 to control the CNT diameter indirectly [8].  

Aluminum foil has a native Al2O3 layer being crucial for vertical aligned CNT growth [28], 

but the first experiments regarding VA-CNT synthesis on aluminum foil with native Al2O3 

and Fe:Co (2:3) catalyst layer did not result in dense VA-CNT films. Only a thin film of 

more randomly oriented CNT could be generated (Figure 1a). 

In contrast, applying an additional Al2O3 () layer underneath the Fe:Co (2:3) catalyst coating 

led to dense VA-CNT films with a height of 49 ± 11 µm after 30 min growth time Figure 

1b). The reason for this observation is given by AFM images: the untreated aluminum foil 

shows a remarkable higher surface roughness in nanometer scale than the additionally Al2O3 

coated foil. The surface roughness value of a 5 µm x 5 µm scaled sample location 

(supporting information S1) was calculated by the AFM Software as high as 52 nm for the 

un-treated and 24 nm for the Al2O3 coated aluminum. The values of the surface roughness for 

1 µm x 1 µm scan size (S2) are falsified by the micrometer-scaled roughness but the nano-

scaled differences regarding the surface morphology are better observable using a scan size 

of 1x1 µm². The as-deposited catalyst layer agglomerates preferentially in the nanometer-

scaled cavities of the untreated foil during heating up to 645 °C CVD temperature leading to 

an inhomogeneous CNT seed dispersion on the substrate. As consequence, CNT growth is 

more randomly orientated. 

The optimized Fe:Co (2:3) system has been chosen to investigate the growth kinetics due to 

the highest growth efficiency. Figure 2 shows the CNT film thickness control via different 

CVD process durations. Generally, CNT films on aluminum foil are thinner compared to 
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those grown on nickel substrate due to the reduced temperature and the consequently 

decreased catalyst activity [31]. At 650 °C controlled furnace temperature, even high purity 

aluminum foil (99.99 %) starts to melt at some sample locations. 

10 min growth time lead to a CNT height of 14 µm (1.4 µm min-1), 20 min to 25 ± 17 µm 

(1.25 µm min-1); 30 min to 49 µm (1.7 µm min-1) and 40 min to 81 µm (2 µm min-1). Carbon 

nanotube growth becomes less efficient (1.0 µm/min) after 50 min for several reasons that 

have been already discussed for the deposition on nickel foil [28]. 

For 10 min deposition time, a CNT mass density of 0.27 ± 0.04 g cm-3 can be observed. For 

20 min growth time, a slightly higher CNT density value of 0.31 ± 0.08 g cm-3 is calculated. 

For 30 min and 40 min growth time, CNT densities decrease to 0.15 ± 0.03 g cm-3 and 0.12 ± 

0.02 g cm-3, respectively. These findings are in accordance with the morphology changes 

during VA-CNT growth reported by Bedewy et al. [32]: In the initial stage randomly 

oriented CNT are primarily grown followed by a crowding process when CNT begin to grow 

vertically aligned. After this step, CNT density decreases to a certain point, when the CNT 

achieve the height maximum of 81 µm. 

Interestingly, the quantity of “worm-like” filament structures on top of the CNT layer (Figure 

3) rises after process durations of 30 min and longer leading to higher density values of  0.16 

± g cm-3 for 50 min and 0.20 ± g cm-3 for 60 min, respectively.  

The Specific Surface Area (SSA) of CNT generated by Fe:Co (2:3) system after 30 min is as 

high as 365 m² g-1 – slightly higher compared to CNT prepared by the same catalyst system 

on nickel foil and 20 min growth time (248 m² g-1). Reason for this observation could be the 

reduced temperature and with it, the reduced particle Ostwald ripening to small CNT 

diameters and with it, a slightly higher SSA. Furthermore, no Ni atoms acting as catalyst 

metal are able to diffuse through the Al2O3 buffer layer and increase the catalyst particles. 

VA-CNT grown by different deposition times were investigated by Raman spectroscopy: 

The ratio of the graphitic peak (G peak, 1580 cm-1) and the peak representing disordered 
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carbon (D peak, 1330 - 1360 cm-1) strongly depends on the applied excitation laser 

wavelength λlaser. Generally, the G/D peak area ratios measured by λlaser = 514 nm are higher 

compared to 785 nm (Table 1 supporting information), probably due to better resonance 

conditions [33]. Figure 4 shows Raman spectra (λlaser = 514 nm) and G/D peak area ratio of 

CNT generated by different growth times (Fe:Co (2:3) catalyst): Shape of G and D peak 

changes only slightly with longer CVD deposition until 40 min growth times. In contrast, the 

G/D peak area ratio decreases remarkably for 50 and 60 min CVD growth time from 0.8 to 

0.6 probably due to the deposition of the as-mentioned “worm-like” carbon structures and the 

CNT etching by the water vapor leading to a lower graphitization degree. 

No so-called “radial breathing modes” (RBM, 75 - 300 cm-1) representing the single and 

double walled nanotubes with diameters between 1 and 2 nm were observed by using neither 

wavelengths for any of the CNT prepared by Fe:Co (2:3) catalyst system. 

As can be seen in Figure 5, for Fe:Mo (47:3) catalyst system, CNT films are remarkable 

thinner compared to the Fe:Co (2:3) system. With decreasing catalyst concentration (Figure 5 

a, Figure 6), CNTs grow more sparsely (0.05 g cm-3) due to the presumed agglomeration of 

the catalyst film in the foil cavities. Additionally, for the lowest catalyst concentration, VA-

CNTs are longer (29 ± 2 µm). For higher concentrations, as can be observed in Figure 5 b 

and c, VA-CNTs are shorter and grow denser (Figure 6): 0.08 g cm-3 using 0.110 mol l-1 and 

0.16 g cm-3 using 0.220 mol l-1 which agrees with our previous report [8]. The film thickness 

drops with increasing catalyst concentrations since neighboring seeds generate a higher CNT 

quantity limiting the gas diffusion of the carbon precursor. 

As can be seen in Figure 7, only CNT generated by 0.022 mol l-1 catalyst concentration 

(corresponding to 2.8 nm layer thickness) show very small “RBM” intensity which indicates 

the presence of CNT with diameters from 1 - 2 nm.  For CNT generated by all Fe:Mo (47:3) 

concentrations, G/D peak area ratio is as high as 0.3. For Fe:Co (2:3) system, the value for 
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the G/D ratio is 0.25 revealing a lower graphitization degree being in good agreement with 

the TEM results.  

The SSA of CNT generated by different Fe:Mo (47:3) concentrations could not be measured 

since the quantity of the active material scratched-off was remarkably lower compared to the 

Fe:Co (2:3) system due to the smaller CNT film thickness.   

Figure 8 shows TEM images of CNT grown by different catalyst concentrations (0.022-0.220 

mol l-1) of the Fe:Mo (47:3) system and 0.22 mol l-1 Fe:Co (2:3) system on aluminum foil: 

With increasing Fe:Mo (47:3) catalyst concentration, the quantity of CNT with higher 

diameter increases: For 0.022 mol l-1 catalyst concentration, an average CNT diameter of 5.6 

nm ± 1.5 nm and for 0.110 mol l-1, 6.8 nm ± 3.5 nm could be calculated from 50 CNT. CNT 

diameters of 9.8 ± 9.3 nm could be measured for 0.22 mol l-1 catalyst concentration being in 

good agreement to the remarkably lower specific capacity values showed in the next chapter. 

However, TEM images should not be over-interpreted since they only represent a very small 

sample spot. In contrast, electrochemical capacity measurements represent 2 cm² electrode 

and hence, approximately 2.8-3.6∙1011 CNT (estimated after [34] and [35]). TEM (see also 

S3) reveals a relatively high quantity of amorphous carbon for the Fe:Co (2:3) catalyst 

system compared to the same concentration of the Fe:Mo (47:3) system that needs further 

investigation. 

Electrochemical performance of supercapacitor cells composed of VA-CNT grown on 

aluminum substrate 

The spectra were fitted with the equivalent circuit model consisting of an inductance of 

instrumentation (wires) L; a serial resistance representing the internal resistance of the 

capacitor Rs, determined by the electrolyte resistance with some contribution of ohmic 

resistance of metal components and contact resistance between the active layer and substrate; 

and the impedance of the porous layer Zpor, known also as generalized finite Wartburg 

element, which can be expressed by the following equation [8,36]:  
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RW represents the ion diffusion inside the pores, and C is the low frequency capacitance, 

corresponding to the double layer capacitance of the total pore surface area. The 

heterogeneity of the electrodes can be taken into consideration by the exponent of n ≤ 0.5. At 

low frequencies eq.1 represents the serial connection of pore resistance (Rpor = Rw/3) and a 

constant phase element (CPE) of double layer capacitance; while at high frequencies eq.1 

gives the generalized Wartburg element. In an ideal case n is equal with 0.5, and eq. (1) is 

identical with the de Levie impedance element [37], that is represent a blocking porous 

electrode described by an RC-transition line model.  

The impedance characteristics of VA-CNT electrodes are very close to ideal electrodes (see 

the typical impedance spectrum shown in Figure 9 a). At low frequencies, the electrode is 

dominated by pure capacitive characteristics; the exponent of CPE is very close to 1 (2n = 

0.96) due to the homogenous aligned structure of CNT layer and the narrow distribution of 

pore diameter.   

The knee frequency describes the value below a supercap electrode behaves capacitive. For 

CNT/Al supercap cells, this value is very high (approximately 1 kHz), which is beneficial for 

high frequency or high power application of supercapacitors. The knee-frequency of VA-

CNT/Al exceeds even the values obtained for VA-CNT/Ni cells (50 -200 Hz) [8]. If we 

calculate the apparent capacitance and resistance as a function of frequency (Figure 9 b), the 

optimal operation frequency range of supercapacitors built from VA-CNT/Al electrodes lies 

between 10 Hz – 1 kHz.  At f < 10 Hz, the apparent cell resistance increases due to the real 

part component of CPE and some contribution of parallel charge transfer resistance (leakage 

resistance). Consequently, the power density decreases at low frequencies. At f > 1 kHz, in 

the ion transport controlled regime, the capacitance decreases due to the lowered 

penetrability of pores inside the active layer, therefore the energy density drops, as well. 
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The double layer capacitance of CNT electrodes depends on the applied voltage as can be 

seen both on the fitted impedance data measured at different bias voltages (Figure 9 c) and on 

the cyclic voltammograms (Figure d). The increase of capacitance with increasing voltage is 

a general characteristic of carbon materials in organic electrolytes [38,39,40,41,42] being 

attributed to several reasons.  Salitra et al. [38] ascribe this observation to the potential 

dependence of the ion penetration into nano-scaled pores. Widely accepted explanation is the 

extension of the applied voltage into the carbon electrode causing a space charge 

[39,40,41,42], or the dielectric constant increases with voltage [42]. The electrolyte 

resistance is independent of the applied voltage, while the pore resistance slightly decreases 

at higher voltages (Figure 9 c). The latter can be explained by to the influence of the electric 

field on migration process of ionic species.   

Table 1 summarizes the impedance results of VA-CNT/Al electrodes prepared by different 

catalyst compositions and concentrations. The catalyst composition and concentration has a 

significant influence on the CNT density and the double layer capacitance of electrodes. The 

VA-CNT/Al electrode obtained with Fe:Co (2:3) catalyst complex mixture have slightly 

lower double layer capacitance (9.5 mF cm-2 at 2V) and higher pore resistance (28.4 mΩ cm2 

at 2V) compared to  the VA-CNT/Al electrode obtained by Fe:Mo (47:3) catalyst complex 

mixture with same 0.22 mol l-1 concentration (12.9 mF cm-2 and 24.4 mΩ cm2, respectively). 

This is most probably due to the large amount of amorphous carbon present inside the 

nanotube layer as can be revealed by TEM images of Figure 8. Consequently, 

electrochemical measurements prove the better applicability of Fe:Mo (47:3) catalyst mixture 

for the CNT growth on aluminum substrate. 

The electrochemical measurements clearly show the feasibility of tailoring the specific 

capacitance of VA-CNT electrodes produced by scalable production techniques. As we 

discussed already in the previous chapter, the concentration of the optimized Fe:Mo (47:3) 

complex mixture influences the thickness of catalyst layer (see also Ref [8]) and the CNT 
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density grown by CVD. A quite good, almost linear relationship exists between the 

concentration and the resulted CNT surface density (Table 1). The normalized double layer 

capacitance per area increases with the concentration of catalyst solution (Figure 10) and 

hence, with the density of CNT film, the highest value is obtained for 0.22 mol l-1 FeMo 

(12.9 mF cm2) and the lowest value for 0.055 mol l-1 (7.4 mF cm2), although the difference is 

lower than it would be expected from the difference between the CNT surface density (0.4 

mg cm2 and 0.15 mg cm2, respectively). The specific capacitance, at the same time, increases 

with decreasing concentration, and varies between 32.1 F g-1 (0.22 mol l-1) and 61.2 F g-1 

(0.022 mol l-1), which suggests that a low catalyst film thickness (smaller particle size) 

formation of thinner CNTs can be realized by decreasing catalyst salt concentration. At low 

catalyst concentration (0.022 mol l-1), the grown CNT forest layer exhibits a specific 

capacitance as high as 61.2 F g-1; the corresponding cell capacitance is 15.3 F g-1, which is ¾ 

part of the theoretically achievable value of SWCNT (20 F g-1) in organic electrolytes 

[40,43,44]. As a consequence, small catalyst salt concentrations result in small catalyst 

particles which lead to a higher quantity of SWCNTs. At the same time, the surface density 

of the CNT layer is rather low, which is a drawback from an application-centered point of 

view as supercapacitor since the capacitance per area value is low. By increasing the catalyst 

concentration and producing higher amounts of MWCNTs, the specific capacitance 

decreases slightly but this is overcompensated by the increased density.  

The specific capacitance values obtained on VA-CNT/Al electrodes are 1.6 - 2.6 times higher 

than the values obtained on VA-CNT/Ni electrodes [8] prepared with same catalyst 

concentrations of Fe:Mo (47:3) catalyst composition. 

Several publications reported uniquely high specific capacitance for CNT. The specific 

capacitance of non-activated SWCNT may be as high as 80 F g-1 non-aqueous electrolytes 

[such as 40,43,44]. Lin et al. investigated the capacitive energy storage of VA-CNT grown 

directly on aluminum foils via plasma-enhanced chemical vapor deposition [45] in ionic 
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liquid electrolytes. They obtained high double layer capacitance as high as 8 mF m-2 in wide 

temperature range. Several papers reported high power thin layers of graphene and activated 

graphene [46,47] applicable at high frequency operation.     

In contrast to the high gravimetric capacitance, the volumetric capacitance, or even more the 

double layer capacitance relating to the geometric surface area tends to be rather low, due to 

the loose packing of tubes [44]. This is detrimental in practical application, as larger electrode 

surface area is necessary to roll or fold obtaining the targeted nominal capacitance of 

supercapacitor device. Furthermore, the rate of several parasitic Faraday processes occurring 

in parallel is also dominantly determined by the geometric surface area of electrodes (such as 

decomposition of electrolyte, corrosion of current collector or metal substrate...). Therefore, 

beside the gravimetric capacitance, the double layer capacitance relating to the geometric 

surface area has to be taken into consideration during optimization of electrode materials for 

overall electrochemical performance of supercapacitor. Consequently, CNT electrodes with 

lower specific surface area but with denser packing of tubes may provide better overall 

electrochemical performance then the loose-packed SWCNTs.   

The pore resistance of VA-CNT layers prepared on aluminum with different concentrations 

of Fe:Mo (47:3) catalyst mixtures is very low (Rpor ∼ 20–30 mΩ cm2). This is a consequence 

of the high intrinsic conductivity of the nanotubes and ionic conductance in the interspaces of 

the VA-CNT. As a result, supercapacitors built from these electrodes are expected to provide 

a high specific power. Leakage resistance, which is the parallel charge transfer resistance of 

accompanying Faraday processes ranges between 8 – 33 kΩ cm2 at 2 V bias voltage, and 

increases with the applied catalyst concentration. That means that the electrochemical 

performance of electrodes covered with denser CNT films is less influenced by 

accompanying electrochemical processes. We suppose that electrochemical processes 

dominantly take place on the bare aluminum surface resulting from gaps in the CNT layer. 

For lower catalyst concentrations, VA-CNT form more bundle-like structures due to the 
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presumed agglomeration of the catalyst film in the cavities of the metal foil and the van der 

Waals forces between the tubes [48].  

The integrated capacitance of CNT electrodes was also determined by from galvanostatic 

discharge curves measured by different currents (Figure 11 a). The specific capacitance 

decreases with increasing discharge current, which is the result of limited ion accessibility at 

high current operation. This tendency is valid for all investigated VA-CNT/Al electrodes. 

The galvanostatic cycle efficiency is also influenced by the charge-discharge current (Figure 

11b). The maximal cycle efficiencies of electrodes ranges between 0.92 – 0.96, and are 

reached with currents between 0.2 – 0.5 A g-1 (respective to the total CNT mass of the cell). 

The maximum-type shape of efficiency vs. current reflects a general electrochemical nature 

of electrodes: at lower currents the efficiency decreases due to the larger internal resistance 

of supercapacitor cell. In the other words: at lower currents, the charging time of capacitors is 

longer, and therefore the ratio of total charge participating in a parallel electrochemical 

reactions (such as decomposition of electrolyte, corrosion of current collector or metal 

substrate) – or dissipating due to heterogeneity – is higher, and hence, the energy loss is 

larger. This relationship is analogous to the increasing real part component of impedance 

with decreasing frequency marked as the III. frequency range in Figure 9 b. Above the 

optimal current (I > 0.2 - 0.5 A g-1), the charging efficiency slightly drops with rising current: 

less fraction of the total pore surface area is charged at higher currents, while the internal 

resistance is nearly constant. The galvanostatic cycle efficiency is principally influenced by 

the mass of CNT per electrode area. The electrodes covered with denser CNT layer have 

significantly higher cycling efficiency. Reason for this is the increased capacitance per area, 

while the resistance normalized to the surface area is more-or-less independent of the CNT 

density. Another aspect is that the homogeneity of the denser CNT layer is also better (see 

the representative n values in Table 1). 
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Figure 12a illustrates the long-term cycle stability of a supercapacitor cell built from 2 x 

1cm2 VA-CNT/Al electrodes being prepared with 0.165 mol l-1 FeMo catalyst mixture. The 

supercapacitor in this case is assembled as a hermetically sealed CR-2032 type coin cell. 

During the first 10,000 cycles, stabilization of supercapacitor cell occurs with slow 

logarithmic decrease of capacitance. The cell capacitance can be considered to be stable after 

10 000 cycles, only very little -0.02 % / 1000 cycles decrease of capacitance observed up to 

300 000 cycles. The cycle efficiency is also stable; its value is near constant at 0.935. The 

cyclic voltammetry curves (Figure 12b), measured after different GCD cycles as a 

fingerprint, prove that there is no significant change in the quality of the electrode properties. 

The minor decrease of capacitance is in accordance with the GCD results. The fitted 

impedance data reflects better the stability of supercap test device: The n value of the 

modified de Levie element (Figure 12c), which describes the homogeneity of the system, is 

constant, suggesting that there is no sign of degradation of electrode material at all. After an 

initial decrease, the parallel charge transfer resistance (leakage resistance) at 2 V is also 

constant, it levels around 50 kΩ.cm2 (Figure 12d). The Rct at 0 V is practically infinite. This 

suggests long-term cycle stability of the described CNT samples. 

In summary, scalable wet-chemical deposition of an optimized Fe:Mo (47:3) complex 

mixture with different concentration proved to be suitable for controlling both the resulting 

CNT diameter and density of CNT films. As high as 61.2 F g-1 specific capacitance (deduced 

from the impedance spectra) was obtained with 0.022 mol l-1 complex mixture concentration. 

In contrast to the high specific capacitance, the capacitance per area of CNTs tends to be 

rather low due to the loose packing of tubes. This is detrimental in practical application, as 

larger surface electrode area is necessary to obtain the targeted nominal capacitance of 

supercapacitor. Furthermore, the rate of several parasitic Faraday processes occurring in 

parallel is also dominantly determined by the geometric surface area of electrodes. Therefore, 

besides the gravimetric capacitance, the normalized capacitance values have also to be taken 
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into consideration in regard of electrode material optimization. Accordingly, denser CNT 

films – even if the ratio of MWCNTs is larger and the specific surface area is lower – result 

in better overall electrochemical performance for supercapacitor application.  

The obtained electrochemical data allow us to estimate the two most important practical 

parameters of the supercapacitor cells - the energy density E and power density P. We gave 

two estimations of these parameters in Table 1, one for the mass of CNT-forest, and the more 

realistic one, which takes into account the cells’ other components including the mass of 

CNT, mass of 50 µm thick aluminum substrate (thinner aluminum foils become very brittle 

during CVD treatment and are not suitable as substrate), the mass of separator and 

electrolyte, but excluding the cell house. The power density of the here described VA-

CNT/Al EDLCs are approximately 80 kW kg-1, and practically independent on the density of 

CNT layer. This is 1-2 magnitudes higher than the typical power density of supercapacitors 

made from activated carbon (AC) (0.5 – 10 kW kg-1) [39]. This is due to the very low 

internal resistance of CNT EDLC owing to the fast ion-transfer process in the inter-tube 

channels of aligned CNT layers, high electronic conductivity of the CNTs, and direct binder-

free contact between CNT layer and aluminum substrate. On the other hand, the energy 

density varies between 0.1 – 0.15 Wh kg-1 depending on the density of the CNT layer. This is 

a magnitude lower than the energy density which can be reached with AC electrodes 1 – 10 

Wh kg-1 [39]. The major reason of the lower energy density is the loose packing of tubes in 

the active layer resulting low density 0.15 – 0.4 mg cm-2, in contrary to the AC based 

electrodes having a typical active mass loading around 10 mg cm-2. Our electrochemical 

results indicate the advantage of VA-CNT supercapacitors in applications that require high 

power density or high frequency.  
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Conclusion 

In conclusion, the transfer of efficient wet-chemical deposition techniques of two optimized 

(co) catalyst systems from nickel as a kind of model support to aluminum substrates was 

successful. Table 2 summarizes all important values for both nickel and aluminum foil as 

current collector and reveals that especially density, capacity and resistance values were 

remarkably improved for supercap applications. .  

A simple thermal CVD process for the growth of CNT forests on aluminum substrate at 

atmospheric pressure, without plasma treatment and without highly explosive carbon 

precursors (such as acetylene) resulting in very high CNT films (80 µm) was developed. 

CNT growth could be optimized regarding growth time, catalyst composition and 

concentration in the dip coating solution. The chemical solution deposition allows thereby 

alloying catalysts just by mixing the required metal complex solutions to control the CNT 

morphology and to tailor the catalyst layer thickness and with it the resulting CNT diameters. 

The precursors are affordable and available and the dip-coating process as well as the 

APCVD process has the potential for up-scaling in a continuous process. Electrochemical 

measurements clearly show the feasibility of tailoring the specific capacity of vertical aligned 

CNT films being produced by scalable production techniques. The specific capacitance 

deduced from impedance spectra varied between 25.6 – 61.2 F g-1 depending on the catalyst 

complex mixture composition and concentration. To our knowledge, the combination of 

facile process techniques, very high CNT films directly grown on aluminum foil with up to 

80 µm high CNT and the possibility of tailoring CNT diameters on a rough support is unique 

and has not been published elsewhere.  

The VA-CNT electrodes have a very small value of effective serial resistance at 0.42 – 0.15 

mΩ g and exhibited good cycling stability (up to 300,000 cycles). These results indicate that 

the as-synthesized VA-CNT layers on aluminum foil could be a potential candidate as 
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electrode material in high power supercapacitors and reveal improved properties compared to 

VA-CNT on nickel foil. 
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Figure 1: SEM images of CNT generated by Fe:Co (2:3) catalyst with native aluminum foil (a) and with additional Al2O3 

layer (b) 

 
Figure 2: Growth kinetics of CNT films on aluminum foil: CNT film thickness and mass density (including standard 

deviation) vs. growth time 

 
Figure 3: SEM images of CNT tops with different growth times at 645 °C temperature generated by Fe:Co (2:3) catalyst 

system 
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Figure 4: Raman spectra and G/D peak area ratio of CNT generated by different growth times (Fe:Co (2:3) catalyst) 

 
Figure 5:  Comparison CNT films (SEM) grown by three different catalyst concentrations of the optimized Fe:Mo (47:3) 

system (a-c) and 0.220 mol l-1 Fe:Co (2:3) system after 30 minutes growth time at 645 °C 
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Figure 6: CNT film mass density vs. concentration of the Fe:Mo (47:3) catalyst system 

 
Figure 7: Raman spectra of CNT grown by 0.22 mol l-1 Fe:Co (2:3) catalyst system and three different  concentrations of 

Fe:Mo (47:3) catalyst system (0.022, 0.011 and 0.220 mol l -1) 
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Figure 8: TEM images of CNT grown by different catalyst concentrations (0.022-0.22 mol l-1) of the Fe:Mo (47:3) system 

(a-c) and 0.22 mol l-1 Fe:Co (2:3) system (d) after 30 minutes growth time at 645 °C 

 
Figure 9 a-d: (a) A representative complex plane impedance spectrum measured at 0 V bias in a two-electrode 
symmetrical cell made from aluminum substrate coated with CNT active layer, and inductance subtracted from 
the spectra. Solid lines are fitted spectra calculated by the equivalent circuit shown as inset. (b) Apparent 
normalized capacitance and resistance as a function of frequency; (c) The influence of applied voltage on the 
double layer capacitance and pore resistance; and (d) cyclic voltammetry curves in capacitance representation 
i.e. by plotting Cdl,diff = I/Av, where I is the measured current, A is the surface area and v  is the sweep rate. (Data 
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are obtained in a two-electrode symmetrical cell made from electrodes of 0.324 mg cm−2 CNT active layer 
grown by catalyst layer formed in 0.165 mol l−1 concentration of Fe-Mo complex mixture) 
 

 
Figure 10: The influence of catalyst concentration of Fe:Mo (47:3) complex mixture on (a) the normalized 
double layer capacitance and (b) specific capacitance of the VA-CNT layer grown on aluminium substrate. Data 
for Fe:Co (2:3) catalyst complex mixture is also inserted. 
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Table 1: Applied catalyst complex concentrations, resulting CNT surface density after CVD process, and impedance data 

obtained with supercapacitor cells made from different VA-CNT electrodes.  

 

 

CPEdl = TW/RW; Rpor = RW/3; fknee ≈ 2.53 / 2π TW
1/(2n); Resr values are valid between 10 Hz – 1 kHz 

 
 

 
Figure 11: (a) Discharge capacitance and (b) discharge/charge efficiency as a function of current obtained with cells of 

different VA-CNT/Al electrodes 
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Figure 12:  (a) Galvanostatic charge/discharge cycle stability measured at constant current of 1 A g−1 for VA-CNT 

electrodes prepared with 0.165 mol l-1 Fe:Mo (47:3) complex mixture; (b) cyclic voltammetry curves in capacitance 

representation, (c) n element of modified de Levie parameter, and (d) parallel charge transfer resistance measured after 

given galvanostatic charge/discharge cycles.  
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Table 2:  Comparison of results obtained for VA-CNT films on nickel and aluminum foil 
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S1: AFM images and profiles of an un-coated (a) and Al2O3 coated aluminum foil (b), profiles 

were generated by using the image diagonal 
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S2 AFM images and profiles of an un-coated (a) and Al2O3 coated aluminum foil (b) and 

SEM images of the resulting CNT films, profiles were generated by using the image diagonal 
 
 
 
Table 1: G/D peak area ratios of CNT grown by different depositions times  

 

deposition 

time [min] 

G/D peak area ratio 

λexcitation = 514 nm λexcitation = 785 nm 

10 0.82 ± 0.06 0.26 ± 0.04 

20 0.82 ± 0.02 0.22 ± 0.04 

30 0.84 ± 0.01 0.30 ± 0.00 

40 0.82 ± 0.04 0.27 ± 0.01 

50 0.63 ± 0.23 0.20 ± 0.03 

60 0.60 ± 0.03 0.23 ± 0.04 
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S3: TEM images of CNT and amorphous carbon generated by Fe:Co (2:3) cataylst after 30 

min growth time at 645 °C  
 

 
Determination of major electrochemical parameters given in Table1: 
 
The impedance parameters were determined fitting impedance spectra with the generalized 
de Levie element (pore impedance) connected with Rs serial resistance and L inductance. 
Furthermore, where it is possible to determine, the parallel leakage resistance or charge 
transfer resistance Rleak (or Rct) were also inserted into the equivalent circuit model.  

 
The commercial Zview software was used to fit spectra in the whole frequency ranges (65 
kHz – 100 mHz), where the so-called Wo (open circuit Wartburg element) is equivalent with 
the gereralized de Levie element.  
 
The pore impedance can be described by the following equation: 

 ( )nW

n
W

por CRj
Cj

RZ ω
ω

ω coth)( 







=

        (1) 
where RW represents the ion diffusion inside the pores, and C is the low frequency 
capacitance, corresponding to the double layer capacitance of the total pore surface area. The 
heterogeneity of the electrodes can be taken into consideration by the exponent of n ≤ 0.5. 
The low and high frequency limits of equation (1) are as follows: 
At low frequency: 

         (2) 
which is a serial combination of the pore resistance, and the double layer capacitance at the 
whole pore’s surface, described by non-ideal constant phase element (CPE), representing the 
frequency dispersion. This frequency dispersion may be the result of combination of several 
types of surface heterogeneity.    
At high frequency:    

         (3), 
looks like the generalized Wartburg element, describing the ionic transport control inside the 
porous active layer, and is attributed to the low penetrability of pores.  
The Tw value, analogously to the time constant, is given by:  
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Tw= Rw*CPEdl,           (4) 
 
while the knee frequency can be determined according to the following equation:  

)2/(12/53.2 n
Wknee Tf π≈ .         (5) 

 
The specific values  
 
The cell capacitance, Ccell, was calculated according to the following equation: 
 

CNTmeascell mCC *2/= [F g-1],         (6) 
where Cmeas is the measured capacitance of supercapacitor test cell, consisting of two parallel 
electrodes with 1 cm2 surface area, and mCNT is the CNT surface density [mg cm-2].  
 
The cell capacitance values obtained in the symmetric cell configuration were recalculated 
also to a single electrode capacitance. This latter is four times larger than the value of cell 
capacitance measured in a two-electrode cell configuration The 1:4 ratio is due to the serial 
connection of two identical capacitor with twice the mass or twice the surface area 
resulting cell capacitance value per mass or per area is one fourth of the same number 
characteristic to the single electrode capacitance: 
 
Csp = 4 * Ccell [F g-1].          (7) 
 
The internal equivalent series resistance of supercapacitor cell:  
 
Resr = (Rs + 2 * Rpor) * 2 * mCNT [mΩ g].       (8) 
 
In two-electrode systems, two equal pore resistance of identical electrodes is connected serial 
with electrolyte resistance, and the CNT mass on both electrodes must to be calculated.   
 
The power, P, and energy, E, were calculated according to the following equations:   
 

esrR
UP

4

2

= [kW kg-1]          (9) 

2

2
1 UCE cell= [Wh kg-1],          (10) 

where U is the applied voltage (in our case 2V). These values are given for the mass of CNT-
forest.  
 
In addition more realistic values for power and energy were also estimated, where not only 
the mass of CNT but the mass of aluminium substrate (50 µm-thick), the mass of separator 
and mass of electrolyte were taken into account.   
 
  
 


