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Carbon nanotube thin films with ordered structures have been

developed from a highly concentrated suspension of nanotubes;

this is shown to be an attractive approach to fabricating

electrodes for high power density supercapacitors.

Owing to their unique electrical and mechanical properties, carbon

nanotubes have aroused a great deal of research interest, and a

wider range of potential applications have been proposed. For

example, carbon nanotubes have been used as electrode materials

for rechargeable batteries,1–4 supercapacitors,5–10 and the reinfor-

cement of nanocomposites.11–14 Many of these applications require

manipulation of the nanotubes (NTs) in solution or suspension.

Several groups15–17 have investigated the dispersion of carbon

nanotubes in different solvents and great progress has been made.

However, the solubility of carbon nanotubes in the solvents

studied is still low and, not surprisingly, the bulk assemblies of

nanotubes or fabrication of macro-scale nanostructured materials

have been hindered by this lack of solubility in common organic

solvents. Alternatively, dispersing nanotubes uniformly in different

solvents will facilitate the manipulation of carbon nanotubes and

open new doors to many potential applications. Therefore, it is of

both theoretical and practical significance to study the dispersion

behaviour of carbon nanotubes.

We report here a novel way of preparing a highly concentrated

colloidal suspension of carbon nanotubes by combining the

oxidation and sonication of nanotubes, and its application to

fabricating thin films with ordered structures for use as electrodes

of high power density supercapacitors.

The carbon nanotubes used in this study are functionalized

multi-walled carbon nanotubes.{ Among the solvents studied we

found that DMF is the best solvent to prepare high concentration

suspensions, followed by distilled water. The functionalized carbon

nanotubes can be easily dispersed in either distilled water, a

mixture of water and methanol, or DMF at a concentration of

5 mg ml21. Suspension with an extremely high concentration

(25 mg ml21) can be obtained by prolonging the sonication time in

DMF. In comparison, the concentration of the suspension is only

1 mg ml21 when ethanol was used.

All the suspensions thus prepared remain stable for many

months with no aggregation at all precipitated over time. As has

been demonstrated previously,18 the oxidation of carbon nano-

tubes produces a negatively charged surface, particularly through

the ionization of acidic surface groups. The resulting electrostatic

repulsion among the nanotubes leads to a dramatic increase in the

stability of the colloidal suspension.

Fig. 1 shows the SEM images of the surface of nanotube films

prepared by depositing the colloidal suspension of NTs/water and

NTs/ethanol. As can be seen, the nanotubes in Fig. 1(a) show clear

local alignment, as opposed to those in Fig. 1(b). In agreement

with the concentration of the suspensions, the packing density in

the film from the NTs/ethanol suspension is much lower than that

of the film from the NTs/water suspension. We speculate that the

electrostatic repulsion between the nanotubes and the high

concentration of nanotubes in the suspension are the reasons for

forming the ordering structure of the thin films. This was also the

case in the films fabricated from a highly concentrated NTs/DMF

suspension, where considerable alignment of nanotubes was

observed [Fig. 2(a)]. We also found that, by heating the NTs film

and the substrate in a furnace, the whole NTs film can be peeled

off the substrate very easily due to their mismatch in thermal

expansion, indicating that the film is very flexible and can be

readily handled. In addition to the alignment within the plane,

there was also alignment of the nanotubes parallel to the plane of

the film. To illustrate this effect, we intentionally scratched the film

fabricated from the NTs/DMF suspension. The arrow in Fig. 2(a)

shows the scratching direction. It should be noticed that many

pleats were formed [Fig. 2(b)] simply because the scratching

pushed a fraction of the thin film to the end, again revealing the

coherent structure and flexible nature of the nanotube film. A

higher resolution image of the pleats [Fig. 2(c)] clearly shows that

the nanotubes at the bottom of the film (now on the surface of the

pleats) are also well aligned. Shown in Fig. 2(d) is the SEM image

of the edge of the film that is perpendicular to the scratching
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Fig. 1 SEM images showing the surfaces of nanotube films prepared

from suspensions using different solvents: (a) distilled water (b) ethanol.
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direction (shown by the arrow in the image). It can be seen that

almost all of the nanotubes in the films are parallel to the plane of

the film, and are aligned in the same way as that of the nanotubes

on the surface of the film. The nanotubes randomly lying on the

wafer are those tubes that were left behind by the scratching.

Owing to the coherent structure and flexible nature of the thin

films thus fabricated, these films have the advantage that no binder

is needed to form films on a desired substrate, and thus are

promising electrode materials for supercapacitors.

For this electrochemical application study, two electrodes were

prepared by depositing 0.1 ml of suspension (concentration: 5 mg

of carbon nanotubes in 1 ml of DMF) on two 12 6 12 mm nickel

foils (as current collector) respectively and followed by drying at

room temperature. 6N KOH was used as the electrolyte. A glass

fiber filter paper immersed in the electrolyte was used as the

separator and was placed between the two electrodes. The cyclic

voltammetry test was performed with a Potentiostat/Galvanostat

(EG&G Princeton Applied Research, Model 263A).

Fig. 3 shows the cyclic voltammogram with a very high scan

rate of 750 mV s21 on the assembled capacitor. It was well known

that the shape of the loop of the capacitor should be rectangular

provided that there are no internal, interfacial and contact

resistances.19 Large resistance distorts the loop, resulting in a

narrower loop with an oblique shape, especially at high scan rate.

As shown in Fig. 3, during the initial cycling the CV of the

capacitor using the ordered films as electrodes is still very close

to the ideally rectangular shape even at such a high scan rate of

750 mV s21, except that there is a strong oxidation peak at 0.9–

1.0 V and a reduction peak around 0.8 V. The peaks are attributed

to the following redox reactions due to the functional groups on

the nanotubes:2

.C–OH u .CLO + H+ + e

–COOH u –COO + H+ + e

.CLO + e u .C–O2

It should also be noted that both peaks gradually diminished

after several tens of cycling, probably due to the removal of those

functional groups. However, the CV curve still presents a quite

rectangular shape that is a clear proof of well developed

capacitance properties.

The power density can be estimated from the inner integrated

area (current 6 voltage).5 A very high specific power density of

about 17 kW kg21 was obtained from Fig. 3, indicating that this

suspension preparation technique can be used to fabricate

supercapacitors for surge-power delivery.

In summary, we have demonstrated the ability to prepare highly

concentrated suspensions of carbon nanotubes using different

solvents. The nanotube thin films fabricated from these suspen-

sions show an ordered structure and high packing density, and are

very flexible. Most importantly, no binder is needed to form the

film which makes this technique attractive to fabricate super-

capacitors for surge-power delivery; we have obtained a very high

specific power density of about 17 kW kg21.
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Fig. 2 SEM images of the nanotube film fabricated from the NTs/DMF

suspension, showing: (a) the surfaces the films; (b) and (c) the pleats at the

end of a scratch; and (d) the cross-section of the film.

Fig. 3 Cyclic voltammograms with a scan rate of 750 mV s21 of an

assembled supercapacitor using the nanotube thin films as electrodes.
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Notes and references

{ The multi-walled carbon nanotubes (MWNTs) used for this study were
produced by chemical vapour deposition (CVD). Synthesis of MWNTs
was conducted in a horizontal quartz tube in a furnace. Catalyst power (Fe/
Al2O3) for producing MWNTs was placed in a ceramic boat which was
then loaded into the tube furnace. Hydrogen was introduced into the
furnace before it was heated up to 700 uC. The temperature was held for
30 min during which time ethene was introduced into the quartz tube.
Ethene supply was then shut off and the system was cooled to room
temperature. The so-obtained powder of Fe/Al2O3/MWNTs was treated
with a HF aqueous solution and hydrochloric acid at room temperature
successively to extract the nanotubes by dissolution of Al2O3 and iron
particles. The nanotubes were then collected by filtration, washed with
distilled water and dried. Purified MWNTs were refluxed with concentrated
boiling nitric acid for about 10 h, and then washed with distilled water
followed by rinsing with ethanol and drying in air at 60 uC. To prepare the
colloidal suspension of carbon nanotubes in different solvents, predeter-
mined refluxed carbon nanotubes were placed in a scintillation vial
containing 10 ml of solvent, and the vial was then capped and sonicated for
30 min. Distilled water, ethanol, dimethylformamide (DMF), and a
mixture of distilled water and methanol were used as solvents in this study.

Colloidal suspensions were deposited directly onto silicon wafers and
dried at room temperature. The microstructures of purified nanotubes were
investigated by scanning electron microscopy (FEI XL30-SFEG).
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