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Arrays of multi-segmented hybrid nanostructures of carbon

nanotube and gold nanowires have been synthesized using a

combination of chemical vapour deposition and electrodeposition

methods and we further demonstrate that ultra-high power

electrochemical double layer capacitors can be engineered using

these hybrid nanowires, resulting in very high power densities.

Electrochemical capacitors with their high power density and

long cycle life will be important players in various energy

storage devices.1,2 The performance characteristics of electro-

chemical double layer capacitors (EDLCs) are fundamentally

determined by the structural and electrochemical properties of

electrodes.2 They have been examined with great interest for

their applications in hybrid vehicles and backup power sup-

plies.2–7 For such applications, it is extremely important to

develop supercapacitors with higher power densities than are

currently available.

Various materials including metal oxides,8 doped conduct-

ing polymers,9 and carbon10 in different forms have been used

as electrode materials. Metal oxide (e.g. RuO2, MnO2, IrO2,

Co3O4, MoO3, WO3 and TiO2) based capacitors show very

high specific capacitance and high specific power, but they are

limited by their high cost. Electronically conducting polymers

(ECPs) are less expensive, but they have poor reusability

during cycling. Porous carbon materials have high surface

area,10 however, the low conductivity of porous carbon limits

it from having high power densities. Excellent electrical prop-

erties and high surface areas of carbon nanotubes have

attracted a great deal of attention and they have been used

as electrodes for supercapacitors.11–14 In spite of having ideal

properties, CNT based supercapacitors do not meet the ex-

pected performance.2 One of the major issues of CNT based

supercapacitors is the high contact resistance between the

electrode and the current collector which limits their perfor-

mance.3,5,13 Various methods have been employed to reduce

the internal resistance of the CNT electrode for achieving high

power capabilities.3,5,6,13 A two-step process using a treated Al

current collector has been shown to improve the Al/active

material interface properties, thus decreasing the internal

resistance.6 Contact resistance could be lowered by growing

CNTs directly on to a conductive substrate.15,16 However,

such bulk contacts still seem to be uneven and considerable

contact resistance is observed between the substrate and the

electrode. All these methods are multi-step and are shown to

have only limited improvements in the supercapacitor perfor-

mance. Hence, it is important to develop more versatile and

modified electrodes that allow better contact between the

metal and the nanotube structures. Recently we have devel-

oped a process for the synthesis of hybrid nanostructures of

CNTs and metal nanowires.17 Here, we report a technique to

fabricate ultra-high power supercapacitors by using multi-

segmented CNT/AuNW hybrid structures as electrodes. Both

the electrode (CNTs) and current collector (AuNW) are

integrated into a single nanostructured wire thus resulting in

excellent performance for our supercapacitors, with a very

high power density of 48 kW kg�1, which is much higher than

the reported values for CNT-based supercapacitors. The

intimate contact between metal and CNTs reduces the contact

resistance and enhances its power capabilities.

The experimental procedure for growing CNT/AuNW

hybrid structures is shown in Fig. 1 (see ESIw for details).

Au nanowires are first grown inside the channels of commer-

cially available AAO templates (nanopore diameter of

B200 nm and length of B50 mm) using electrodeposition.

After the electrodeposition of the Au nanowires, CVD was

carried out to grow multi-walled carbon nanotubes (MWNTs)

inside the template, by the pyrolysis of acetylene at 650 1C for

1–2 h with a flow of gas mixture containing Ar (85%) and

C2H2 (15%) at a rate of 35 ml min�1. The presence of an

evaporated metal film prevents the CNT/AuNW hybrid struc-

tures from collapsing after the removal of templates.

Fig. 2 shows the SEM and TEM images of CNT/AuNW

hybrid structures after removal of the template. CNT/AuNW

Fig. 1 Schematic showing the fabrication of CNT/AuNW hybrid

structures inside the AAO template.
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hybrid nanowires are uniform and re-align even after removal

of the AAO template. The two segments can be seen clearly in

the image due to different contrast of gold and CNTs. The Au

segment is typically grown about 3 mm in length, while the

CNTs are about 40 mm, as shown in the SEM images (Fig. 2a

and b). A spot profile EDX spectrum clearly shows a sig-

nificant amount of gold from the brighter part (Fig. S1, ESIw).
TEM image (Fig. 2 c) clearly indicates that the multi-walled

carbon nanotube is nicely fused with the gold nanowire,

forming a well adhered interface. The inner diameter of

CNT was B170 nm, with a wall thickness of B15 nm

(Fig. 2d).

These hybrid nanowires were dispersed in solvent by sonica-

tion for the TEM sample preparation and do not break,

clearly indicating the robustness of these structures. Flexible

films of CNT/AuNW hybrid structures obtained after the

removal of templates in 3 M NaOH solution were directly

used as electrodes in an electrochemical supercapacitor device.

Two such films bonded back-to-back make a single super-

capacitor device (Fig. 3). The Au segment of each electrode in

contact with the Cu layer acts as the current collector.

The electrochemical properties and capacitive behavior of

the supercapacitor electrodes (Fig. 4) were studied by cyclic

voltammetry (CV), galvanostatic charge–discharge and impe-

dance spectroscopy measurements. The specific capacitance

was calculated from galvanostatic charge–discharge measure-

ments. In order to compare the supercapacitor performance of

our CNT/AuNW hybrid electrodes with CNTs, electrochemi-

cal measurements were also carried out for the supercapacitor

devices with AAO template-grown CNT electrodes where a

thermal evaporated metal layer acted as the current collector.

Fig. 4a shows the CV behavior of the supercapacitor with

CNT/AuNW and CNT electrodes using 6 M KOH electrolyte,

with a sweep rate of 100 mV s�1 (see ESIw for details, Fig. S2).

The CV curves for supercapacitor electrodes with CNT/

AuNW hybrid structures present a rectangular shape, indica-

tive of excellent capacitance properties. The pure CNT elec-

trodes show lower performance. As evidenced by the slope of

V/I at the rectangular sides in the CV curves, low equivalent

series resistance (ESR) exists between the AuNW and the CNT

in comparison to the pure CNT electrodes. Such low ESR is

mainly due to the lower contact resistance between the current

collector and the electrode, since ESR arises from the resis-

tance of the electrode, electrolyte and the contact resistance

between the electrodes and current collectors.2 Large internal

resistance generally results in distorted CV behavior, resulting

in a narrower loop, at higher scan rates. However, super-

capacitor electrodes using CNT/AuNW hybrid structures

show rectangular CVs with close to ideal capacitive behavior,

even at very high scan rates of 1000 mV s�1, which again

indicates a low ESR (Fig. 4b). Galvanostatic charge–discharge

measurements were used to calculate the specific capacitance

of the device. The constant current charge–discharge curves

for CNT/AuNW electrodes (Fig. 4c) show typical ideal capa-

citive behaviour with very sharp responses, without any IR

drop, this also suggests the low contact resistance in our

Fig. 2 (a) SEM image showing the CNT/AuNW segments and the

Cu back layer. (b) High resolution SEM image showing the interface

between the CNT and AuNW segments. (c) TEM image clearly

showing the CNT/AuNW interface. The inner diameter of the CNT

is approximately 170 nm. (d) HRTEM image showing the graphitic

walls of CNT, approximately 15 nm thick. A schematic of a single

hybrid nanowire is shown.

Fig. 3 Schematic diagram showing the supercapacitor device with

CNT/AuNW electrodes. The Au segment of each electrode in contact

with the Cu layer acts as the current collector.

Fig. 4 Cyclic voltammograms measured at scan rates of (a) 100 mV

s�1 and (b) 1000 mV s�1, using 6 M KOH electrolyte. (c) Galvano-

static charge–discharge behavior measured at a constant current of

2 A g�1 for supercapacitor using CNT/AuNW electrodes. (d) Nyquist

plots for the CNT/AuNW and CNT electrodes at an AC amplitude of

10 mV. Inset shows an enlarged scale.

2374 | Chem. Commun., 2008, 2373–2375 This journal is �c The Royal Society of Chemistry 2008



electrodes. The calculated specific capacitances were 72 and

38 F g�1, respectively, for CNT/AuNW hybrid electrodes and

CNT electrodes. Both CNT/AuNW and CNT electrodes were

shown to possess good stability over 1000 charge–discharge

tests. Fig. 4d presents the Nyquist plot of CNT/AuNW and

CNT electrodes. CNT electrodes show a straight line in the

low-frequency region and a semi-circle in the high frequency

region (see inset of Fig. 4d), indicating that the supercapacitor

is more resistive at high frequencies. The vertical shape at

lower frequencies indicates pure capacitive behavior, repre-

sentative of the ion diffusion in the porous structure of the

electrode.18 It is interesting to see that the semi-circle almost

disappears in the Nyquist plot for the CNT/AuNW hybrid

electrode due to extremely small contact resistance. The ESRs

measured are 480 mO and 3.4 O for CNT/AuNW and CNT

electrodes, respectively. Low ESR mainly results from the

extremely small contact resistance, hence leading to efficient

power density. This is obvious from the Nyquist plots

(Fig. 4d), since both the electrodes show similar capacitive

behavior, indicative of the ion mobility in the micropores.18

However, the high frequency arc, which is attributed to the

impedance resulting from the resistance between carbon par-

ticles and the backing current,19 is almost negligible for CNT/

AuNW hybrid electrodes. Excellent performance of a super-

capacitor device with CNT/AuNW electrodes has been rea-

lized from its high power density. A maximum power density

of 48 kW kg�1 is obtained at room temperature, for a super-

capacitor device with CNT/AuNW electrodes, which is much

higher than the reported values for carbon nanotube based

supercapacitor devices.4,5 For supercapacitors using CNT

electrodes (with a thermal evaporated metal current collector),

a maximum power density of 18 kW kg�1 has been reported.

This highlights the influence of the interface resistance between

current collector and active material on the performance of the

supercapacitor. The large improvement in power density for

CNT/AuNW electrodes, compared to CNT electrodes, could

be attributed to low contact resistance arising from the well

adhered interface between the CNT and AuNW junctions.

Here, each carbon nanotube is electrically connected to the

gold nanowire current collector, so that all the nanotubes

contribute to the capacity there by improving the rate cap-

abilities.

To conclude, we have synthesized arrays of CNT/AuNW

multi-segmented hybrid structures via a template method. The

CNT/AuNW hybrid electrodes showed excellent electroche-

mical performance with a maximum power density ofB48 kW

kg�1 which is attributed to the well adhered interface between

CNT and AuNW segments. This results in nanoscale contact

with each electrode and the current collector, leading to very

low contact resistance. The 3-dimensional nanotubular elec-

trode configuration results in improved electrolyte penetra-

tion. The new device configuration involves a simple electrode

fabrication procedure and also helps in efficient packing.
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