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A B S T R A C T   

In this work, gold (Au) films were deposited onto vertically aligned carbon nanotubes (CNTs) by Dc magnetron 
sputtering method for use as super-capacitor electrodes. By so doing, we synthesize a porous Au deposit anchored 
on the CNTs with a high apparent surface area. The structure and microstructure studies revealed that the 
Au@CNTs have a porous nanostructure morphology. The porous Au/CNTs electrodes exhibit an a good areal 
capacitance compared to state of art Au based electrode (25.6 mF cm-2 at 5 mV.s-1) and excellent cycling stability 
(90% retention after 10.000 cycles) in 0.5 M H2SO4 aqueous solution. These results demonstrate the beneficial 
use of CNTs to fabricate a porous Au deposit with improved electrochemical energy storage. In addition, these 
porous structures can also be used as templates for another type of materials for electrochemical energy storage.   

1. Introduction 

Among the various energy storage systems, electrochemical capaci
tors (ECs) also called supercapacitors have attracted increasing attention 
as potential candidates for energy storage, due to their high power 
density and long cycle life [1–3]. Carbon materials such as graphene [4, 
5], activated carbon [6–9], carbon nanotube (CNT) [10,11], 
carbide-derived carbons [12,13], mesoporous carbon [14,15], and car
bon aerogel [16–18], are widely used as promising materials for 
supercapacitors, or templates for different material deposition because 
of their high surface area, excellent conductivity, and electrochemical 
stability [19–24]. A supercapacitor using CNT-forest transferred onto an 
elastomeric substrate with assistance from a thermal annealing process 
in an atmospheric environment was unveiled by Changyong et al. [25]. 
This CNT-forest electrode exhibited excellent electrochemical perfor
mance as well as high stability under either uniaxial (300%) or biaxial 
(300% × 300%) stresses under thousands of stretch-relaxation cycles. 
On the other hand, Sheng et al. [26], through the design of 3D elec
trodes, a substantial improvement in vertical 3D nanomaterial based 
systems for energy storage at the microscopic scale device 

Gold (Au) with high content has also been used as a model for the 
deposition of transition metal oxides in order to improve the electrical 
conductivity of the deposited material. Thanks to these properties work 
based on the combination of Au and CNT in order to allow the 

optimization of their single properties to create systems that are 
potentially versatile [27]. However, report on porous Au as electrode for 
ECs is scarily reported in literature. For example as it permits the inte
gration of their own unique properties in order to achieve potentially 
multipurpose systems. Au electrodeposition on CNT tips has been 
demonstrated to also provide better current density control of the 
electrode due to its high conductivity [28,29]. However, Yihao et al. 
[30] propose a robust and highly efficient scalable electrode from a 
crumpled Au-CNT forest. This symmetric supercapacitor has a maximum 
specific capacitance of 6 mF cm− 2 at a current density of 40 mA cm− 2 at 
large strains, and exhibits superior mechanical and electrochemical 
stability. This investigation provides a feasible method to synthesize 
vertically aligned nanotubes or nanowires into highly stretchable 
supercapacitors for outstanding and robust electrochemical capabilities. 

In the present work, we report the synthesis of high performance 
electrodes based on Au deposited on CNTs. The Au thin films were 
synthesized by magnetron sputtering on vertically aligned CNTs tem
plate using one-step process. The electrochemical measurements reveal 
that Au@CNTs film shows enhanced properties with higher areal 
capacitance values compared to those of pure CNTs or Au thin film 
electrodes in a mild electrolyte of 0.5 M H2SO4 and excellent stability 
over 10 000 cycles. 
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2. Experimental 

2.1. Synthesis of vertically aligned CNTs films 

The CNTs were grown over (001) oriented silicon substrates coated 
with a 10 nm thick amorphous carbon layer using plasma enhanced 
chemical vapor deposition (PECVD) process. A 10 nm thick nickel (Ni) 

film was deposited via DC-sputtering after which the sample was 
transferred to the PECVD reactor. Prior to CNT growth, the Ni film was 
transformed into Ni catalyst nanoparticles (NPs) of ~ 50 nm in diameter, 
after annealing at 600 ◦C. The aligned CNTs arrays were grown via 
PECVD in acetylene (C2H2) plasma diluted with ammonia (NH3) in a 1:3 
flow ratio, at a constant substrate temperature of 500 ◦C. The pressure 
and power were kept constants under 0.2 Pa and 125 W, respectively. 
The synthesis time was for a duration of 60 min for all samples. 

2.2. Deposition of Au on the CNTs 

AuNPs were deposited on the CNTs samples by DC-sputtering in 
another chamber. The Au target (99.999% in purity and 2 in. in diam
eter) was sputtered using Ar (flux of 30 sccm) at 50 W power, O.5 Pa 
working pressure, and the substrates were mounted on a holder and 
placed at a distance of ~20 cm from the sputtering target, for different 
deposition times 100, 500 and 1000 s, thus the samples are assigned as 
Au@CNT-100 s, Au@CNT-500 s and Au@CNT-1000s, respectively. 

2.3. Sample characterization 

2.3.1. Structural and surface characterization 
The morphology of the Au@CNT was investigated using scanning 

electron microscopy (SEM, on a JEOL JSM 7500 F) with a working 
distance of 10 mm, acceleration voltage ranging from 0.1 kV to 30 kV, 
with a resolution of 1.0 nm at 15 kV, 1.4 nm at 1 kV. For transmission 
electron microscopy (TEM; H9000-NAR operating at 300 kV) was used. 
Samples were scratched with a diamond tip and collected on a TEM 
copper grid covered with a thin holey carbon film prior to sample ex
amination. Structural characterization of the samples was performed by 
X-ray diffraction (XRD) (D8 Advance, Bruker, Germany) with Cu Kα 
radiation λ= 0.1546 nm radiation and a tube voltage of 40 kV, tube 
current of 40 mA, the operating power of 16 W, the grazing incidence 
angle of 1◦, scanning speed of 1◦/min, and scanning range of 20 ◦–80 ◦

The surface chemical analysis was evaluated by X-ray photoelectron 
spectroscopy (XPS) (Thermo Scientific K-Alpha, Al Kα radiation 
1486.68 eV) with a spot size of 250 × 250 μm. Cores levels and survey 

Fig. 1. XRD patterns of Au@CNTs samples deposited for 100 s, 500 s, and 
1000 s. 

Table 1 
Structural parameters D and the ε of different Au@CNTs films, with different 
time of deposition [100, 500, 1000s], at 50 W power and 0.5 Pa working 
pressure.  

Samples D (nm) ε% 

Au@CNT-100 s 17 − 0.059 
Au@CNT-500 s 21 − 0.102 
Au@CNT-1000 s 23 − 0.123  

Fig. 2. Top view and cross-section SEM images of Au@CNTs-100 s, Au@CNTs-500 s, and Au@CNTs-1000s films.  

S. Roguai and A. Djelloul                                                                                                                                                                                                                     



Thin Solid Films 777 (2023) 139894

3

spectra were acquired at 20 and 150 eV, respectively. A flood gun was 
used for charge compensation. No additional binding energy shift (to C 
1 s signal) was required. 

2.3.2. Electrochemical characterization 
Electrochemical measurement was performed in a three-electrode 

electrochemical cell at room temperature. Au@CNTs sample, Ag/AgCl 
and Pt foil were used as working, reference and counter electrodes, 
respectively. Only Au@CNTs active material was in contact with the 
electrolyte (S = 0.5 cm2). A silver paste was used to ensure good contact 
with the current collector made with cooper. The electrodes were 
evaluated by cyclic voltammetry (CV), and galvanostatic charge- 
discharge in H2SO4 (0.5 M) aqueous solution. 

3. Results and discussion 

3.1. Structural and microstructural studies 

The XRD patterns of the samples are shown in Fig. 1. It was observed 
that the sputtered Au@CNTs films at various time (100, 500, 1000s) is 
formed in the structure cubic (Au), characterized by the presence of the 
peaks (111), and (200) occurred (JCPDS card No. 00–004–0784). The 

XRD patterns revealed that the intensity of this plane of Au increase with 
increasing time of deposition. 

The evaluation of the cristallites size (D) and the strain (ε) of the 
Au@CNTs films using the following equations (Eq. (1)) and (Eq. (2)) 
[31,32]: 

D =
0.9λ

βcos(θ)
(1)  

ε =
β

4tanθ
(2) 

Where λ is the wavelength of the incident X-ray (Cu Kα radiation, λ 
=1.5418 Å), K is a constant of grating geometry (0.9), β is the width at 
half height of the spectral lines (FWHM), and θ is the Bragg diffraction 
peak (in radians). The evaluated values are listed in Table 1, it can be 
seen that the crystallite size increases of (17, 21, 23 nm) with the time of 
deposition of the films (100, 500, 1000s) respectively. And also the 
microstrain of the Au@CNTs sample decreases of (− 0.059, − 0.102, and 
− 0.123) with the increment of deposition time (100, 500, 1000s) 
respectively, while the negative signs of the ε values indicate compres
sive strains. The ε decrease is related to the increase of the particle size, 
which implies the deposit time affects the structure of obtained films. 

SEM observations indicated that the deposition of Au@CNTs was 
found to be achieved. As it can be seen in Fig. 2, there was no effect on 
the structure of the carbon nanotube forests, and there were no notice
able changes detected between the SEM images of the samples deposited 
at different time points (100, 500, 1000s). The enlarged TEM observa
tion of Au@CNTs at 100 s is shown in Fig. 3. revealed that the Au was 
located on the surface of the carbon nanotube, showing that the Au NPs 
are about 5 nm. These experimental results confirm that the Au NPs 
were effectively coated on the vertically aligned CNTs by magnetron 
sputtering deposition. 

The XPS spectra of Au@CNTs are shown in Fig. 4, revealing the 
presence of the peaks Au 4 s (762 eV), Au 4d1/2 (641 eV), Au 4d3/2 (547 
eV), O 1 s (532 eV) [33,34], Au 4d, C1s, and Au 4f (84.1 eV) due the 
presence of the amount of metallic Au [32,34]. The bond O1s At 532.0 ±
0.2 eV the oxygen species has a rather higher binding energy. This 
species is found to occur on exposures to the oxygen of any length. Some 
research shows this binding energy on the surface of Au to oxygen in the 
composition of OH groups or to water [35,36], for the formation of 
oxygen on a Au surface deposition. 

Fig. 3. TEM images of the Au@CNTs deposited for 100 s.  

Fig. 4. Representative example of XPS spectra of Au@CNTs-500 s films.  
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3.2. Electrochemical properties 

Fig. 5, represents the CV curves for the electrochemical capacitance 
of Au@CNTs [100, 500, 1000s] in the potential range of − 0.2 V to 1.0 V 

with scan rates ranging from 10 mV/s to 500 mV/s, of both electrodes in 
H2SO4 solution. The effect of pseudo-capacitance was evident from the 
cyclic voltammogram for all Au@CNTs samples [100,500, 1000s], as 
peaks of oxidation and reduction appeared. The separation between the 

Fig. 5. Electrochemical performance of Au@CNTs films tested in a two-electrode system. CV curves of (a) Au@CNTs (100 s), (b) Au@CNTs (500 s), and (c) 
Au@CNTs (1000s) films at different scan rates, and (d) comparison CV curves of Au@CNTs (100, 500, 1000s) films at a scan rate of 100 mV/s. 

Fig. 6. Areal capacitance as a function of the scan rate curve of Au@CNTs films prepared with different deposition time and cycling stability measured at 100 mV/s 
for 12.000 cycles of Au@CNTs (100 s) films. 
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oxidation and reduction potential peaks in the sample became greater, 
with the reduction potential peaks moving to the left side of the spec
trum as the scan rate increased. Fig. 5, shows the comparison of CV 
curves for the electrochemical capacity of Au@CNTs films [100, 500, 
1000s] at 100 mV/s. It can be seen that the deposition of the sample 
Au@CNTs films [1000s] was faster than that of the other samples 
Au@CNTs films [100, and 500 s]. As can be seen from the spectra, the 
CV curves maintain a relatively symmetrical rectangular shape, there is 
no evident fluctuation until the voltage window is expanded to 1.0 V. At 
this time, the Au@CNT films present critical capacitive performance, 
with the CV curve having a clear rectangular shape, which remains 
stable even at a scan rate of 100 mV/s. At this scan rate, it is possible for 
the current to respond quickly to the voltage change, suggesting that the 
electrolyte is able to diffuse through the film quickly. It can be seen that 
as the deposition time increases, the oxidation–reduction reaction in
creases, which could be due to the modification of the Au NPs on the 
CNTs. 

As shown in Fig. 6, from CV curves, the areal capacitance (F/cm2) of 
Au@CNTs [100, 500, 1000s] at different scan rates is calculated ac
cording to the following equation 

C =

∫
idV

2 × ΔV × v × A
(3) 

Where 
∫

idV is the integrated area of CV curves; △V is the scanned 
potential window, v is the scan rate, and A is the area of the single 
electrode (cm2). Were seen that an increased of the values of areal 
capacitance with a deposition time of 100, 500, 1000s, respectively (see 
Table 2), as the scan rate reaches 50 mV/s. We noted that the scan rate 
affects the electron transfer as well as the diffusion of ions from the 
electrolyte into the electrodes. Usually, there is a decrease in the specific 
capacitance with increasing scan rate. As illustrated for the Au@CNTs 
(100 s) films, the areal capacitance remained about 90% of its initial 
value after 10.000 cycles, which implies excellent capacitive perfor
mance and stability (Fig. 6). 

The voltammograms recorded during the electrochemical studies of 
Au@CNTs [100, 500, 1000s] electrode using the CV method by applying 
potential from − 0.2 to 0.6 V at a potential sweep rate of 10 mVs− 1 are 
shown in Fig. 7, as a result, the bare Au@CNTs exhibited significant 
electrochemical activity with increasing deposition time. They displayed 
considerable redox performance, that is due to the high active surface 
area of the as-synthesized Au@CNTs, proving the viable electrochemical 
properties. Further, the surface area of the electrode was suggested to 
have been enhanced by changing it with deposition time. The more 
intense signals corresponding to Au@CNTs (1000s) provide a reason for 
their good conductive characteristics. 

As also shown in Fig. 7, the anodic current density, here, it can be 
seen from the results that the anodic current density (relative to Ag/ 
AgCl) at a scan rate of 10 mVs− 1 for the Au@CNTs bioanode [100, 500, 
1000s] increased from 0.20 mAcm2 Au@CNTs (100 s) to 0.29 mA cm2 

Au@CNTs (1000s), indicating that this anode has a strong potential to 
achieve the oxidation of H2SO4. This rise in current response resulting 
from H2SO4 oxidation may result from the incorporation of Au NPs into 
CNTs, with the increase in deposition time, which has a noticeable effect 
in assisting the electron transmission and enhancing the catalytic ac
tivity of the Au. 

4. Conclusions 

Au@CNT [100,500,1000s] films were fabricated by DC-sputtering of 
Au on vertically aligned CNTs templates. The Au@CNTs electrodes 
represent a nanostructured morphology. The areal capacitances of the 
AuN@CNTs electrodes were found to increase as the time of deposition 
increases. Moreover, the electrodes shows a stability over 10.000 
consecutive cycles in 0.5 M H2SO4 electrolyte solution. 

Under optimized conditions, the Au@CNT (1000 s) electrode ex
hibits a high areal capacitance of 1.6445 mF cm-2 at a scan rate of 50 mV 
s-1 which is higher than Au thin film or CNTs alone. The obtained results 
suggest that Au@CNTs in particular and porous Au metal in general can 
compete with other type of materials as a promising material for micro- 
supercapacitor applications. 
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Table 2 
The Areal capacitance of different Au@CNTs films, with different time of 
deposition [100, 500, 1000s], at 50 W power and 0.5 Pa working pressure.  

Scan rates (mV.s − 1) The Areal 
capacitance (mF/cm2) 

Au@CNTs- 
100 s 

Au@CNTs- 
500 s 

Au@CNTs- 
1000 s 

10 0.2699 1.0796 1.6194 
50 0.27409 1.0964 1.6445 
100 0.25066 1.0026 1.504 
200 0.22914 0.91658 1.3749 
500 0.1957 0.78279 1.1742  

Fig. 7. Cyclic voltammograms measured at10 mVs− 1 of Au@CNTs films prepared with different deposition time and cyclic voltammetric anodic and cathodic peak 
current density as the function of the scan rate (v)1 / 2 of Au@CNTs (100, 500, 1000s) films. 
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