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Thenovel Inconel buffer filmswere prepared on copper foils using unbalance direct current (DC)magnetron sputtering.These films
were employed as buffer layers for supporting the dense growth of multiwalled carbon nanotubes (MWCNTs). Thermal chemical
vapor deposition (CVD) with metal alloys such as stainless steel (SS) type 304 films was considered to synthesize MWCNTs. To
understand the effectiveness of these buffer films, the MWCNTs grown on buffer-free layer were carried out as a comparison. The
main problem such as the diffusion of catalysts into the oxide layer of metal substrate during the CVD process was solved together
with a creation of good electrical contact between substrate and nanotubes. The morphologies, crystallinities, and electrochemical
behaviors of MWCNTs grown on Inconel buffer films with 304 SS catalysts revealed the better results for applying in flexible
electrochemical applications.

1. Introduction

Since the landmark paper of discoverable multiwalled carbon
nanotubes (MWCNTs) was published in 1991 [1]. TheMWC-
NTs have been extensively of interest for various researchers
for several decades. Because of their excellent properties,
they are considered as candidates in nanotechnological works
such as sensors, composite materials, capacitors, and many
others. The MWCNTs can be well grown on semiconducting
and insulating substrates such as silicon or silicon oxide
[2–5]. Thermal chemical vapor deposition (CVD) with the
classical transition metal catalysts including nickel (Ni), iron
(Fe) and cobalt (Co) was popularly operated to synthesize
the MWCNTs [6]. There are many reports that metal alloy
based on Fe such as stainless steel (SS) is one of the best
catalysts for CNT growth [7–10]. For electrode works, the
MWCNT were scraped off and mixed with a binder and
a solvent. The resulting MWCNTs were then coated on a
conductive substrate. And then, they were test for electrode
performance. The problem with this technique is the high

value of total electrode resistance due to their various contact
layers. Moreover, the use of binders has an effect on the
overall surface morphology of MWCNTs. Therefore, the
direct growth ofMWCNTs on themetal substrate for creation
a good electrical contact between substrate and MWCNTs is
challenging. Typically, copper substrate has been suggested to
be the great choice in electrode applications. Copper (Cu) is
well known as the common conductive materials. It has been
employed in variousworks due to its outstanding thermal and
electrical conductivity properties. However, the MWCNTs
grown directly on Cu substrates in a large scale production
have demonstrated problems due to their low activity with
Cu surface [11]. Therefore, the addition of catalysts including
Ni, Fe, Co, and their alloys has been necessary [12, 13]. For
the dense growth of MWCNTs on a metal substrate, the
prevention of catalyst diffusion into the oxide layers of the
substrate is required.The low reaction temperature (<700∘C)
was chosen to reduce the diffused effect [11]. But decreasing
the reaction temperature also decreases the crystalline quality
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Table 1: Sputtered conditions for deposition of Inconel and 304 SS films.

Parameters Inconel buffer film 304 SS catalytic film
Base pressure (mbar) 5 × 10−5 5 × 10−5

Working pressure (mbar) 3 × 10−3 3 × 10−3

Substrate temperature (∘C) R.T R.T
Distance between the target and the substrate (cm) 10 10
Ar flow rates (sccm) 5 5
DC power (W) 217 280
Sputtering time (s) 60 30

of MWCNTs [14]. Metal, oxide, and nitride films such as Al,
Ta, SiO

2
, TiO
2
, MgO, Al

2
O
3
, and TiN have been used as a

buffer layer due to their thermal barrier properties [15–25].
For Al

2
O
3
buffer film, it has been applied as a classical buffer

layer for supporting the aligned growth of MWCNTs [16, 17,
26]. This layer can be prepared using different techniques.
Thermal oxidation technique has been widely employed to
form an oxide layer on the top surface of Al film [26].
However, this is a major cause for the rough surface of
substrates. As the initial surface of substrate is rough, the
synthesized MWCNTs are nonalignment and high defect
structures [26].Therefore, this is a disadvantage forMWCNT
applications in powerful effectiveness. Sputtering technique
with reactive gas was reported as a good technique for
preparation of smoothAl

2
O
3
films.The sputteredAl

2
O
3
films

were considered to achieve a smooth initial buffer surface for
more effective MWCNT growth [26]. However, the barrier
layers may increase the electrical contact resistance between
the copper substrates and the nanotubes. In the recent year,
titanium nitride films have been conducted as the buffer layer
with the low contact resistance inMWCNT growth [22]. Kim
et al. investigated electrochemical behaviors of MWCNTs
grown on Inconel coated Cu foils using the mixture of
xylene and ferrocene [26]. They discussed the fact that the
Fe nanoparticles from the ferrocene can be delivered during
the CVD process for increasing the lifetime of catalyst action.
This result has an effect on the growth of MWCNTs in
vertical alignment. They also reported in other works that
MWCNTs grown on Cu foil using only Ni catalyst without
Inconel layer were poor [11]. Therefore, the power density
and specific capacitance values of the double layer capacitors
could be developed from the dense growth of MWCNTs on
Cu substrates using Inconel layers.

In this work, the denseMWCNTswere synthesized onCu
foils using 304 SS films as catalysts. During the CVD process,
thin Inconel� Alloy 600 sputtered films were considered
as important buffer layers for preventing the diffusion of
catalysts into the oxide layers of Cu substrate. These results
were compared with theMWCNTs obtained from buffer-free
layer.The experimental data show that the use of thin Inconel
film could be a novel way to improve the quantity and quality
of MWCNTs grown on metal substrates. The investigations
of surface morphologies, crystallinities, and electrochemical
behaviors of MWCNTs grown on Inconel buffer films with
304 SS catalysts would be represented.

2. Materials and Methods

2.1. Preparation of Buffer and Catalytic Films. A 1 × 1 cm2
copper foil (Brastech Company) with a thickness of 50𝜇m
was used as a substrate. The foil was ultrasonically cleaned
in acetone first followed by methanol for 15min and dried
with nitrogen before loading into the chamber of a DC
magnetron sputtering. To obtain a smooth buffer layer, active
Inconel buffer film was first sputtered onto the copper foil
at room temperature (R.T). Pure Ar (99.99%) was employed
as the sputtered gas with flow rates of 5.0 sccm. Before the
deposition, the target was sputter-cleaned in Ar plasma for
5min to remove the oxides and impurities on the top surface
of target. An Ar flow rate during the sputtered cleaning was
set at 5 sccm under a total pressure of 3 × 10−3mbar, while
electrical power on the targets was kept at 0.4 A and ∼540V.
During deposition, the Inconel target was supplied by DC
power supply for 60 s to achieve 45±3 nm thick Inconel buffer
film. And then, these films were ultrasonically cleaned in
acetone and methanol again before coating with 10 nm thick
304 SS film as catalysts.The details of all deposited conditions
kept in this study are shown in Table 1.

2.2. Growth of MWCNTs. The catalytic substrate was ultra-
sonically cleaned and dried with nitrogen before loading into
a horizontal stainless steel chamber of a home-built thermal
CVD system. This home-built system was reported in the
previous work of authors [27]. The chamber was evacuated
with a rotary pumpuntil the base pressure inside the chamber
was less than 10−2mbar.Then, argonwas fed into the chamber
with a flow rate of 200 sccm. Meanwhile, the controlled
valve of a rotary pump was closed until the pressure in the
chamber was higher than atmospheric pressure indicating,
by a dial vacuum gauge, that the drain valve was opened for
gas exit. And then, the chamber was heated up to 770∘C.The
exhausted gas was cooled down by the water before it was
drained out. Hydrogen (H

2
) as reductive gas was injected into

the chamberwith a flow rate of 100 sccm for 30min to etch the
oxide on the substrate surface.The gas can promote the active
sites on the top surface of substrate. After that, the acetylene
(C
2
H
2
) was fed into the chamber with a flow rate of 60 sccm

for 5min. Finally, the MWCNTs were formed and they were
cooled down using Ar with a flow rate of 100 sccm until it
obtained the room temperature.

2.3. Characterization. Scanning electron microscopy (SEM)
was used for the characterization of the surface morphology
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Figure 1: SEM images of the MWCNTs grown on different Inconel layer thicknesses with 304 SS catalysts for temperature at 770∘C: (a)
10 ± 5 nm, (b) 45 ± 3 nm, and (c) 75 ± 5 nm.

of MWCNTs and catalytic substrates using a Quanta 450
FEI SEM working at 30 kV. X-ray diffraction (XRD) was
employed to reveal the main elemental existence of buffer
films. Transmission electron microscopy was conducted to
indicate the inner and outer diameters of MWCNTs using
a Hitachi HT 7700 TEM operating at accelerating voltages
of 120 kV and 200 kV. X-ray photoelectron spectroscopy
(XPS) was used for characterization of the chemical com-
position using a ULVAC-PHI XPS calibrated by using the
C1s peak (284.6 eV) as a reference. Raman spectroscopy on
the measurements of MWCNTs was done using a Perkin
Elmer Spectrum GX FT-Raman to study the quality of
MWCNTs presented by 𝐼D/𝐼G ratios. The electrochemical
behaviors were examined using an Autolab PGSTAT 30
potentiostat. The measurements were performed in the three
electrodes within 1M LiCl solution (Gammaco Company) as
the electrolyte. The synthesized MWCNTs on buffer layers
were used as the working electrode operated with a plat-
inum foil as the counter electrode and standard silver/silver
chloride (Ag/AgCl) as the reference electrode. Before the
measurement, the back side of all electrodes was coated with
insulating epoxy for preventing the charge build up effect.

3. Results and Discussion

Figure 1 shows the SEM images ofMWCNTs grownonCu foil
substrates with 10 nm thick 304 SS catalysts using different

Inconel buffer layer thicknesses of 10 ± 5 nm, 45 ± 3 nm,
and 75 ± 5 nm. It can be observed that the thicknesses of
Inconel buffer layer in the range of 10 ± 5 nm and 75 ± 5 nm
represent the poor growth of MWCNTs. Additionally, as the
buffer layer thickness increases, the density of MWCNTs
tends to vary. For the case of 75 ± 5 nm Inconel layer, many
amorphous carbon structures can be observed.The optimum
buffer layer thickness for the highest density of MWCNTs
was observed for the case of the 45 ± 3 nm Inconel layer.
Although some amorphous big particles also can be observed,
it is mostly dense growth of MWCNTs. From the literature
[28], the Inconel film thickness in the range of 10–12 nm
was represented in the best alignment and density of CNT
forests. In that case, the iron catalyst was supplied by mixing
ferrocenewith the xylene.Therefore, the catalysts were always
added during theCVDprocess. For ourwork, the catalyst was
coated and placed prior to the CVD process and no catalyst
was added during the CVD process. This may be the reason
why the best possible results are different. The best result
that there was high density of MWCNTs on the substrate
warranted a more thorough investigation. The Inconel film
with a thickness of 45 ± 3 nm was chosen to understand
what truly happened to the 304 SS catalyst film during the
MWCNT growth.

Before the CVD process, the buffer film was first
deposited on a Cu foil substrate. It can be seen in Figure 2(a)
that the thickness of an Inconel buffer film in cross-sectional
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Figure 2: Representative images of (a) cross-sectional SEM and (b) XRD patterns for Inconel buffer film deposited on Cu foil.
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Figure 3: SEM images of MWCNTs grown on Cu foils with 304 SS catalysts for temperature at 770∘C using (a) buffer-free layer and (b)
Inconel buffer layer.

SEM images is in the range of 45 ± 3 nm analyzing with
the ImageJ public software program. Figure 2(b) shows the
XRD patterns of the as-received Cu foil substrate and Inconel
buffer film deposited on the Cu foil. The XRD pattern of the
as-received Cu foil surface only illustrates the existence of
Cu element according to JCPDS file number 04-0836. For
Inconel buffer film, the XRD pattern illustrates the presence
of nickel-oxide (NiO) and iron-oxide (Fe

2
O
3
) according to

JCPDS file numbers 89-7390 and 87-1164, respectively.
Figure 3 shows the SEM images of MWCNTs grown

on Cu foil substrates with 10 nm thick 304 SS catalysts
using buffer-free layer (Figure 3(a)) and Inconel buffer layer
(Figure 3(b)). This allows us to more easily observe that the
MWCNTs grown on the Inconel buffer film tend to grow in
a more dense growth, while those grown on the free-buffer
layer tend to be less in terms of growth density.

Figure 4 shows the distributions in diameter ofMWCNTs
with buffer-free layer and Inconel buffer layer conditions.The
diameter of MWCNTs was analyzed by SEM images with

the ImageJ public software program. For both conditions,
the diameter of MWCNTs was found to be in the range of
10–60 nm. The average diameters of MWCNTs grown on Cu
foils with buffer-free layer and Inconel buffer layer conditions
are 33 and 36 nm, respectively. However, the good alignment
of MWCNTs was grown on Cu foils with Inconel buffer layer.
This result indicated that the introduction of an Inconel buffer
layer to the growth condition increased alignment levels in
the atomic carbon structure.

The poor growth of MWCNTs grown on Cu foil surface
for the buffer-free condition was investigated more thor-
oughly. A 10 nm 304 SS film was chosen to study what
correctly occurred to the as-received catalytic film during the
CVD process.The 304 SS film on the Cu substrate was heated
in the CVD chamber to duplicate all conditions without
the carbon source. It is observed from the SEM images in
Figure 5(a) that the substrate surface was lacking the catalytic
nanoparticles. The disappearance of catalytic nanoparticles
could be discussed by the fact that the catalysts may diffuse
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Figure 4: SEM images and distributions in diameter of MWCNTs grown on Cu foils with 304 SS catalysts for temperature at 770∘C using (a)
buffer-free layer and (b) Inconel buffer layer.
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Figure 5: SEM images of the 304 SS catalyst distribution on Cu foils after annealing for temperature at 770∘C using (a) buffer-free layer and
(b) Inconel buffer layer.

into the oxide layer on the surface of Cu substrate during
the CVD process [11, 23]. In contrast, the higher density
of catalytic nanoparticles can be observed in Figure 5(b).
These particles acted as catalysts for the dense growth of
MWCNTs.

There have been many papers reporting that Inconel
film and Inconel substrate can be used as catalysts for the
MWCNT growth [28, 29]. To understand the effect of Inconel
film as buffer layer on the growth of MWCNTs, a bare
surface (Inconel film layer deposited on Cu foil) was further
investigated. Although the film thickness of Inconel is up to
45 ± 3 nm, the experimental results are similar to the case of
10 nm thick stainless steel as catalysts with buffer-free layer.
The disappearance of catalytic nanoparticles and the poor
growth of MWCNTs are represented as shown in Figure 6.
The diffusion of the catalysts into the oxide layer of Cu is also
discussed in this case. Therefore, the growth of MWCNTs on
Cu foil at 770∘C using metal alloy catalysts (SS or Inconel)
with buffer-free layer is poor.

Based on the SEM images of Figures 3(b) and 4(b), there
are some amorphous big particles beside the MWCNTs. To
study the formation of some amorphous big particles, the
remaining substrate surface for the rest of Figure 5(b) is
shown in Figure 7. In this figure, the distribution of 304 SS
catalysts can be observed in full space. However, some big
particles were distributed beside the nanoparticles. It was
discussed that the nearby SS nanoparticles could be merged
and formed into a single larger particle at high temperature
[30]. For the nanoparticles, they cause the formation of
MWCNTs with better coverage in contrast to the big particles
where big amorphous carbon growth was observed. The
formation of amorphous carbon structures on the big catalyst
was identified where the catalyst island size is larger than the
diffusion length of carbon atoms [11]. Therefore, the catalytic
particles must be small enough to allow for the growth of the
MWCNTs.

As a result, it has been discussed using the Ostwald
ripening rate. The Ostwald ripening is a phenomenon in
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Figure 6: SEM images of (a) the 45 nm Inconel layer post 770∘C anneal region showing catalytic nanoparticles and (b) the MWCNTs grown
on a bare surface (Inconel deposited on Cu foil).
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Figure 7: SEM image representative of the remainder surface for
the 304 SS catalyst distribution on Cu foils after annealing for
temperature at 770∘C using Inconel buffer layer.

solid or liquid solutions of inhomogeneous small particles
on the larger particle surface. The lower Ostwald ripening
rates derived from the higher surface energies of catalysts
deposited on the lower surface energies of substrates. These
lower rates may lead to a good catalyst distribution [29–31].
Therefore, Inconel (metal alloy based onNi) has lower surface
energy (1.7 J/m2) [29] relative to the Cu surface (1.9 J/m2)
[29]. Essentially, the 304 SS metal alloy based on iron with
the high surface energy of 3.5 J/m2 [29] should be used as the
effective catalysts on an Inconel layer for the lower Ostwald
ripening rates.This cause may likely induce the dense growth
of MWCNTs on Inconel buffer layer.

Some of MWCNTs were ultrasonically removed from
the substrate with ethanol. It was examined using TEM and
XPS. The TEM images in low and high resolutions represent
the MWCNTs in all growth conditions as shown in Figures
8(a) and 8(b). It can be confirmed that the products are
multiwalled carbon nanotubes with the inner diameter and
outer diameter of 12±5 nm and 35±5 nm, respectively.These
statistical measurements are calculated from ImageJ program

software in five different areas from each of the three samples
at low resolution of TEM.

The content of carbon was investigated using XPS spectra
as shown in Figure 9. The atomic concentrations of C1s and
O1s were calculated using CasaXPS software. The calculated
values were slightly different in the event of buffer layer
and buffer-free layer cases. The atomic concentration of C1s
increased from 98.3 at.% to 98.4 at.% when the substrate
was applied with the Inconel layer, whereas the concentration
of O1s decreased from 1.7 at.% to 1.6 at.%. However, these
high values of carbon contents do not indicate that all
structures are perfect MWCNTs. A more investigation was
warranted using an XPS deconvolution process. The C1s
peak was deconvoluted using the Gaussian-Lorentzian fitting
curve. The binding energies of 284.3 eV [32], 285.3 eV [32],
286.2 eV [32, 33], and 287.5 eV [32, 33] correspond to the
bonds of sp2 C=C, sp3 C-C, C-O, and O-C=O which were
also observed. The sp3 and sp2 atomic concentration values
were also calculated from the CasaXPS software. For the
buffer-free layer case, the calculated values of sp3 and sp2
are 14.1 and 71.6 at.%, respectively. In contrast, the sp3 and
sp2 values for the applied Inconel layer case are 11.2 and
78.1 at.%, respectively. These results can clearly show that the
majority of the deposition is sp2 hybridized carbon. However,
the further examination suggests that the difference in the
applied Inconel layer can change in sp3/sp2 ratio. As the
Inconel buffer layer is applied, the sp3/sp2 ratio decreases
from 0.19 to 0.14.

Figure 10 shows the Raman spectra from 500 to
3000 cm−1 of MWCNTs grown on buffer-free layer and
Inconel buffer layer using 304 SS catalysts. The three
manners of D, G, and G󸀠 peaks were observed at about 1344,
1582, and 2545 cm−1, respectively. The D peak (∼1350 cm−1)
is indicative amorphous carbonaceous impurities with sp3
carbon bonds and broken sp2 carbon bonds in the nanotube
sidewalls [26]. The G peak (∼1580 cm−1) is relative to the
graphitic nature of carbon [26]. The intensity ratio of 𝐼D/𝐼G
can be widely used to claim the degree of crystallinity or
purity of the MWCNTs grown on substrates. The G󸀠 peak
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Figure 8: Representative images of (a) low resolution TEM and (b) high resolution TEM.
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Figure 9: XPS spectra of MWCNTs grown on Cu foils with 304 SS catalysts for temperature at 770∘C using (a) buffer-free layer and (b)
Inconel buffer layer.
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Figure 10: Raman spectra of MWCNTs grown on (a) buffer-free layer and (b) Inconel buffer layer.
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(2500–2900 cm−1) can be used to reveal the second order
of two-phonon scattering process in the creation of an
inelastic phonon [5]. The peak has extensively indicated
the long range order of perfection or purity in graphitic
bonds [12, 13, 34, 35]. The 𝐼D/𝐼G ratios of 1.38 and 0.76 were
observed for MWCNTs grown on buffer-free Cu foil and
Inconel coated Cu foil as shown in Figures 10(a) and 10(b),
respectively. The 𝐼D/𝐼G ratios are indicative of the existence
of some defects and amorphous carbons. It is clearly seen
that a buffer layer of Inconel can promote the better quality of
MWCNTs. This is strongly consistent with the sp3/sp2 ratio
obtained from XPS. Furthermore, the appearance of a strong
long range ordered G󸀠 peak is significant for reference in a
MWCNT charge storage performance [34]. A sharp G󸀠 peak
was observed in Figure 10(b) indicating that the MWCNTs
grown on Inconel coated Cu foil are important for a good
action in the charge storage capability.

Figure 11 shows schematic illustrations of the different
mechanisms of MWCNTs grown on buffer-free layer and
Inconel buffer layer conditions. The high density of catalytic
nanoparticles obtained from Inconel buffer condition is
an important factor for supporting the dense growth of
MWCNTs. This growth tends to grow with a higher degree
of alignment due to the crowding effect [12]. This effect is
generally known where van der Waals forces among close-
by CNT neighbors cause them to all grow vertically to the
substrate. Therefore, the high growth yield is also important
in CNT alignment.

Electrochemical measurements were conducted to prove
that the MWCNTs grown on Inconel buffer layer using 304

SS as catalysts present a good electrical conductivity for
electrochemical electrode applications. Figure 12(a) shows
the cyclic voltammograms (CV) at four different scan rates of
5, 10, 50, and 100mV s−1.The almost rectangular-like shape of
all CV curves was observed. The rectangular shape of CV is
well known where it is base of capacitor behavior. Moreover,
it was also observed in Figure 12(b) that theMWCNTs grown
on Inconel buffer layer do not greatly fall down even after
100 and 500 cycles. Thus, it is ideally taken for a steady
electrode in charge and discharge works. Figure 12(c) shows
the charge-discharge curves to demonstrate the properties of
MWCNTs grown on Inconel buffer layer. This electrode was
operated at a constant current of 1mA. The curves reveal the
mirror-like images and slight a drop of uppermost signals.
Therefore, the conductivity and the stability of this electrode
are good. Specific capacitance for the electrodewas calculated
according to the following formula (1):

𝐶sp =
𝐼

𝑚 (𝑑V/𝑑𝑡)
, (1)

where 𝐼 represents the discharge current in A, 𝑚 refers
to the mass of electrode in g, and 𝑑V/𝑑𝑡 is the discharge
slope obtained from Figure 12(c). The calculation of 𝐶sp for
MWCNTs grown on Inconel buffer layer is 1.54 F g−1. This
calculated value may not be the highest achieved nowadays
[36–38]. However, the authors try to present the fact that thin
Inconel film may be the good candidate in combination with
other carbon-based electrodes for the powerful capacitor
performances.
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Figure 12: (a) Cyclic voltammograms of MWCNTs grown on Inconel buffer layer at four scan rates of 5, 10, 50 and 100mV s−1, (b) cycle 1,
cycle 100 and cycle 500 of CV measurements at a scan rate of 100mV s−1 and (c) charge-discharge curves of MWCNTs grown on Inconel
buffer layer obtained at a constant current of 1mA.

4. Conclusions

This work presents the binder-free growth of MWCNTs on
Cu foils using 304 SS catalysts by simple thermal CVD. The
Inconel films were represented as important buffer layers for
preventing the diffusion of catalysts into the oxide layer of
metal substrates. The yield of MWCNTs grown on Inconel
buffer layers is higher than that grown on buffer-free layer.
Furthermore, Inconel is the best choice for the good align-
ment and good quality of MWCNTs grown on Cu foils. The
CV results show the high stability and good conductivity of
MWCNTs grown on Inconel coated Cu foils. The calculated
value of specific capacitance for MWCNT-based electrode
using 1M LiCl as electrolyte is 1.54 F g−1. Finally, this finding
may lead to new alternative for the selection of buffer
materials in the dense growth of MWCNTs used for flexible
electrochemical electrodes and other flexible applications.
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