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We report the effect of incorporation of multi-walled carbon nanotubes (MWCNT) on the mechanical, structural, optical and
electrochemical properties of diamond-like carbon (DLC) thin films. The DLC/MWCNT hybrid composite was deposited onto
stainless steel and quartz substrates by plasma enhanced chemical vapor deposition at low temperature (~100°C). Raman spectra of
DLC/MWCNT film have characteristics from both DLC and MWCNT. The optical bandgap energy decreases with the incorporation
of nanotubes. Scanning electron microscopy images confirm the presence of the MWCNT within the DLC film, forming a large
interconnected conducting mesh. Tribological tests confirm there was slight adherence loss with incorporating MWCNT into the DLC
films, while improving their electrical conductivity. Electrochemical assays show the incorporation of MWCNT converts DLC from
an insulating material into a reversible electrode with fast charge transfer. This novel hybrid composite is shown to be mechanically
robust, chemically inert and exhibits fast charge-transfer kinetics, which is very promising for several new applications.
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Among carbon-based materials, diamond-like carbon (DLC) is a
metastable form of amorphous carbon, containing tetrahedral (sp*)
and trigonal (sp?) carbon hybridisations." DLC has a wide range of
properties, such as high electrical resistivity, high hardness, chemical
inertness, and low friction coefficient,' which can often be controlled
by changing the deposition conditions. The major use of DLC is for
protective coatings,' for example: as a solid lubricant, and as a hard-
wearing layer on cutting tools. Usually DLC films are electrically
insulating, however many more applications would be possible if the
DLC films were electrically conductive. There are several reports of
attempts improve the electrical conductivity of DLC by adding n- and
p-type dopants,>*%!1%-13 Common dopants investigated include light
elements (B, N, I, S, or F), metals, and combinations of these, and
results show that these dopants changed the electrical conductivity as
required, but also produced unwanted changes in the hardness, tri-
bological properties, internal stress, adherence, and biocompatibility
of the films.!%!! For example, incorporation of metals into DLC usu-
ally reduces the film stress or increases the hardness and toughness;
however, they can make the film opaque.? Using micro-hardness tests,
Allon-Alaluf et al. reported decreased micro-hardness after DLC ni-
trogen and iodine doping.'?> Wei and co-workers researched mechan-
ical, electrical, and optical properties of DLC doped with copper,
titanium, and silicon elements. They showed that the incorporation
of those metals could change the DLC conduction type, improve the
free carrier and the localized state contributions, and make the films a
black-body radiator.'>!#

Rather than dope the DLC with another element, a better option
might be to incorporate conducting forms of carbon, such as car-
bon nanotubes (CNTs), into the DLC. Only a few papers'>~'7 report
attempts to combine multiwall (MW) CNTs and DLC to create an
all-carbon hybrid material. Hu et al.'® reported that the incorporation
of MWCNTs into DLC decreased the internal stress and increased
the hardness and elasticity of the carbon films. Kinoshita et al.'” de-
scribed the deposition of DLC onto silicon with high densities (from
1-7 x 10° cm~2) of vertically aligned CNTs. They noted that the film
toughness increased; and the dynamic hardness and elastic modulus
decreased linearly with increasing MWCNT density. Wei et al. de-
veloped a theoretical model for DLC/CNT composites and suggested
that the orientation of the CNTs within the film is more critical for
hardness improvement than the number of CNTs incorporated.'®
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All of these reports concern the effect upon the DLC mechanical
properties with CNT incorporation. To the best of our knowledge,
this paper shows for the first time the effects of MWCNT incorpora-
tion on the optical, structural, and electrochemical properties of DLC
thin films. Electrochemical techniques have been reported to char-
acterize a number of DLC thin films. Liu and co-workers fabricated
nitrogenated DLC electrodes, and reported their superior electrochem-
ical properties, such as wide potential window and low background
current.” Also they showed that undoped DLC films improve corro-
sion resistance.’” Maalouf et al. described the performance of nickel-
doped DLC electrodes for hydrogen peroxide detection.?! Kim and
co-workers prepared microelectrodes of boron-doped DLC and its
electrochemical performance for medical diagnosis was evaluated.??
Schnupp et al. showed that thin DLC electrodes may have a nearly
ideal reversibility for a redox couple, which is promising for electro-
chemical and bio-electronic applications.?

In this paper we show a simple route to prepare DLC/MWCNT
hybrid composites which are mechanical robust, chemically inert and
which exhibit fast charge-transfer kinetics on their surface.

Experimental

The MWCNTs were prepared using a mixture of camphor (85%
wt) and ferrocene in a thermal chemical vapor deposition (CVD)
furnace, as reported elsewhere.?* The mixture was vaporized at 220°C
in an antechamber, and then the vapor was carried by an argon gas flow
at atmospheric pressure to the CVD furnace chamber set at 850°C.
The CVD growth took only a few minutes and produced black powder,
which consisted of CNT with 20-50 nm diameter and up to 40 pm
length.?

The DLC films were deposited using a pulsed-DC discharge under
controlled conditions to gain maximum hardness, minimum stress, and
a maximum deposition rate.?® DLC films (1 wm thick) were deposited
onto AISI F138 stainless steel plates (20 mm x 10 mm). To guaran-
tee adherence, the substrates were first polished and then cleaned in
an ultrasonic bath in isopropyl alcohol for 5 min. After drying, the
substrates were introduced into the plasma enhanced chemical vapor
deposition (PECVD) reactor, and pumped down to a base pressure
of ~10~* Pa to guarantee minimal oxygen in the reactor chamber. A
schematic diagram of the experimental setup is presented in Figure 1.

For all steps described below, DC pulses of —730 V at a pulse
frequency of 20 kHz (50% duty cycle) were applied for plasma for-
mation and ion beam acceleration, as previously reported.?” First, an
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Figure 1. A schematic diagram showing the experimental setup.

argon plasma atmosphere at ~13.3 Pa (Ar flow rate of 1 sccm) was
produced and maintained for 1 h, as part of the substrate cleaning pro-
cess. After that, a silane plasma (SiH, flow of 1 sccm) was maintained
for a half-hour to form a conducting and well-adherent amorphous sil-
icon interface. For DLC preparation, n-hexane acted as the source of
carbon, and this was sprayed into the active plasma region via a nozzle
which directed downwards onto the substrate surface for 1 hour, with
Ar flowing during the whole process. For MWCNT incorporation, a
suspension of 5 mg of MWCNT powder in 50 ml of n-hexane was
made up. A special ultrasonic probe kept this MWCNT/hexane dis-
persion homogenized during the whole deposition process, and this
suspension was sprayed into the chamber, as before.

The samples were characterized by high-resolution scanning elec-
tron microscopy (HR-SEM), Raman spectroscopy, spectral trans-
mittance 7(\), profilometry, scratching and electrochemical tests.
HR-SEM was performed with a FEI Inspect F50 operated at
20-30 kV. Raman spectra were recorded at room temperature us-
ing a Renishaw microprobe, employing argon-ion laser excitation
(N = 514.5 nm) with a laser power of ~6 mW and a spot size ~5 pm.
Curve fitting and data analysis Fityk software was used to assigned the
peak locations and fit all spectra. A Hitachi U3501 spectrophotometer
was employed to acquire transmittance spectra from 185 to 3200 nm.
The film morphology and roughness values were characterized by a
Wyko NT1100 optical profiler. In this study, a micro-scratch test was
conducted on test samples using a 200 wm radius conical tip diamond
stylus (Rockwell C 120°). The scratch test was carried out by drawing
a diamond stylus tip three times across a sample at room temperature.
The load was linearly increased within each pass until the coating was

stripped clean from the substrate. The load at which the coating was
stripped from the substrate was termed the critical load. If the coating
peeled off from the substrate surface while the stylus tip passed over
it, the adherence was considered weak. Alternatively, if the coating
only cracked in a roughly semicircular arc along the scratch without
peeling off, the adherence was considered good. The test has already
been used by a number of groups to study hard, thin, well-adhering
coatings.?8-30

A standard three-electrode cell was set up to evaluate the room
temperature electrochemical performance of the DLC/MWCNT elec-
trodes in a potentiostat (Autolab PGSTAT302N). The DLC/MWCNT
electrode was characterized by cyclic voltammetry (CV) and electro-
chemical impedance spectroscopy (EIS). The electrical contact of the
working electrodes was placed onto the stainless steel substrate using
silver paint, with Teflon tape used to seal it. High-purity platinum wire
and Ag/AgCl (3M KCl) were employed as counter electrodes and ref-
erence electrodes, respectively. All electrochemical experiments were
carried out exposing a constant geometric area of 0.07 cm? (3 mm
diameter) of the working electrode.

We evaluated different aspects of the electrochemical performance
using 0.1 M potassium nitrate (KNOs3) as electrolyte and 0.5 mM fer-
rocene methanol (C;H;,FeO) as a probe in aqueous solutions.’! All
chemicals were bought from Aldrich and used without further purifi-
cation. The CV measurements were carried out from 0.01 to 1 V s™!
at potentials from 0 to 0.5 V. A pre-treatment was performed in which
the system was held at 0 V for 1 min to polarize the electrodes; and
then a first scan was obtained at 0 V in the positive direction. Sub-
sequent CV scans were taken, as normal, over the full voltage range
and analyzed and fitted using General Purpose Electrochemical Sys-
tems (GPES) data-processing software from Eco Chemie. Impedance
spectroscopy measurements were carried out at 5 mV amplitude,
10 kHz to 0.1 Hz frequency range and at either open circuit po-
tential (OCP) or formal potential. Prior to the measurement, the cells
were kept at OCP for 20 min before measurement. At the end of each
measurement, the Kramers-Kronig test*> was applied to evaluate the
consistency (causality, linearity, and stability) of the EIS data.

Results and Discussion

Figure 2 shows typical Raman spectra of the DLC film, MWCNT
powder and the DLC/MWCNT film. The deconvolution of those spec-
tra show peaks and bands centered at ~1250 cm™!, ~1345 cm™!
(D-band), 1480 (nanophase), ~1540-1585 cm™' (G-band) and 1611—
1620 cm™' (D’-band). The band at 1250 cm™' can be attributed to
iTA, LA or LO modes of the CNTs very close to the K point, or a
convolution of them.*** The origin of the 1480 cm™! band can be
correlated to nanosized carbon formation or trans-polyacetylene.®
The D and D’ bands are both sp> domains attributed to the disorder
and imperfection of the carbon crystallites.*® The G band is assigned
to one of the two E», modes corresponding to stretching vibrations in
the basal plane (sp?> domains) of single-crystal graphite or graphene.?’

The integrated intensity ratio Ip/I; in the Raman spectra has been
used to correlate the structural purity of graphitic materials to the
graphite crystal domain size,® and it is useful for estimation of
the sp?/sp* ratio in DLC films.""* In Figure 2 the spectrum from
DLC showed two broad Gaussian bands centered at 1345 cm™! and
1541 cm™!, in which the Ip/Ig ratio is 0.5, corresponding to ~45—55%
sp® content.’®* The main characteristics of this DLC produced by
our pulsed PECVD process are similar to amorphous carbon hydro-
genated (a-C:H).22%3! The first-order MWCNT Raman spectrum
was fitted using Lorentzian shapes for the D, G and G” bands,
and Gaussian shapes for bands around 1250, 1480 and 1611 cm™!
(D’ shoulder),*® which the Ip/Ig ratio is ~0.55.3+340 As might be ex-
pected, the Raman spectra of DLC/MWCNT films have characteristics
from both DLC and MWCNT Raman.?¥*° The Ip/I; ratio increases to
~0.62, indicating ~35-45% of sp* content in DLC/MWCNT sample,
which is lower than DLC without nanotubes.3*38:40:41

The optical band gaps were also calculated from an optical trans-
mittance measurement through both DLC and DLC/MWCNT films,
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Figure 2. Raman spectra of the (a) DLC (b) MWCNT and DLC/MWCNT
samples, showing the different peak contributions to the experimental spectra
obtained from deconvolution by the fitting software.

which for these measurements were grown onto flat quartz substrates.
The absorption constant was calculated from:

W(E) = —(1/d) In(T (E)) (1]

where a(E) is the absorption constant, d is the thickness of the film
(1 wm), T is the normalized optical transmittance and the wave-
length, A, is converted into photon energy E (eV) using the relation
E = (1240/\). The band gaps were then obtained by a Tauc plot
(Fig. 3) which involved plotting o? versus E, and extrapolating the
linear part of the measurement to zero. We found that the incorpora-
tion of MWCNT into DLC films decreased the optical bandgap from
~2.1eV to E~1.9 eV, which is consistent with our previously work.*’

Figures 4a & 4b show the typical morphology of DLC without
nanotubes, revealing an amorphous film as smooth as the hand-
polished stainless steel substrate surface. Figures 4c—4h show the
effe'ct of incorporation of MWCN.T into DLC- films. The surface is Figure 4. Scanning electron micrographs of the (a & b) DLC and (c to h)
typically non-homogeneous (see Figure 5b), with nanotubes exposed DLC/MWCNT films.
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Figure 5. Profilometric images of (a) DLC and (b) DLC/MWCNT films. The
height scale is color-coded in wm. The extra peaks in (b) are due to exposed
CNTs which sometimes protrude through the DLC surface.

and protruding from the DLC film surface in many different regions.
Figures 4d—4g present higher magnification details of the exposed
nanotubes. Figure 4h shows a purpose-made defective region on that
sample exposing the internal structure, and revealing that the MWC-
NTs formed an interconnected web inside the DLC films. From those
images, we estimated the CNT loading into the DLC of ~25%.

Figure 5 shows the profilometric images of (a) DLC and (b)
DLC/MWCNT film. The r.m.s. surface roughness of the DLC sample
was 46 jwm, which simply reflected the surface roughness of its respec-
tive substrate.*? In contrast, the r.m.s. roughness of the DLC/MWCNT
surface was higher (222 pm), consistent with the SEM images in
Fig. 4.

H293

Figure 6 presents results from the mechanical behavior of the
DLC and DLC/MWCNT films following scratch testing. The graph
shows the variation of the friction coefficient and acoustic emission
with the force applied on the film. For this test a Rockwell tip was
pressed against the surface of the film. The force applied was gradually
increased with time throughout the test (up to 50 s). The film cracking
is revealed by a significant sudden increase of both friction coefficient
and acoustic emission. We confirmed the precise value for this by
viewing video images of the sample during the test in real time. The
force required to rupture the DLC film was ~14 N, whereas for the
DLC/MWCNT film this force value was ~12 N. These results revealed
the MWCNT incorporation decreases the film adherence by ~15%.
Nevertheless, the adherence remains high enough for the film to be
viable for many applications. Figure 6 also shows that incorporation of
MWCNTSs significantly increased the DLC friction coefficient from
0.08 (DLC) to 0.2 (DLC/MWCNT), i.e. it made the films rougher;
again consistent with the SEM images in Fig. 4 and profilometric
images in Fig. 5.

Figure 7a & 7b shows the cyclic voltammograms from the DLC and
DLC/MWCNT electrodes. In Fig. 7a we present voltammograms from
both electrodes in 0.1 M KNOj3 and at 0.2 V s~!. The voltammograms
have a “quasi-rectangular” shape, which is typical of double layer
formation.’**} The specific capacitance (SC) from DLC/MWCNT
electrode is around 7 WF cm™2, while SC from DLC we estimated
to be a few nF cm~2. Comparing those voltammograms, the DLC
data produce a horizontal line, indicating lower capacitance due to the
insulating behavior of DLC without nanotubes.

Fig. 7b shows voltammograms from a DLC/MWCNT electrode
in ferrocene methanol solution performed at different scan rates from
0.2to 1 V s~!. The electrocatalytic activity has a significant low peak
separation (AE ~ 62 mV), indicating it exhibits fast electron trans-
fer on its surface, as proposed for reversible process.** The ratio of
anodic and cathodic peak currents is close to 1, the peak currents are in-
versely proportional to the square root of the scan rate and AE slightly
increases as the scan rate increases. From these observations we con-
clude that the incorporation of the MWCNTs into DLC changes its
insulating behavior and transforms it into a quasi-reversible electrode.

Electrochemical impedance analysis was performed on the DLC
and DLC/MWCNT electrodes, and analyzed using Nyquist and Bode
plots.*># Figure 8 presents (a) the Nyquist plot of a DLC elec-
trode in 0.1 M KNOj3 aqueous solution and (b) the Nyquist plot of
DLC/MWCNT in 0.5 mM C;;H;FeO with 0.1 M KNO; aqueous
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Figure 7. Cyclic voltammograms from (a) DLC and DLC/MWCNT electrodes at 0.1 M KNO3 aqueous solution at 0.2 V s~ and (b) DLC/MWCNT electrodes

at 0.25 mM C;H,FeO and different scan rates from 0.2 to 1 V s~!.

Table I. Electrochemical parameters extracted from DLC electrodes.

Sample R (Q) Ceoat (nNFlem?) Reoar (MQ/cm?) Cai (nF/em?) Ry (GQ/cm?) R (kQ/em?)
DLC 228 +7 58+03 121£7 9+1 9.9 £0.5 -
DLC/MWCNT 232+8 (72 £0.5) x 10° - 4243

solution; and (c) phase (d) amplitude plots from both measurements
(a & b), with extracted data tabulated in Table I. From Fig. 8¢ &
8d, we can observe that the DLC is a capacitively insulating coating,
which upon addition of CNTs becomes conductive and permits charge
transfer on the surface. For the frequencies scanned, the modulus of
the impedance of the DLC electrode ranges from 10° to 10'® Q cm~2,
while that of the DLC/MWCNT electrode ranges from 10* to 10° Q
cm~2. These electrochemical measurements indicate that the incor-
poration of the MWCNTs into DLC films considerably changes the
conductivity behavior of DLC electrodes, improving conductivity and
charge transfer.

To better interpret the Nyquist and Bode plots, they have been fit-
ted using the equivalent electrical circuit (inset in Figs. 8a & 8b).*78
In these circuits, R; is the internal resistance of the system, which con-
sists of the ionic resistance of the electrolyte, the intrinsic resistance of

(@ 4 (b)
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Figure 8. Nyquist plots taken over the frequency range of 10 kHz to 0.1 Hz
from (a) a DLC electrode at OCP (0.082 V) and (b) a DLC/MWCNT electrode
at its formal potential 0.259 V. (c) Bode plots from both (a) and (b).

the active material and the contact resistance at the electroactive mate-
rial/current collector interface. Zy represents the finite length Warburg
impedance related to the diffusional (or mass transfer) impedance of
electrochemical systems.** Cy represents the non-faradaic charging
of the electrical double layer using a constant phase element, CPE,
given by CPE = Q'", with Q being the charge and n > 0.9.°° Thus,
CPE is the effective capacitance of the double layer for nanostruc-
tured electrodes. R, represents the impedance for charge transfer and
R, the impedance for polarization.’!*83!52 The impedance data were
fitted using the Zview software and the results are shown as the full
lines in Figs. 8a—8c, while the extracted data are tabulated in Table I.
From Table I we observe that the incorporation of nanotubes signif-
icantly increased the conductivity and the double layer formation of
the DLC/MWCNT electrode.> In particular, the R, value is much
lower than R, and Ry, which confirm that the incorporation of nan-
otubes allows fast charge transfer. In addition, nanotube incorporation
increases the capacitance of DLC from nF cm~2 to wF cm™2, because
of the increase of both the electro-active area and the conductivity.
Those values of capacitance extracted from CV are comparable to
those from EIS.

Considering the CNT length is up to ~40 wm and the thickness of
the DLC film around 1 wm, we suggest the nanotubes create a dense
interconnected network of CNTs within the DLC. This network cre-
ates conductive pathways which transport current rapidly to all parts
of the film, including the surface regions where they can contribute to
electrochemical redox reactions.

Conclusions

In this paper we present, for the first time, the incorporation of
multi-walled carbon nanotubes into DLC films to improve their elec-
trochemical characteristics, but without significant loss of mechanical
properties or adherence. When used as an electrochemical electrode,
this novel hybrid CNT/DLC material shows electro-catalytic activ-
ity for ferrocene methanol with fast charge transfer measured by CV
and confirmed by EIS. Our electrochemistry results in potassium ni-
trate confirm the hypothesis that the incorporation of MWCNTs was
largely responsible for the impedance reductions and the capacitance
increases of the DLC films.

In these preliminaries experiments, it was not possible to control
the amount of MWCNTs incorporated into the DLC film, and more
studies are necessary to solve this issue. It is also necessary to improve
the technique for producing more homogeneous samples. With this
target in mind, we are improving our depositing system and we are
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studying new application for this new material such as the bioactivity,
anti-bactericidal and the electrochemical sensitivity of this electrode
for detection of chemicals in aqueous solutions.
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