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Electrochemically active diamond-like carbon (DLC) electrodes featuring high specific sur-
face area have been prepared by plasma-enhanced chemical vapour deposition (CVD) onto
densely packed forests of vertically aligned multiwall carbon nanotubes (VACNTS). The
DLC:VACNT composite film exhibits a complex topography with web like features and
ridges generated by partial coalescence of the DLC over the CNT arrays. DLC:VACNT elec-
trodes exhibit low background responses over a large potential window, low uncompen-
sated resistance, as well as low charge-transfer impedance in the presence of
ferrocyanide as a redox probe. The interfacial capacitance associated with the DLC:VACNT
electrode is in the range of 0.6 mF cm™2
conventional flat carbon electrodes. DLC films grown onto single-crystal Si(100) under
identical conditions resulted in essentially insulating layers. Conducting-atomic force
microscopy studies reveal that the film electro-activity does not arise from specific

, a value two orders of magnitude larger than in

topographic features in the highly corrugated film. The ensemble of experimental results
suggests that the enhanced electrochemical responses are not connected to areas in which
the CNT support is exposed to the electrolyte solution. This is remarkable behaviour
considering that no dopants have been included during the DLC film growth.

© 2014 Elsevier Ltd. All rights reserved.

significantly affected by the introduction of dopants during
the film growth [8-12]. For instance, Liu and co-workers have

1. Introduction

Diamond-like carbon (DLC) is an interesting metastable form
of amorphous carbon [1] that contains a mixture of tetrahe-
dral (sp®) and trigonal (sp?) carbon hybridisations in varying
amounts depending on its deposition conditions. Although
amorphous DLC can be deposited at low (<200 °C) substrate
temperature [2,3], it exhibits many of the extreme properties
of crystalline diamond [4]. Among those properties are chem-
ical inertness, optical transparency, high mechanical hard-
ness, low friction coefficient and very high electrical
resistance [5-7]. The electrical conductivity of DLC can be

grown nitrogen-doped DLC electrodes featuring a wide poten-
tial window, low background current and high corrosion
resistance [13,14]. Other type of dopants, including nickel
and boron, also result in films with excellent electrochemical
properties [15-17].

An alternative approach to improving the conducting
properties of DLC materials involves the incorporation of car-
bon nanotubes (CNTs). The effects of CNT content on internal
stress, hardness and elasticity of DLC have already been con-
sidered in several reports [18-21]. Kinoshita et al. described an
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interesting approach to creating high surface area DLC struc-
tures via microwave plasma chemical vapour deposition
(MPCVD) growth onto vertically aligned carbon nanotube
(VACNT) arrays featuring number densities 1-7 x 10° cm™—2
[22]. Recently, Zanin and co-workers developed a similar
approach to prepare high surface area DLC electrodes show-
ing excellent field emission properties [23]. Different DLC-
coated CNT microstructures such as ‘teepees’, elongated
ridges or ‘honeycombs’ were fabricated by tuning parameters
such as the VACNT number density and DLC deposition
conditions.

In the present work, we show for the first time that highly
corrugated DLC films grown on VACNTSs exhibit high electro-
activity without the introduction of additional dopants. The
as-grown DLC on VACNT (DLC:VACNT) were characterised
by reversible electrochemical responses in the presence of
ferrocyanide, with double layer capacitance larger than
0.6 mF cm 2. DLC films grown on Si (100) wafers (DLC:Si)
under identical conditions yielded inherently insulating lay-
ers. Conducting atomic force microscopy (AFM) measure-
ments confirmed that the electroactivity of DLC:VACNT is
not linked to specific topographic features in the highly corru-
gated films, with large portions of the surface exhibiting sim-
ilar conductance values.

2. Experimental

2.1.  Preparation of VACNT films

VACNT films were produced using a microwave plasma (MP)
CVD chamber operating at 2.45 GHz [24]. Substrates were Ti
sheets (10 mm x 10 mm x 0.5 mm) covered with a 10 nm Ni
layer deposited by electron-beam evaporation. The Ni layer
was heated from 350 to 800 °C over a period of 5min in a
N/H, (10/90 sccm) plasma, inducing the formation of nano-
particles which promote the CNT growth. VACNT growth
was initiated by introducing CH, (14 sccm) into the chamber
for 1min, maintaining a substrate temperature of 800 °C
and a reactor pressure of 30 torr. After growth, the sample
was placed in a plasma enhanced chemical vapour deposition
(PECVD) reactor (—400 V, pulse frequency 20 kHz) with an oxy-
gen flow rate of 1 sccm at a pressure of 5 mtorr for 1 min. This
was done in order to improve wettability and create oxygen-
functional groups on the VACNT surfaces [25].

2.2. DLC film growth

DLC layers were deposited using a PECVD reactor fed with
hexane vapour and argon gas at 0.1-0.3 torr and a discharge
voltage of —700 V at a pulse frequency of 20 kHz. For prepara-
tion of the composite DLC:VACNT samples, the previously
prepared VACNT forest samples were used as substrates.
Before growth, n-hexane was sprayed onto the samples and
then the plasma was struck under argon and n-hexane vapour
for 10 min [23].

Flat DLC electrodes were deposited onto a polished silicon
(100) substrate for use as control samples. To prepare these,
a Siwafer was placed into the PECVD reactor and cleaned using
an argon plasma atmosphere at 0.1 torr (Ar flow rate of 1 sccm)

for 30 min. Next, n-hexane was sprayed into the active plasma
region via a nozzle which directed downwards onto the sub-
strate surface for 1 h for 1 ym DLC deposition, with Ar flowing
during the whole process. After deposition, the DLC:Sisamples
were cooled down in high vacuum (10~° torr) for 3 h [26].

2.3. Instrumentation and chemicals

DLC samples were characterised by high-resolution scanning
electron microscopy (HR-SEM), Raman spectroscopy, tunnel-
ling AFM and electrochemical tests. HR-SEM was performed
with a FEI Inspect F50 operated at 20-30 kV. Raman spectra
were recorded at room temperature using a Renishaw micro-
probe, employing argon-ion laser excitation (4=514.5nm)
with a laser power of ~6 mW and a spot size ~15 um. Curve
fitting and data analysis Fityk software was used to assigned
the peak locations and fit all spectra. The tunnelling AFM
measurements were performed with a Bruker Multimode
with Nanoscope V controller with Picoforce Extender.

Cyclic voltammetry (CV) and electrochemical impedance
spectroscopy (EIS) were recorded with an Autolab PGSTAT30
potentiostat. The electrochemical responses of DLC grown
on either Si or VACNTwere measured in Ar-saturated aqueous
electrolyte solutions containing KNO; and K4Fe(CN)s as the
supporting electrolyte and redox probe, respectively. The geo-
metrical surface area of the working electrode was defined by
using chemically-inert adhesive 3M Teflon tape to mask off
some of the film, leaving a 3-mm-diameter open hole of fixed
area (0.071 cm?). The electrical contact was made on the top
of the electrode using silver paste and copper wire. Ag/AgCl
(in saturated KCl) and a pure platinum mesh were employed
as reference and counter electrodes, respectively. All chemi-
cals and electrodes were purchased from Sigma Aldrich.

3. Results and discussion
3.1.  Structural characterisation of the DLC layers

The morphologies of DLC:Si, VACNT and DLC:VACNT films as
imaged by SEM are shown in Fig. 1. DLC films directly grown
on Si wafer are featureless on the micrometre scale, as illus-
trated in Fig. 1(a). The as-grown VACNT array shown in
Fig. 1(b) reveals a high degree of nanotube alignment in a very
close-packed configuration. Individual CNTs are, on average,
40 um long with a cross sectional diameter of ~60 nm. In con-
trast to the featureless DLC:Si films, the DLC:VACNT films are
highly corrugated, as seen by the top view shown in Fig. 1(c).
It seems that DLC deposition caused the tips of the CNTs to
clump together to form a microstructured surface with ridges
(Fig. 1(d)) and valleys (Fig. 1(e) and (f)). As discussed below,
AFM analysis shows that the characteristic height of the
ridges is ~20 um. These results suggest that the high-lying
areas are dense agglomerated packets of aligned nanotubes,
forming a wide U-shaped valley due to the CNTs joining
together. Fig. 1(d) indicates that after a few minutes of DLC
deposition, the VACNT tips have become stuck together, and
have been completely covered by DLC. In the valleys, a net-
work of DLC-covered nanotubes is observed, and there is no
evidence of exposed substrate. Fig. 1(f) shows the smallest
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Fig. 1 - Electron microscope images of the sample morphologies: (a) DLC:Si film; (b) the as-grown VACNT forest; (c) Top view of
the DLC:VACNT composite showing web-like structures; (d-f) higher magnification images of the DLC coating on top of the
VACNT forest, showing the convoluted structure of the ridges and valleys; (g) as-grown single CNT and (inset) a single CNT
coated by DLC film, allowing an estimate of the DLC thickness; (h) water-wetted VACNT sample, showing microstructure
formation. (A colour version of this figure can be viewed online.)

features observed in the valley regions, although no particular
topographic features can be assigned to the underlying nano-
tube array. Fig. 1(g) contrasts the image of an as-grown single
CNT with a diameter ~65 nm with a single DLC-covered CNT,

showing cross-sections of 100-120 nm (inset in Fig. 1(g)),
which suggests that the DLC thickness on the CNT walls is
~25 nm. For comparison, Fig. 1(h) shows an image of a VACNT
forest electrode after wetting with a drop of water and drying
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at room temperature. The water causes the CNT tips to stick
together, forming a microstructure similar to that showed in
Fig. 1(c). These structures are formed as surface tension
forces on the wet CNT pulled them together. Even after water
has evaporated away, the CNTs remain weakly bonded by van
der Waals forces. The similarity of these to the structures in
Fig. 1(c) suggests that DLC deposition acts in a similar way,
sticking the CNTs together by the surface tension of hexane
vapour used for the DLC growth.

Fig. 2 contrasts the Raman spectra of DLC films grown on
VACNTSs and on the Si wafer, as well as the as-grown VACNT
array. The spectrum of the DLC:Si film (Fig. 2(b)) exhibits two
broad bands centred at 1340 cm™! (D-band) and 1537 cm™*
(G-band), arising from breathing and stretching vibrational
modes of sp? carbon sites, respectively [23,27,28]. The spec-
trum from the as-grown VACNT arrays (Fig. 2(c)) can be decon-
voluted into five distinct bands, including the sharp D and
G-bands at 1357 and 1585 cm ™}, respectively. The D-band for
CNTs is related to defects and disordered carbon whilst the
G-band (Ez) is related to well-ordered crystalline graphite
[29]. Other modes include the so-called D’-band (1622 cm™)
commonly associated with disordered carbon structures [25],
the band at 1230 cm ™ * attributed to various vibrational modes
close to the K point, and the 1480 cm~?! band linked to nano-
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sized carbon or trans-polyacetylene [31]. The Raman spectrum
of the DLC:VACNT sample (Fig. 2(d)) appears as a combination
of the DLC and VACNT Raman characteristics [26]. These
observations suggest that the integrity of the individual CNTs
is not affected by the subsequent DLC growth [23].

The presence of hydrogen in the PECVD process ensures
that H will be incorporated in these DLC films, meaning,
strictly speaking, they should be described as hydrogenated
amorphous carbon films (a—-C:H). The hydrogen atoms are
mainly bonded to olefinic groups leading to a high content
of sp* carbon in the DLC film, probably in the form of pendant
CH, or CH; groups [30]. Based on the analysis reported by Fer-
rari et al. [31] the Raman intensity ratio Ip/Ig can be used to
estimate the sp® carbon content and the optical band gap
[32,33]. In the case of the DLC:Si film, the observed ratio
In/Ig = 0.28 is consistent with an sp3 carbon content of 60-70%
and an optical band gap of 2.0-2.5 eV. For the DLC:VACNT film
Ip/Ig = 0.52, which corresponds to 45-55% sp* carbon and a
smaller band gap of between 1.6 and 1.8 eV.

3.2 Electrochemical properties of DLC:VACNT films

Cyclic voltammograms (CVs) of DLC:Si, VACNT and DLC:VAC-
NT film electrodes in 0.1 M KNOj electrolyte solution scanned
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Fig. 2 - (a) Raman spectra of DLC:Si, DLC:VACNT and VACNT samples. The Raman spectra for (b) DLC:Si, (c) VACNT and (d)
DLC:VACNT are deconvoluted as described in the main text. (A colour version of this figure can be viewed online.)
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Fig. 3 - (a) Cyclic voltammograms from DLC:Si, VACNT and DLC:VACNT electrodes (electrode surface area 0.07 cm?) taken at
100 mV s~ ' in 0.1 M KNOs. The CV from DLC:Si is shown as a dotted red horizontal line due to its insulating nature. Cyclic
voltammetry from (b) VACNT and (c) DLC-coated VACNT electrodes in 0.1 M KNO; taken at different scan rates from 50, 75 and

100 mV s~ . (A colour version of this figure can be viewed online.)
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Fig. 4 - (a) Comparison of CV curves of 1 mM potassium ferrocyanide in 0.1 M potassium nitrate for DLC:Si, VACNT and

DLC:VACNT electrodes (electrode surface area 0.07 cm?) taken at a constant 100 mV s~ ' scan rate. (b) CV responses obtained
using DLC-coated VACNT electrodes in 1 mM potassium ferrocyanide in 0.1 M potassium nitrate taken at different scan rates
(10, 25, 50, 75, 100 mV s ). (A colour version of this figure can be viewed online.)
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Fig. 5 - Impedance spectra taken at the formal redox potential of the ferro/ferricyanide couple for DLC:Si, VACNT and
DLGC:VACNT electrodes. The electrolyte contains 1 mM potassium ferrocyanide with 0.1 M potassium nitrate aqueous
solution. The data are presented as Bode plots: (a) the modulus of the impedance amplitude IZl, and (b) the phase of the

impedance response versus the frequency. (A colour version of this figure can be viewed online.)

DLC:VACNT electrode exhibits capacitive currents comparable
to those obtained for the VACNT films, with a similar
potential window. A broadening of the capacitive current for

at 100 mV s~* are displayed in Fig. 3(a). There is a remarkable
contrast between the background current observed for
the DLC films on Si with respect to those on VACNT. The
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VACNT films at potentials above 0.3 V is consistent with the
formation of oxygenated groups at the surface of the nano-
tubes. This response is significantly suppressed in the case
of DLC:VACNT. In the case of DLC:Si, the film effectively
behaves as a highly insulating layer. This behaviour is consis-
tent with conventional DLC films grown in the absence of
doping elements [4,26,34].

Fig. 3(b and c) displays the CVs of (b) VACNT and (c)
DLC:VACNT electrodes as a function of the potential scan
rate. The potential range was narrowed down in order to
avoid interferences from the Faradaic responses associated
with the oxygenated surface functional groups. The capaci-
tive current increases linearly with the potential scan rate,
resulting in a differential capacitance of 875 and 642 uF cm ™2
for (b) VACNT and (c) DLC:VACNT at 0.15 V. Considering that
typical double-layer capacitance values for carbon electrodes
are of the order of 5puFcm™2 [35], it can be estimated
that the roughness factor associated with the DLC:VACNT
electrode is approximately 130. If we consider a similar
specific capacitance for VACNT and DLC:VACNT, this result
suggests that the DLC growth leads to a 32 +4% decrease
in the electroactive surface area. This observation appears
consistent with the CNT bundling induced by the DLC
growth. However, it should also be considered that other
parameters can also play a role in changes of the double-
layer capacitance in these highly porous assemblies, such
as surface wettability and the penetration of the electrolyte
solution.

Characteristic voltammograms for the various carbon
electrodes in the presence of 1x 102 mol dm > K,Fe(CN)s at
100 mV s~* are shown in Fig. 4(a). While VACNT and DLC:VAC-
NT electrodes show well-defined redox responses, no clear
faradaic signals are observed for DLC:Si films. An interesting
observation is the slight offset in the potential of the redox
responses for the VACNT electrode with respect to the
DLC:VACNT electrode. This is associated with generation of
Donnan potentials with the highly porous carbon nanotube
arrays. These phenomena will be investigated in more detail
in a separate communication. In the case of DLC:VACNT, a
high degree of reversibility is observed at various scan rates,
as shown in Fig. 4(b). The peak currents are proportional to
the square root of the scan rate, which allow estimating a dif-
fusion coefficient of the redox probe of 7 x 10~ cm? s~* based
on Randles-Sevcik equation [36].

Further evidence of the electroactive nature of the DLC
film grown on VACNT arrays is illustrated by the electrochem-
ical impedance spectra shown in Fig. 5. The magnitude of the
impedance amplitude (IZl) is several orders higher for the
DLC:Si film than for the DLC:VACNT film. The growth of DLC
leads to an increase of IZ| with respect to that from VACNT.
The frequency dependence of the amplitude and phase is
compatible with a conventional Randles model in the case
of DLC:VACNT and VACNT over significant portions of the fre-
quency range. In contrast, DLC:Si is characterised by quasi-
capacitive behaviour over the entire frequency range. The
DLC:VACNT spectra has been fitted to the Randles model
down to frequencies of 1 Hz. The impedance analysis resulted

in values for uncompensated resistance of 216 + 6 Q, a War-
burg element (Y,) of 0.22 m s%° Q? (consistent with the diffu-
sion coefficient of the redox probe) and capacitance from
double layer formation of (45 +3)x 107 F.

At frequencies below 1Hz, the diffusion kinetics within
the porous nature of the electrodes can be probed. This
behaviour is determined by the phase angle above the 45°
limit expected for planar diffusion. This trend is more
pronounced in the case of the VACNT electrode indicating
that the thin DLC layer decreases the porosity of the DLC to
a certain extent. In order to fully describe the impedance
responses over the entire potential range, more complex
equivalent circuits should be used, incorporating transmis-
sion lines. For the purpose of this work, we shall limit our
analysis to frequencies above 1 Hz. In a subsequent publica-
tion, we shall describe a more complete analysis allowing
quantification of the penetration of the electrolyte within
the porous VACNT structure.

The electrochemical responses of the DLC:VACNT films
provide evidence that the films are conducting over the whole
surface. This is a remarkable result considering the essen-
tially insulating nature of the DLC films grown on Si sub-
strates under identical conditions. Although evidence based
on the differential capacitance and the impedance spectra
indicate that the whole film is electroactive, it could be argued
that the electron transfer only takes place at discrete sites in
which nanotubes are exposed to the electrolyte. In the next
section, we shall discuss this issue further.

3.3.  Conductance Mapping of VACNT:DLC films

In order to determine whether the convoluted topology of
the DLC:VACNT film influenced its electroactivity, conduct-
ing AFM was used to simultaneously map the height of a
surface ridge along with its conductivity (Fig. 6). A 30 pm
line scan was performed which measured the height (z) of
the ridge from its peak (z=19pum) to the valley bottom
(z=0upm), as shown in Fig. 6(a). Regions marked in green
(0-2 pm), blue (13-15um) and red (28-30 um) correspond to
the top, middle and bottom of the ridge, respectively.
Fig. 6(b) shows the root-mean-square (RMS) of the current
response obtained from a number of 2 um x2pm regions
spanning the 30 pm line scan. The data show that the
RMS current at the top of the ridges has a very similar value
to that from the low-lying areas of the film, and that the
measured current (and hence film conductivity) is indepen-
dent of topology.

Fig. 6(c-h) show a series of 2 pm x 2 um topographic images
of a DLC:VACNT film alongside the corresponding current
maps for the top, middle and bottom areas of the ridge.
Although contrast in conductance is observed between grains
and grain boundaries [37], there is no clear correlation with
larger scale topographic features. These results suggest that
the origin of the DLC:VACNT electroactivity is connected to
areas of high electron density at the surface rather than to
portions of the nanotube support directly exposed to the
electrolyte solution.
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4, Conclusions

The present work demonstrates for the first time that electro-
active DLC films can be grown on VACNT arrays by PECVD
without the introduction of dopants. Such highly corrugated
DLC:VACNT films show web-like structures and ridges across
the surface, and behave as conducting, high-surface-area,
robust, all-carbon electrodes. The topography and electroac-
tivity of DLC:VACNT films are in stark contrast with the
smooth and insulating characteristics of DLC films grown
on Si wafers under identical conditions. Cyclic voltammetry
and impedance spectroscopy in the presence of ferrocyanide
as a redox probe exhibit reversible behaviour with a differen-
tial capacitance above 0.6 mFcm 2 Analysis of the topo-
graphic and conductance images demonstrated that the film
electroactivity is not linked to specific topographic features.
SEM data show that the DLC thickness is ~25 nm, excluding
the possibility of direct tunnelling of electrons across this
DLC layer. It could be argued that electronic states in the
CNT arrays overlap with the electronic bands of the DLC layer,
creating a quasi-degenerate DLC film. This would be consis-
tent with the Raman measurements which showed that the
DLC:VACNT films had a reduced band gap compared to
DLC alone. To further advance our understanding of this
complex composite material, high resolution mapping of
electrochemical activity should be recorded. In this sense,
novel approaches such as Scanning Electrochemical Cell
microscopy would be very valuable [38].
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