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In this study we demonstrate a scalable and CMOS compatible synthesis of robust diamond-like carbon
(DLC)-multi-walled carbon nanotube (MWCNT) hybrid electrodes. MWCNTSs were grown directly on top
of DLC thin film electrodes by utilizing Al/Co/Fe tri-layer catalyst structure at 550 °C. The structure of the
hybrid material was characterized in detail by utilizing scanning electron microscopy (SEM), transmission
electron microscopy (TEM), Raman investigations and X-ray photoelectron spectroscopy (XPS). After a
very simple activation step with nitric acid the material was shown to exhibit a wide stable water window,
almost reversible electron transfer kinetics and high sensitivity as well as selectivity towards dopamine
(DA) in the presence of ascorbic acid (AA). Thus, it can be argued that the electrochemical properties of
DLC and MWCNT were combined in a unique way in this new hybrid nanomaterial. The possible reasons
behind the observed behavior are discussed in considerable detail. Despite the fact that present results
are valid only for this particular hybrid material synthesized under conditions described in this paper,
we anticipate that by utilizing the concept of DLC-MWCNT hybrids, several other novel carbon based
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electrode materials may be introduced for a wide variety of electrochemical and other applications.

© 2015 Elsevier B.V. All rights reserved.

1. Introduction

It has been estimated that currently up to 27% of the adult
population in Europe are affected by mental and neurological dis-
orders [1]. Many of these disorders are directly related to different
neurotransmitters, specifically to the amount of neurotransmitters
present in different parts of brain [2-5].

Carbon based materials have been frequently used in vitro for
detecting neurotransmitters [6-9]. Especially, carbon fiber (CF) has
been utilized as electrode material. However it is vulnerable to
biofouling [6,8], geometries of the electrodes are limited and it is
not compatible with standard silicon processes. Recently, promis-
ing results have been achieved by using diamond-like carbon
(DLC) [10] coated electrodes [11-13]. DLC possess many favorable
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properties such as stability, good biocompatibility [14-17] and
resistance to bacterial adhesion [18,19]. These sensors have been
successfully used to detect 10 wM concentrations of dopamine
(DA) [11,12], which means that they are not sensitive enough to
detect the required levels of dopamine in vivo, which, depend-
ing on the measurement techniques and location, vary between
5 and 700nM [20-22]. In addition, when dopamine is mea-
sured in the presence of interfering elements, such as ascorbic
acid, which are present in vivo with much higher concentra-
tions than dopamine, the analysis of the latter becomes very
difficult. This is because the interfering substances typically oxi-
dize approximately at the same potential as DA. As it is known
that CNTs may exhibit fast electron transfer rates [23,24], it can
be hypothesized that if CNTs can be grown directly on top of
high sp3 containing DLC substrates at low enough temperatures,
a stable corrosion resistant, biocompatible, patternable, CMOS
compatible and electrochemically active hybrid material could be
fabricated.
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Carbon nanotube films and forests have found use in elec-
trode applications for many years. When directly growing the
nanotubes on conductive surfaces, electrical interfacing becomes
straightforward due to the intimate contact at the substrate-CNT
interface. This has been exploited for example in electrochemical
double-layer capacitors [25,26], batteries [23,27] and field emit-
ter devices [24]. The relatively large amount of nanotubes that
can be synthesized directly on a given substrate (~30 mg/cm? for
forests of 1 mm thickness [28]) allows substantially large effec-
tive electrode areas of ~1.5m?%/cm? (assuming a specific surface
area of ~50mZ2/g for CVD grown CNTs [29]) and thus enhances
electrochemical sensitivity compared to very thin films deposited
typically by drop-casting or by electrophoresis. A further advan-
tage of the directly grown nanotube films is their structural
integrity and mechanical robustness enabling more reliable oper-
ation than that using physisorbed nanotubes e.g. on glassy carbon
surfaces.

Although the combination of DLC with other nanostructured
carbons as a novel family of carbon based hybrid materials has been
recognized lately [30-33] and its excellent optical absorbance was
shown to be useful in solar energy harvesting [31], the expectedly
fascinating electrochemical sensing characteristics have not been
explored yet.

In this paper, we report a scalable and CMOS compatible syn-
thesis method to grow robust diamond-like carbon and carbon
nanotube hybrid structures by the means of cathodic arc and sub-
sequent chemical vapor deposition. We also demonstrate how
these hybrid materials can be used for electrochemical sensing
to detect and quantify dopamine (DA) in solutions in the pres-
ence of interfering elements. The developed hybrid carbon based
electrodes show a wide and stable water window and almost
reversible electron transfer kinetics allowing efficient electrochem-
ical analysis of dopamine with detection limit of less than 500 nM.
In addition, it is shown that the hybrid electrodes are capable of
readily distinguishing ascorbic acid and dopamine oxidation peaks
making the electrodes promising candidates for biochemical appli-
cations.

2. Experimental

The substrate materials used for the diamond-like carbon (DLC)
thin films were n-type Si (100) wafers (Okmetic). The wafers
were etched in buffered HF solution and dried in flowing nitro-
gen right before the deposition. The deposition chamber of 70L
volume was pumped with an oil diffusion pump to a base pressure
of 1 x 10-3 Pa. The samples were mounted by hanging in a rotat-
ing carrousel (0.04rpm) with planetary rotation of the substrate
holders. The chamber has two arc sources and one ion source on
the chamber walls. Prior to deposition, the samples were etched by
using a griddles argon ion source and coated with Ti using a contin-
uous current arc source equipped with 60° magnetic filtering. The
arc current used was 55 A and the duration of the deposition was
35s.Therole of Tiis to ensure excellent adhesion of the DLC layer on
the substrate. For the carbon a 2.6 mF capacitor bank was charged to
200V and the arc was triggered with ignition electrodes. The max-
imum pulse current was 3 kA and the pulse half width was about
150 ws. Each pulse was triggered separately at 1Hz frequency.
The deposition rate during the pulse was 1.4 x 10'° ions/cm?, as
measured from the growth rate of a carbon layer on a flat silicon
substrate. The distance from the cathode varied between 150 and
300 mm during the deposition due to sample rotation. The average
carbon ion energy has been previously measured to be 40-50eV
using an electrostatic probe. It may be assumed that all carbon in
the plasma is ionized.

Carbon nanotube films were grown on the DLC layers by the
means of catalytic vapor deposition (CVD) from acetylene precursor

similar to our previous report [34]. In brief, multilayer catalyst
films of Al (0.2nm), Co (3nm), Fe (3nm) were deposited by e-
beam and thermal evaporation methods on the DLC films prior
MWCNT growth. The deposition rates of the metals were moni-
tored with a quartz crystal balance. The catalyst coated substrates
were inserted to a cold wall CVD reactor (Aixtron, Black Magic,
UK) and heated to the process temperatures (550°C) using an
electrically heated holder to reduce the catalyst metals in NH3 at
250 sccm flow rate and 10 mbar pressure for 10 min. In the next
step, the reactor chamber was evacuated to a base pressure of
0.2 mbar, and then filled with N, buffer (250 sccm) while setting
and maintaining a reactor pressure of 10 mbar. After the pressure
was stabilized, C;H, (carbon precursor, 25 sccm) was introduced
into the chamber. The growth phase took 10 min in each experi-
ment.

The hybrid materials were pretreated with nitric acid (68%
concentration), by submerging the electrode to the acid for
5min. After the activation of the electrode surface, edges and
backside were covered with protective PTFE-film (Saint-Gobain
Performance Plastics CHR 2255-2). Hole with a diameter of
8mm was made to the film before placing it on the elec-
trode surface, to allow the solution to reach contact with the
electrode.

Cyclic voltammetry (CV) was carried out with Gamry Reference
600 Potentiostat/Galvanostat/ZRA. Water window was measured
in 0.15M sulfuric acid and the dopamine measurements utilized
different concentrations of dopamine in phosphate buffered saline
(PBS) solution. A 10mM dopamine solution was prepared, by
using dopamine hydrochloride (Sigma-Aldrich, St. Louis, USA), in
phosphate-buffered saline (PBS Dulbecco, Biochrom AG, Berlin,
Germany) that was further diluted to obtain a series of dopamine
solutions from a concentration of 1 mM-1 nM. Sweep rate was typ-
ically set to 50 mV/s. The reference electrode was Ag/AgCl skinny
reference electrode provided by Sarissa Biomedical Ltd, pH values
of the H,SO,4 and PBS solutions were, 0.55 and 7.4, respectively.
All the solutions were deoxygenated with N, for 5min prior to
measurement and the air in the electrochemical cell was purged
with N, during the measurements. All the measurements were
conducted at room temperature. Ferrocenemethanol (FcMeOH)
(Sigma-Aldrich, St. Louis, USA) was used as an outer-sphere redox
system to define the electron transfer rate of the electrode. The
measurements were conducted in 1 mM FcMeOH solutionin 0.15 M
sulfuric acid (Merck kGaA, Darmstadt, Germany). The measure-
ments were carried out at scan rates of 10, 50, 100, 200 and
400 mV/s.

X-ray photoelectron spectroscopy was carried out with SSX-100
ESCA under ultra-high vacuum using Al K, radiation (1486.6eV).
The surface topography of the hybrid carbon coated sensing layers
were assessed by scanning electron microscopy (JEOL JSM-6330F
and Zeiss Ultra plus) as well as by transmission electron microscopy
(EFTEM, Leo 912 Omega, 120kV). Cross-sectional TEM samples
were prepared conventionally by grinding, polishing and dimpling
the specimen until its thickness was below 10 microns, followed
by Ar ion milling performed using a PIPS Ion miller (Gatan USA).
High-resolution transmission electron microscopy (HRTEM) was
performed using a double-aberration-corrected JEOL 2100 (JEOL,
Japan) microscope equipped with a field emission gun (FEG) oper-
ating at 200 kV. Moreover, the JEOL 2100 microscope was used to
perform scanning transmission electron microscopy (STEM) using
high angle annular dark-field (HAADF) imaging. The JEOL 2100 was
equipped with the Gatan image filter (GIF) for electron energy-loss
spectroscopy (EELS). A Gatan 4k x 4k UltraScan 4000 CCD camera
was employed for digital recording of the HRTEM images. Raman
spectra of the pristine DLC and CNT on DLC films were recorded
using a Horiba Jobin-Yvon Labram HR800 UV-VIS micro-Raman
equipment.
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Fig. 1. (a) XRR, (b) and (c) TEM analyses for the DLC thin film substrates.
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Fig. 2. (a) Scanning and (b) transmission electron micrographs of carbon nanotubes grown on diamond-like carbon surfaces. The scale bars are 1 wm (inset), 500 nm (panel
a) and 100 nm (panel b). (c) Corresponding Raman spectra of the substrate and the hybrid structure. The inset shows a magnified (5x ) and base line corrected fit of the Raman

D and G bands centering at 1554cm~" and 1400 cm~! and with a peak ratio Ip/Ig ~ 1.

3. Results and discussion

The DLC thin films used as the substrates for the CNT growth
had a mass density of about 3.1 g/cm3 as determined previously
with X-ray reflectivity (XRR) measurements, which together with
the Raman analyses indicate a high sp? content (about 75-80%)
(Fig. 1(a) and (b)). [12] In addition, the DLC films were practically
hydrogen free. The thickness of the DLC layers used in the electrodes
was about 15 nm and that of the underlying Ti adhesion layer about
20 nm. It should be observed that in the XRR measurements about
30 nm thick DLC layers were used for analysis purposes. Based on
the cross-sectional transmission electron microscope (TEM) inves-
tigations the layers were of uniform thickness and the structure of
the DLC was amorphous without any visible crystalline areas (Fig. 1
(c)). More details about the DLC thin films can be found from [12].

Continuous films of multi-walled carbon nanotubes (diameter
of 20-40 nm) emerge on the diamond-like carbon surfaces shortly
after the start of the growth period as indicated by the dark-
ened and optically diffuse surface. Electron microscopy analysis
revealed that the nanotube films on the surface were only partially
aligned, and the nanotubes were slightly curved (Fig. 2(a)-(c)).
This can be explained by the relatively low growth temperature
(550°C) and associated higher defect density in the nanotube

Silicon

100 nm

walls than in those usually obtained under optimized conditions at
~700-800°C. Raman spectroscopy also supports the large defect
density (Ip/Ig ~ 1.0) in the nanotubes (Fig. 1(c)). On the other hand,
the low growth temperature used makes the current growth pro-
cess CMOS compatible. The length of the nanotubes is somewhat
less than 10 wm after 10 min synthesis as expected at 550°C in
agreement with our earlier results showing the bulk diffusion of
carbon atoms in the catalyst is the major limiting factor when
growing nanotubes on Co-Fe bimetallic catalyst from acetylene pre-
cursor [34]. Variations in the MWCNT film density may be observed
for some of the samples depending on the synthesis batch because
of unevenness in the DLC and/or catalyst layers under the nano-
tubes. It is important to point out that in our experiments the layer
thickness of Al (0.2 nm) is considerably lower than the typically
applied optimum of 10-15 nm in order to avoid a complete block-
age of the DLC layer and yet ensuring a sufficient barrier to avoid
diffusion and subsequent poisoning of the catalyst in the DLC film
underneath.

Cross-sectional TEM analysis was carried out next to investigate
what has taken place during the growth of the MWCNTSs on top of
DLC. The micrographs are shown in Fig. 3. From the STEM-HAADF
data in Fig. 3(a) one can identify the Si and DLC+ MWCNT owing
to the similar contrast in the STEM-HAADF image. The Ti layer

Fig. 3. (a) Cross-sectional STEM-HAADF image and (b) cross-sectional multi-beam HRTEM image along the zone axis of the MWCNT on DLC film.
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Fig. 4. X-ray photoelectron spectra (survey, O 1s and C 1s) of MWCNTs on DLC hybrid sensor structures (a) before and (b) after use.

can be identified between the Si and DLC because of the brighter
appearance than the neighboring Si and DLC layers. There are also
darker ‘triangular’ regions at the Si/Ti interface, which appear to be
small voids, which are often seen at interfaces with Si. Inside the
DLC+MWCNT “layer” one can see several bright areas, which cor-
respond most likely to phases containing metallic elements, such as
(Fe,Co)-silicides and Fe-Co particles formed during the activation of
the catalyst and the growth of the nanotubes. From the HRTEM data
shown in Fig. 3(b) one can identify Si at the bottom of the image,
the ‘void’ regions in the middle and the interface between the Si
and the next layer at the top. This layer is polycrystalline as we can
see from the fringes and is therefore the Ti adhesion layer. On top of
that starts the DLC+ MWCNT “layer”. The DLC layer also appears to
be partly graphitized. Thus, based on what has been stated above
it appears that the catalysts have reacted with the Si during the
growth of MWCNTSs, as expected based on the thermal load to which
the samples have been subjected during the synthesis. In addition,
the voids probably contain also some silicide(s), because we can
see fringes with different orientations in the HRTEM images and
this definitely does not come from the Si alone. However the voids
are not 100% filled with silicide because if they would, they would
look bright, instead of dark, in Fig. 3(a). It is to be noted that all
metallic elements, excluding Al, can react with Si to form various
silicides as already discussed above. Unfortunately, owing to the
small dimensions of the “silicide” areas it is not possible to obtain
a proper quantitative analysis of their composition. However, EDX
analyses indicate that they contain Fe, Co and Si as expected. A
more detailed TEM investigation of the interfacial structure will be
reported elsewhere [35].

To investigate the surface chemistry of the samples X-ray photo-
electron spectroscopy analysis was carried out. The results from the
as-deposited heterostructures revealed only traces of Co (778.6eV)
and FeO (709.9eV), whereas no Al or its oxidized species were
found in the spectrum. The asymmetric C 1s peak is similar to
those reported for CNTs with a main C-C peak at 294.0eV, and
lower energy satellites (e.g. due to C-0) as well as the characteris-
tic broad peak of the delocalized electrons around 291 eV were also
observed. The symmetrically positioned O 1s peak at 531.7 eV indi-
cates the presence of OH-groups on the surface as shown in Fig. 4(a).
Based on the XPS analyses, there were hardly any differences in the
peaks of oxygen, cobalt or iron between the unused and activated
samples. However once the electrode has been used, a shoulder at
529.2 eV appears due to metal oxides that most probably originate
from the partially dissolved and re-deposited catalyst (in the form
of oxide) during the cyclic voltammetry measurements. The pres-
ence of low intensity peaks at 710.8 eV and 781.2 eV also support
the presence of oxides/hydroxides of both Fe and Co, respectively.
The SEM micrographs (Fig. 5) taken from the unused, activated and
used samples also show that there are no significant structural dif-
ferences between the electrodes. It is also seen that the alignment of
the CNTs is not exactly vertical but they are more or less randomly
oriented. This can again be understood based on the low growth

temperature and resulting high defect density. In conclusion, based
on the above analyses it can be stated that the hybrid CNT +DLC
material is relatively robust and does not degrade markedly in
use.

From Fig. 6(a) it is evident that the water window of the hybrid
carbon material is relatively wide (about 2.7 V). In fact, it is not sig-
nificantly narrower in comparison to that of the plain tetrahedral
amorphous carbon (ta-C) DLC (about 3.4 V). The threshold current
used here to determine the water window limits was 200 pwA. The
capacitances of the electrical double layers of the two materials
were calculated based on the data from 50 mV/s and 400 mV/s
cyclic voltammograms. Geometric area of the corresponding elec-
trode was used and the difference between the anodic and cathodic
current densities was used (Ai =2 x C x v). The resulting values
are higher in the case of hybrid carbon material (349 & 87 wF/cm?)
when compared to the plain DLC (62.2 + 18.6 wF/cm?). However,
if one takes into account the approximated increase in the surface
area of the DLC+CNT electrode (at least ~50 times) the “reduced”
double layer capacitance (calculated at 0V vs. Ag/AgCl at 400 mV/s)
of the hybrid electrode (~7 + 1.8 wF/cm?) is actually smaller than
that of plain DLC. It should, however, be noted that there is no
clear double layer region in the voltammogram shown in Fig. 6(a).
This indicates that most likely some faradic reactions take place
at the surface of the electrodes and therefore the capacitance val-
ues obtained include also a “pseudocapacitance” part in addition
to the actual double layer value. In fact, based on the XPS analy-
ses discussed above there are at least ~-OH groups (and most likely
also -COOH groups) present on top of the electrode surfaces after
processing. It is anticipated that these groups will participate the
faradic reactions contributing to the measured pseudocapacitance.
One can also note that the hybrid carbon electrode is stable while in
contact with H,SO4 as there are practically no changes in the cyclic
voltammograms between the 1st and 20th cycle.

The results of the FcMeOH measurements are shown in Fig. 6(b).
It can be seen thatin this case there are actually two peaks presentin
the voltammogram with the hybrid carbon material instead of one
peak, which is expected based on the one electron transfer reaction
and outer sphere nature of FcMeOH. The larger peak is attributed
to MWCNTs and the smaller peak to the substrate, since the lat-
ter one is approximately at the same location as the FcMeOH peak
for the plain DLC sample (Fig. 6(b)). This points out that the CNTs
do not completely cover the underlying surface. The peak currents
associated with the oxidation and reduction reactions are signifi-
cantly higher in the case of the hybrid material, as expected based
on the higher surface area. The peak separations for the FcMeOH
reaction on CNT and on DLC are given in Table 1 along with the
heterogeneous electrochemical constants k. calculated by utilizing
Eq. (1)

y= L M

4/ (maDo)
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given by Nicholson in [36] at 298K, taking diffusion coefficient molecule in question, a=nFv/RT (nis the number of electrons trans-
(Ds.) of ferrocene to be 2.17 x 10~° cm?/s [37] (same value for both ferred, F is the Faradays constant 96,485 C/mol, R is the universal
oxidized and reduced form). y is the square root of the ratio of gas constant 8.314]/kmol and v is the cycling speed in V/s and T
the diffusion coefficients of the oxidized and reduced forms of the is temperature in K) and charge transfer coefficient o has been

Table 1
Table shows the oxidation peak positions of ferrocenemethanol on DLC and hybrid MWCNT on DLC electrodes using different voltage scan rates and the calculated

heterogeneous electrochemical rate constants. Detection limits of dopamine on DLC and hybrid MWCNT on DLC electrodes are also shown together with the peak separations.

Electrode Water window (200 pA Double layer AE, (FcMeOH) AE, (FcMeOH) ke (cm/s) Detection limit ~ AE, (DA)
threshold) pseudo-capacitance (50mV/s) (400 mV/s) (FcMeOH) (DA) (50mV/s) (50mV/s)
(wF/cm?)
DLC+CNT 2.7V 349+87 62mV 72mV 0.15 500 nM 22mV

DLC 34V 62.2+18.6 220mV 352mV 7.8 x 1074 10 uM 448 mV
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Fig. 6. Cyclic voltammetry analyses of (a) the water window and (b) ferrocenemethanol oxidation for both DLC and MWCNT on DLC hybrid electrodes in 0.15 M H,S0Oj4.

taken as 0.5. Values of ¥ as a function of peak potential difference
observed in the CV curve were taken from [36]. Based on the results
it is evident that there is apparently a very large difference in the
electron transfer properties between the hybrid carbon material
and plain DLC. In fact, the heterogeneous electron transfer coeffi-
cient is among the highest values obtained with CNT containing
electrodes [38,39], but at the same time double layer capacitance
(349 + 87 wF/cm?2) is much smaller than reported with other high
performance CNT electrodes [38]. However, caution must be taken
when the calculated heterogeneous electron transfer coefficient for
the hybrid electrode material is considered. (i) Firstly, as shown in
[40,41] the presence of porous layer on top of a planar electrode will
significantly alter the diffusion behavior of the reactive element, as
there will be a marked contribution from thin layer diffusion. Thus,
one cannot directly compare the heterogeneous reaction constants
calculated for the DLC and DLC+MWCNT electrodes, as the mass
transport regimes in the two cases are most likely different. In fact,
the sharp appearance of the oxidation and reduction peaks in the
case of hybrid DLC+MWCNT material implicate that there is sig-
nificant contribution from the thin surface layer present on top of
the electrode. (ii) Secondly, the treatment based on the Nicholson
method can give us only an idea how the heterogeneous reaction
constant changes from that of plain DLC to that of DLC+ MWCNT,
as it will most likely not give correct results for the present thin
layer case, where the boundary conditions for diffusion are differ-
ent from the semi-infinite system on which the treatment is based
on [36,42,43]. As a matter of fact, in [40,41] it has been shown by
simulation that in cases where there is considerable contribution
from thin layer diffusion, the peak separation is a function of diffu-
sion layer thickness while ke is kept constant. Thus, this will directly
influence the heterogeneous reaction constant calculated by the
Nicholson method. Therefore, the value given in Table 1 should be
used only to support the idea that the MWCNT forest on top of
DLC thin film electrode markedly increases the electron transfer
rate in this particular case. With respect to the last statement it
must also be emphasized that any changes in the density, defect
population and length or diameter of the MWCNTs will change
also the electrochemical response. Thus, the results obtained
here are relevant only for the present hybrid DLC+MWCNT
material.

Sensitivity of the electrodes towards dopamine (Fig. 7(a)and (b))
shows that concentrations down to 500 nM of DA can be detected
with the hybrid carbon sensor whereas the plain DLC can detect
only 10 wM. It should be noted that no background subtraction
has been used here and the data shown in Fig. 7 is not manipu-
lated in anyway, but represents the true raw measurement results.
Thus, it is the opinion of the authors that these direct measurement
results are much more important in quantifying the performance of
the electrode than the calculated values presented below and typ-
ically shown in the literature. To assess the reproducibility of the

measurements some of them were repeated with the same elec-
trode several times. While doing this no significant changes in the
response were detected. More detailed discussion about the stabil-
ity of the electrodes is given below. Thus, sensitivity and stability
of the hybrid material falls within the range required under phys-
iological conditions. The peaks associated with DA oxidation and
reduction at 10 wM concentration in the DLC+ MWCNT hybrid are
situated at about 98 mV and 72 mV, respectively, whereas those
for plain DLC at 100 wM are at about 404 mV and -44 mV (all vs.
Ag/AgCl). The reason for using different concentrations in the peak
separation comparison is that in the case of DLC there was no reduc-
tion peak visible at 10 wM concentration. Thus, the better electron
transfer properties implicated by the FcMeOH measurements are
reflected also as higher sensitivity towards DA. While comparing
the response of the two types of electrode materials to dopamine
following observations can be made: (i) The peak positions are more
easily attributable owing to the better defined shape of the peaks
in the case of DLC+ MWCNT hybrid. (ii) Concentrations down to
500nM show distinct peaks with DLC+MWCNT hybrid whereas
with DLC alone there is hardly any peak at 10 wM, but instead a
step-like increase in current followed by a shoulder is observed.
(iii) More importantly, the peak separation is much smaller with the
DLC+MWCNT hybrid material (Fig. 7(a) and (b)), which indicates
that the heterogeneous electrochemical reaction constant (con-
tributing to peak positions) of the hybrid material may be consid-
erably higher than that of plain DLC. In fact, the observed peak sep-
aration in the case of the hybrid material is smaller than the value
corresponding to reversible two electron redox process (which
is 29.5mV). However, as discussed above, these results may be
interpreted based on the relatively high contribution of thin layer
diffusion of species entrapped within the porous-like layer to diffu-
sional mass transport regime, as suggested in [40,41]. Thus, again
direct comparison between the peak separation values between
DLC and DLC + MWCNT electrodes should not be carried out as the
mass transfer regimes in the case of the two electrodes are most
likely different. Again the presence of thin layer contribution is
supported by the sharp peaks for oxidation in the case of DLC+CNT
electrode. In fact, when DA concentration is 10 M the diffusive tail
of the oxidation peak on top of the hybrid electrode is still evident,
but for more dilute solutions the peak is more “thin layer-like”.
However, as discussed below the electrochemical behavior of the
present system may well be even more complicated as preferen-
tial adsorption of DA on the DLC + MWCNT electrodes may also take
place. The oxidation currents for dopamine scale approximately lin-
early as a function of concentration with the DLC + CNT electrode in
the concentration range of interest (500 nM-10 M) (I (wA)=0.27
(M) +0.84 (R? =0.9909)). The limit of detection (LOD) and limit of
quantification (LOQ) were calculated according to the procedure
given in [44-46] (i.e. LOD was taken as 3.3 x ¢/S, where o is the
standard deviation of the background signal and S the sensitivity,
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Fig. 7. Cyclic voltammetry analyses of (a) DLC and (b) MWCNT on DLC hybrid sensor response towards dopamine at cycling speed of 50 mV/s. Measurements done in the

presence of ascorbic acid are shown for (c) DLC and (d) DLC + MWCNT hybrid.

and the LOQ as 10 x ¢/S) Based on the estimation the sensitivity is
1138 wA/mM, LOD is 1.26 +0.23 nM and LOQ 3.8 - 0.84 nM. These
values are among the best reported in the literature for dopamine
detection (references [46-51] and Table 2). Thus, the new material
shows great potential to be used in biodetection application, espe-
cially as our results are from CV measurements and not from more
sensitive differential pulse voltammetry (DPV) measurements.
While considering the results from FcMeOH, which is a simple
outer sphere redox couple and dopamine, it should be noted that
DA is known to show complex adsorption behavior on top of many
electrode materials whereas FcMeOH is free of such complications
[52]. Therefore, one should not draw too strong of a conclusion

Table 2

based on the different peak values and further investigations of
the DA reactions must be carried out. The oxygen functionalities
of the MWCNTs as observed with XPS will be deprotonated at
physiological pH to a large extent, thus yielding a negative over-
all surface charge for the CNT network. Thus, this may influence
the adsorption behavior of DA, which is cationic at physiologi-
cal pH. This would also influence the peak shape by making it
more symmetric and by reducing peak separation, if adsorption is
enhanced. Further, the oxidation of catechols is known to be a two-
electron, two-proton transfer process in which the hydroquinone
oxidizes to orthoquinone. In this sequence the order of proton and
electron transfer follows a scheme of squares and is dependent

Results from the literature showing different investigations about the sensitivity and selectivity of different electrode materials towards dopamine in the presence of various

interfering elements.

Ref. Year Electrode Detection DA (LM) AA (LM) HT-5 (M) UA (M)
material method

[63] 2013 CNF DPV 0.1-10 1000 0.25-10 X

[64] 2006 CF ACV (+Hilbert 5 500 1 X

Transform)

[65] 2014 SDS- DPV 1-100 400-3500 X 4-30
MW(CNTSs/GCE

[66] 2011 DNA/PAMAM/MWNDPV 4-200 1000 X 20-1000
Chit/Au

[67] 2013 Pt NPs on DPV 0.5-20 X X 0.6-13
polydopamine cv 50 1000 X 50
coated CNTs

[68] 2002 CNT modified DPV 0.5-8 80-1360 X X
graphite

[69] 2003 PDMA coated Square wave 1.2-36 200 X X
GC voltammetry

[70] 1995 Acetonitrile DPV 20 2000 X X
modified GC

[71] 2006 Poly(3,4- Square wave 20-60 200 X X
ethylenedioxy) voltammetry
thiophene
modified GC

DPV =differential pulse voltammetry, CV = cyclic voltammetry, ACV = AC voltammetry, DA = dopamine, AA = ascorbic acid, HT-5 = serotonin, UA = uric acid.
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Fig. 8. Cyclic voltammogram showing the behavior of DLC+ MWCNT electrode
when cycled ten times in 1 mM solution of dopamine at cycling speed of 50 mV/s.

on pH [53,54]. The surface charge of the substrate can also influ-
ence the order of this process. The proposed transfer sequence for
catechols is H*, e~, H*, e~ on carbon paste, glassy carbon and plat-
inum electrodes at neutral pH [53,54]. In fact, we have recently
carried out a detailed investigation about the effects of pH on the
catechol, methylcatechol and DA reactions on different carbon elec-
trodes and the results indeed show a very strong pH dependency
[55].

As it was discussed in the introduction, it is of utmost impor-
tance for a feasible electrode material to be able to distinguish
between dopamine and common interfering elements, such as
ascorbic acid (AA), present in vivo with much higher concentra-
tions than dopamine [56-61]. In Fig. 7(c) and (d) CV results from
the dopamine measurements in the presence of ascorbic acid
are shown. When one compares the performance of the hybrid
DLC + CNT material to the plain DLC electrode it is evident that when
dopamine and ascorbic acid are present at the same time DLC can-
not resolve between them whereas the hybrid DLC+CNT is capable
of differentiating between the two (Fig. 7(c) and (d)). When there
is two orders of magnitude larger concentration of AA than DA the
peaks are still clearly resolved. However, typical ratio of AA to DA is
from 1000 to 10,000, depending on the location of the brain [59,62].
Therefore, more work is needed to improve the selectivity and sen-
sitivity of this hybrid material to achieve higher AA to DA ratios. In
Table 2 several results from the selectivity investigations from the
literature are shown. As one can see, there are results that show
higher ratio for AA to DA than the present investigations. However,
these have been determined with differential pulse voltammetry
(DPV) which is in general superior to CV in sensitivity and selec-
tivity [43]. In fact, if one takes from Table 2 the only investigation
carried out with CV the ratio of AA to DA in that investigation is
smaller than in this paper. Thus, one can therefore conclude that
the results obtained so far are encouraging, since by utilizing for
example DPV with this material would most likely result into con-
siderable higher sensitivities and selectivities. Finally, when one
considers interfering elements one should also take into account
3,4-dihydroxyphenylacetic acid (DOPAC), which is a metabolite of
dopamine. DOPAC is a likely candidate as an interfering element
in the in vivo measurements, when measuring DA, as its oxidation
peak is expected to be at the same potential as the DA’s oxidation
peak. Based on research in [71,72] DA levels are clearly lower than
DOPAC levels in striatum, and measurements of DA carried out in
[71] were not actually measuring DA, but actually DOPAC. There-
fore, more investigation of DA vs. DOPAC measurements needs to
be conducted with these hybrid sensors.

Another important issue related to the possible in vivo use is
the fouling of the electrode surfaces. It has been recently shown
that DLC electrodes suffer from this phenomenon especially when
wide potential windows are used with DA concentrations in the
mM range [73]. In the case of DLC+CNT hybrid electrodes similar
behavior was not seen even when a wide potential window was

used (Fig. 8) One can see that there is a slight decrease in the peak
current after continuous cycling, but no significant change in the
peak position or complete passivation, as observed with DLC alone
[73]. The other peaks seen at lower potentials in Fig. 8 are related
to leucodopaminechrome (LDAC) and dopaminechrome (DAC) as
shownin[73].Inaddition, when a narrow potential window is used,
which is feasible as the peak separation between DA oxidation and
reduction is very small in this case, even less fouling is seen even
after tens of cycles.

4. Conclusions

In summary, a new electrochemical sensing platform based on
a hybrid carbon material has been introduced in this work. The
new material combines the properties of the high sp? containing
diamond-like carbon with those of carbon nanotubes, and takes the
electrochemical performance of this new material beyond those of
its individual components. The CNTs were grown directly on top
of thin film DLC electrodes by CVD process. After a very simple
activation process, the new electrodes were shown to exhibit a
wide stable water window, reasonably low “reduced” double layer
capacitance, facile electron transfer kinetics and high sensitivity as
well as selectivity towards dopamine. The low temperature and
short growth times applied in the synthesis of hybrid DLC-CNT
devices make the fabrication process CMOS compatible as well
as scalable. Further, SEM (Figs. 2 and 5) and XPS (Fig. 4) analyses
showed that there were hardly any changes at the surfaces of the
samples after activation or measurement, thus indicating relative
robustness of the new electrode material. With further optimiza-
tion of the structures (e.g. CNT network density or pretreatments)
we expect reliable DA detection down to few nM concentration
ranges and in the presence of interfering elements, such as ascorbic
acid. Even though the results presented here are valid only for the
specific DLC+CNT hybrid synthesized in this investigation, it can
be expected that the demonstrated new hybrid carbon materials
can pave the road for a new family of carbon based electrochemical
sensing electrodes suitable for diverse applications.
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