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ABSTRACT: Porous diamond-like carbon (DLC) electrodes
have been prepared, and their electrochemical performance
was explored. For electrode preparation, a thin DLC film was
deposited onto a densely packed forest of highly porous,
vertically aligned multiwalled carbon nanotubes (VACNT).
DLC deposition caused the tips of the carbon nanotubes to
clump together to form a microstructured surface with an
enlarged surface area. DLC:VACNT electrodes show fast
charge transfer, which is promising for several electrochemical
applications, including electroanalysis. DLC:VACNT electro-
des were applied to the determination of targeted molecules such as dopamine (DA) and epinephrine (EP), which are
neurotransmitters/hormones, and acetaminophen (AC), an endocrine disruptor. Using simple and low-cost techniques, such as
cyclic voltammetry, analytical curves in the concentration range from 10 to 100 μmol L−1 were obtained and excellent analytical
parameters achieved, including high analytical sensitivity, good response stability, and low limits of detection of 2.9, 4.5, and 2.3
μmol L−1 for DA, EP, and AC, respectively.
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1. INTRODUCTION

Carbon is a very attractive material for electrochemical
applications, due to its different allotropes (fullerenes, nano-
tubes, graphene, and diamond) of dimensionality from 0D to
3D.1 Carbon materials can be prepared in various microtextures
from powders to freestanding fibers, foams, amorphous
materials, crystals, and composites.2,3 By applying them as
electrodes, they have shown reversibility properties in redox
processes, with fast charge transfer and chemical stability in
strongly acidic or basic solutions with good performance over a
wide range of potential and temperature.4−6 The rate of
electron transfer at carbon electrodes depends on various
factors, such as the structure, morphology, and conductivity of
the material.7 All those characteristics are directly related to the
carbon hybridization.
Diamond-like carbon (DLC) is an interesting metastable

form of amorphous carbon8 that contains a mixture of
tetrahedral (sp3) and trigonal (sp2) carbon hybridizations in
varying amounts depending on its deposition conditions.
Although DLC can be deposited at low (<200 °C) substrate
temperature,9,10 it exhibits many of the extreme properties of
crystalline diamond.11 Among those properties are chemical
inertness, optical transparency, high mechanical hardness, low
friction coefficient, and very high electrical resistance, which
together make DLC very attractive for use as a protective

coating.12−14 However, unmodified DLC films are electrically
insulating, which prevents their application in several fields,
including electroanalysis. To overcome this problem, there have
been many attempts to improve the electrical conductivity of
DLC by adding n- and p-type dopants.15−19 Nevertheless,
rather than dope the DLC with another element, a better
option might be to incorporate conducting forms of carbon,
such as carbon nanotubes (CNTs), into the DLC. Being
cylindrical forms of graphene, CNTs are highly conductive and
could improve the conductivity of diamond-like material by
providing conductive pathways throughout the structure20,21

and potentially overlapping the valence and the conduction
bands of DLC. Nevertheless, only a few papers22−26 report
attempts to combine multiwalled (MW) CNTs and DLC to
create an all-carbon electrode. Also all of those reports mainly
concentrate on the effect of CNTs incorporation on the DLC’s
mechanical properties.
Recently we reported two different methods to incorporate

MWCNT into DLC.26,27 We first reported incorporation of
MWCNT powder into the bulk of a DLC film and its effect on
the film’s mechanical, structural, optical, and electrochemical
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properties. We concluded that, by percolation, the MWCNTs
create conductive pathways that transport current rapidly to all
parts of the film, including the surface regions, where they can
contribute to electrochemical redox reactions.27 In a second
paper, we presented a method to prepare high surface area
DLC electrodes, which show excellent field emission properties,
using a forest of vertically aligned multiwalled carbon
nanotubes (VACNTs) as scaffolds26 for DLC deposition.
DLC deposition caused the tips of the CNTs to clump together
to form a microstructured surface with a very large surface area.
Different microstructures, such as pointed “teepees”, elongated
ridges, or “honeycombs” could be fabricated, depending on the
areal density of the VACNTs. Such high surface area,
chemically stable, conducting structures appear to be an ideal
material for use as electrodes for electroanalytical determination
of organic and inorganic compounds in aqueous media.
The aim of this work is to evaluate these porous DLC

electrodes for electroanalytical determination of important
hormones, neurotransmitters, and endocrine disruptors using
simple, fast, and low-cost cyclic voltammetry techniques.

2. EXPERIMENTAL SECTION
To prepare the porous DLC electrodes, thin DLC films were
deposited onto densely packed forests of VACNT electrodes, as
described below.
2.1. Synthesis of VACNT Films. The VACNT films were

produced using a microwave-plasma (MWCVD) chamber operating at
2.45 GHz.28 Prior deposition, Ti substrates (10 mm × 10 mm × 0.5
mm) were covered with a 10 nm Ni layer deposited by electron-beam
evaporation. The Ni layer was heated in a N2/H2 (10/90 sccm)
plasma, which caused it to ball up into nanoclusters that subsequently
became the catalyst particles for VACNT growth. The nanocluster
formation took place as the substrate temperature increased from 350
to 800 °C over a period of 5 min. To grow the VACNT forest, CH4
(14 sccm) was introduced into the chamber for 1 min, a substrate
temperature of 800 °C being maintained. The reactor pressure was 30
Torr during all procedures. This process produces a high spatial
density of aligned CNTs ∼40 μm long and ∼40−50 nm thick.28

2.2. Synthesis of DLC Films. The DLC layers were deposited
using a plasma-enhanced CVD (PECVD) reactor fed with hexane
vapor and argon gas at 0.1−0.3 Torr and a discharge voltage of −700
V at a pulse frequency of 20 kHz. For porous DLC preparation, the
previously prepared VACNT forest was used as a substrate. Before
growth, n-hexane was sprayed onto the samples, causing the tips of the
CNTs to stick together due to liquid surface tension. Then the plasma
was struck under argon and n-hexane vapor for 10 min,26 depositing

DLC onto the microstructured surface, locking the structure into
place. This DLC-coated VACNT electrode has been named as
DLC:VACNT electrode.

In contrast, flat DLC electrodes were deposited onto a polished
silicon substrate for use as control samples (called as DLC:Si
electrode). To prepare these, a single-crystal Si(100) wafer 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
directed downward onto the substrate surface for 1 h to deposit 1 μm
of DLC, with Ar flowing during the whole process. After deposition,
the samples were cooled down in high vacuum (10−6 Torr) for 3 h.27

2.3. Materials Characterization. The samples were characterized
by high-resolution scanning electron microscopy (HR-SEM), Raman
spectroscopy, and electrochemical tests. HR-SEM was performed with
a JEOL6330 and FEI Inspect F50 operated at 10−20 kV. Raman
spectra were recorded at room temperature using a Renishaw
microprobe, employing argon ion laser excitation (λ = 514.5 nm)
with a laser power of ∼6 mW and a spot size ∼15 μm. Curve fitting
and data analysis Fityk software was used to assign the peak locations
and fit all spectra.

2.4. Electrochemical Assays. The electrochemical assays were
conducted in a conventional three-electrode cell, using an Ag/AgCl
(3.0 mol L−1 KCl) reference electrode, a Pt foil as counter electrode,
and the DLC:VACNT electrode as the working electrode. The
working electrode was encapsulated by a copper/Teflon electro-
chemical cell, which includes an electrical contact to a copper rod on
the back-side of the sample and exposes a fixed area of electrode (0.44
cm2) exposed to the solution. A potentiostat/galvanostat μAutolab
type III (Ecochemie) controlled with GPES software (version 4.9) was
employed for the electrochemical measurements.

The electrochemical sensing performance of the DLC:VACNT
electrode was assessed for the important biomolecules dopamine
(DA), epinephrine (EP), and acetaminophen (AC) by cyclic
voltammetry (CV). In this evaluation, the electrochemical behavior
of the compounds was explored, and their analytical parameters were
determined from analysis of the respective analytical curves. All the CV
experiments for DA, EP, and AC were conducted in 0.2 mol L−1

phosphate buffer solution at pH 7.0. CVs were collected with the
analyte concentration ranging from 10 to 100 μmol L−1 recorded from
10 to 400 mV s−1. All chemicals were purchased from Sigma-Aldrich.

3. RESULTS AND DISCUSSION

3.1. Material Characterization. SEM images of the
DLC:VACNT composite contrasted with those of VACNT
and DLC:Si films are shown in Figure 1a−h. The typical
morphology of the DLC control sample is presented in Figure
1a, revealing a flat, featureless film. Used as a scaffold for porous

Figure 1. SEM images of the sample morphologies: (a) the DLC:Si film; (b) the as-grown VACNT scaffold, with an inset showing a very high
magnification image of a single CNT; (c, e, and g) top views of the DLC:VACNT composite showing the honeycomb structures; and higher
magnification images of the (d and h) crests and (f) valleys.
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DLC deposition, the as-grown VACNT forest is shown in
Figure 1b and highlights its alignment, high spatial density, and
relatively flat, carpetlike surface. The CNTs are ∼40 μm long
and about 40−50 nm thick (inset in Figure 1 b).
The top view of the DLC:VACNT film shows a micro-

structure (Figure 1c,e) indicating that after a few minutes of
DLC deposition the VACNT tips have stuck together. The
DLC coating has caused the CNTs to form linked rings. The
type of microstructuring (teepees, honeycombs, two-dimen-
sional ridges, or spiderwebs) seen when depositing films onto
CNTs depends mostly upon the density and length of CNT
growth,26 and for these VACNTs, the density was such that
honeycomb structures predominate.
High-resolution images from regions of the microstructure

reveal details of the valleys and peaks of the honeycombs
(Figure 1d,f−h). On the crests of the honeycomb edges one
can see a buildup of DLC, as shown in Figure 1d,g,h. It appears
that some of the crests (Figure 1d) are formed by thousands of
nanotubes encapsulated together by the DLC film. Other crests
are formed by 50−100 nanotubes, as shown in Figure 1g,h. In
the valleys (Figure 1f), it is observed that the nanotubes
maintain alignment even after being covered by DLC.
Figure 2 shows typical Raman spectra of the DLC:VACNT

composite, DLC:Si, and the as-grown VACNT forest. The

DLC spectrum is typical of that seen from amorphous carbon
films, showing two broad Gaussian bands, the D-band centered
at 1340 cm−1, resulting from the breathing mode of sp2 carbon
sites in rings but not chains, and the G-band centered at ∼1537
cm−1, arising from stretching of any pair of sp2 sites whether in
rings or chains.29,30 The VACNT first-order Raman spectrum
has two pronounced peaks centered at 1357 cm−1 (D-band)
and 1585 cm−1 (G-band). In the case of graphite or graphitic
CNTs, the D-band is related to defects and disordered carbon,
while the G-band (E2g) is related to well-ordered crystalline
graphite.31 The D′-peak (1622 cm−1) is also observed and is
also correlated to disorder. The VACNT second-order Raman
spectrum (data not shown) revealed a pronounced G′-peak,
confirming the good crystallinity of VACNT.
The Raman spectrum of the DLC:VACNT composite is a

combination of both DLC and VACNT Raman characteristics.
Clearly, for DLC:VACNT the narrower VACNT D-band
appears combined with the broader DLC one, and the G-band
shows a broader feature involving the DLC G-band and the
VACNT G- and D′-bands. This indicates that the DLC has not
replaced the CNTs but simply coated them.

3.2. Electrochemical Response of DA, EP, and AC
Molecules on the DLC:VACNT. The influence of the CNT
incorporation on the electrochemical behavior of the DLC film
was then explored for sensing of selected hormones, neuro-
transmitters, and endocrine disruptors. In this study we have
chosen molecules with well-known electrochemical responses,
such as the neurotransmitters/hormones DA and EP, and the
endocrine disruptor AC,32,33 allowing us to compare the
sensitivity of this new electrode with standard alternatives.
CV experiments were conducted over a large scan-rate range

in order to investigate the electron-transfer process of the
selected molecules on the DLC:VACNT electrode. All the CV
experiments for DA, EP, and AC were conducted in 0.2 mol
L−1 phosphate buffer solution at pH 7.0.
The CVs recorded from 10 to 400 mV s−1 performed for all

three molecules are shown in Figure 3a−c. DA and AC show
quasi-reversible characteristics, while EP shows an irreversible
profile. The evaluation of the peak currents (Ip) as a function of
the square root of the scan rate (v) revealed a linear
relationship (see insets in Figure 3a−c), indicating that the
electrodic processes were governed only by diffusion.34−36

Furthermore, as expected for the case of semi-infinite linear
diffusion (Randles−Ševcík equation),34 plots of log Ip versus
log v were linear with slopes of 0.57 (DA), 0.39 (EP), and 0.50
(AC). These are all close to the expected theoretical value of
0.5 for a diffusion-controlled process.34,35,37

Assuming that the analytes on the DLC:VACNT electrode
were controlled by their diffusional mass transport, we have
selected the appropriated theories to determine the respective
values of the kinetic parameter heterogeneous electron-transfer
rate constant (k0). DA and AC showed quasi-reversible
behavior, and therefore, the Nicholson method38 for quasi-
reversible diffusion-controlled processes was selected for these
compounds. For EP, the approach proposed by Nicholson and
Shain39 was employed, which is applicable to irreversible
diffusion-controlled processes.
The Nicholson method establishes a relation between the

kinetic parameter Ψ and the inverse of the square root of the
scan rate (v−1/2) with k0 as the proportionality term, as shown
in eq 1

πΨ = −k DnvF RT[ /( )]0 1/2 (1)

where D is the diffusion coefficient and the other terms have
their usual meanings. Thus, k0 can be predicted from the
gradient of a Ψ vs v−1/2 plot. To obtain the Ψ values, we used
eqs 2 and 3 proposed by Lavagnini et al.,40 which relate Ψ and
the ΔEp (peak-to-peak potential separation) value for each scan
rate

Ψ = − + Δ − Δn E n E( 0.6288 0.0021 )/(1 0.017 )p p (2)

β π βΨ = − ΔF RT n E2.18( / ) exp[ ( / ) ]1/2 2
p (3)

where β is the transfer coefficient in eq 3 and the other terms
have their usual meanings. Equation 2 is employed for those
cases in which nΔEp < 200 mV, while eq 3 is used when nΔEp >
200 mV. The values of nΔEp range from 84 to 434 mV for DA
and from 114 to 600 mV for AC, assuming that two electrons
are involved in the electrooxidation of the two molecules.41,42

Therefore, each equation (eq 2 or 3) was used for Ψ calculation
in its respective nΔEp range of validity. From the calculated Ψ
values, the k0 parameter follows from the gradient of the Ψ vs
23.66v−1/2 plot for DA and Ψ vs 10.37v−1/2 plot for AC. The

Figure 2. Raman spectra of the DLC:VACNT, DLC:Si, and VACNT
materials.
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23.66 and 10.37 factors are equivalent to the term
[πDnF/(RT)]−1/2 in eq 1, calculated considering D(DA) =
7.3 × 10−6 cm2 s−1,42 D(AC) = 3.8 × 10−5 cm2 s−1,43 F =
96 485 C mol−1, R = 8.314 J K−1 mol−1, and T = 298.15 K. A
linear best fit gives k0 = 5.2 × 10−3 cm s−1 for DA and 4.5 ×
10−3 cm s−1 for AC. The results indicate a similar electron-
transfer rate for both DA and AC on the DLC:VACNT
electrode. Moreover, the electron-transfer rate constants were
similar to typical results found by other workers for DA and AC
using a modified CNT paste electrode (DA, 2.21 × 10−3 cm
s−1)42 and a bare graphite electrode (AC, 4.8 × 10−3 cm s−1).44

For k0 determination of EP, Nicholson and Shain’s method
was employed. According to this method, the peak current has
an exponential relationship with the difference between the
peak potential (Ep) and the formal potential (E°) in diffusional
irreversible redox processes, eq 4

α= − °⎜ ⎟
⎡
⎣⎢
⎛
⎝

⎞
⎠

⎤
⎦⎥I nFACk

nF
RT

E E0.227 exp ( )p
0

p
(4)

where C is the electroactive species concentration ([EP] = 1.0
× 10−7 mol cm−3), A is the geometric area of the working
electrode (0.44 cm2 in this work), and the other terms have
their usual meanings and values. Rearranging eq 4 gives

α= + − °⎜ ⎟
⎛
⎝

⎞
⎠I nFACk

nF
RT

E Eln ln(0.227 ) ( )p
0

p (5)

From eq 5, k0 can be determined from the gradient of an ln Ip
vs (Ep − E°) linear plot. The value of E° was determined at
each current calculated45 as I = 0.82Ip for the different scan
rates, and the average value found in this experiment was E° =
0.25 ± 0.04 V. Therefore, k0 was calculated by comparing the
gradient of the ln Ip vs (Ep − E°) curve with the gradient given
by the Nicholson−Shain equation39 (eq 5) assuming that two

electrons are transferred in the EP electrooxidation.46 A k0

value of 8.9 × 10−3 cm s−1 was obtained. As observed for DA
and AC, the k0 value determined for EP was higher than the
values reported on various other electrode materials, including
glassy carbon electrodes modified with CNTs and ionic liquid
(1.17 × 10−3 cm s−1),47 carbon paste electrode (CPE, 1.47 ×
10−3 cm s−1),46 CPE modified with CNTs (2.13 × 10−3 cm
s−1),46 CPE modified with sodium dodecyl sulfate (SDS) (4.51
× 10−3 cm s−1),46 and CPE modified with CNTs and SDS
(6.38 × 10−3 cm s−1).46 This electrokinetic study shows that
incorporation of CNTs improve the charge transfer of DLC.
In addition to the previous exploration of the electrochemical

behavior of the DA, EP, and AC molecules, we assessed the
electroanalytical potentialities of the DLC:VACNT electrode
for sensing of these target analytes. Thus, analytical curves for
the three compounds were constructed using CV. CVs were
collected with the analyte concentration ranging from 10 to 100
μmol L−1, as shown in Figure 4a−c. In this concentration range,
analytical curves with excellent correlation coefficients were
obtained for all molecules (Figure 4d−f). Table 1 contains the
parameters recorded from the analytical curves. In Table 1 the
limit of detection (LOD) values were estimated using eq 6:

σ= mLOD 3 / (6)

where σ is the standard deviation of 10 blank (electrolyte only)
measurements and m is the gradient of the analytical curve. A
high analytical sensitivity was observed for the sensing of the
molecules investigated, with signal variation 0.2−0.3 μA μmol−1

L. The linear range and LODs calculated are excellent when
compared to those reported for different electrode materials
using CV to detect DA,48−51 EP,52,53 and AC.41,54−56 The
stability of response of the proposed electrode material was also
evaluated from a study of repeatability, in which various CV
measurements were performed for solutions of both analytes at

Figure 3. CVs obtained for (a) 1.0 × 10−4 mol L−1 DA, (b) 1.0 × 10−4 mol L−1 EP, and (c) 1.0 × 10−4 mol L−1 AC in 0.2 mol L−1 phosphate buffer
solution (pH 7.0) using the DLC:VACNT electrode at different scan rates (v): (i) 10 mV s−1, (ii) 20 mV s−1, (iii) 30 mV s−1, (iv) 40 mV s−1, (v) 50
mV s−1, (vi) 75 mV s−1, (vii) 100 mV s−1, (viii) 150 mV s−1, (ix) 200 mV s−1, (x) 250 mV s−1, (xi) 300 mV s−1, (xii) 350 mV s−1, and (xiii) 400 mV
s−1. Insets: ia vs v

1/2 and log ia vs log v curves.
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different concentration levels. The results of relative standard
deviations (RSD) obtained for the variation of the peak current
during 10 successive CV determinations of DA, EP, and AC
solutions at two concentration levels (30.0 and 50.0 μmol L−1)
are shown in Table 2. Low RSDs values ranging from 1.6 to
6.7% were observed, indicating the good precision of
measurement of the DLC:VACNT electrode. The results
demonstrate the electroanalytical potential of the novel
DLC:VACNT electrode for determination of important target
analytes. Other investigations into the use of these
DLC:VACNT electrodes as electrochemical sensors to detect
organic and inorganic compounds in different sample matrices
are underway in our laboratories.

4. CONCLUSIONS
Porous diamond-like carbon electrodes fabricated by depositing
DLC onto vertically aligned CNTs were applied for electro-
analytical determination of hormones, neurotransmitters, and
endocrine disruptors, including dopamine, epinephrine, and
acetaminophen. These porous DLC:VACNT electrodes exhibit
fast electron transfer and have high surface area, which are
highly sensitive for analysis and present low limits of detection

Figure 4. CVs obtained for (a) DA, (b) EP, and (c) AC at different concentrations: (i) 10 μmol L−1, (ii) 20 μmol L−1, (iii) 30 μmol L−1, (iv) 40
μmol L−1, (v) 50 μmol L−1, (vi) 60 μmol L−1, (vii) 70 μmol L−1, (viii) 80 μmol L−1, (ix) 90 μmol L−1, and (x) 100 μmol L−1 in 0.2 mol L−1

phosphate buffer solution (pH 7.0) using the DLC:VACNT electrode. v = 100 mV s−1. Analytical curves constructed for (d) DA, (e) EP, and (f) AC.

Table 1. Analytical Parameters Obtained for Cyclic
Voltammetric Determination of DA, EP, and AC Using the
DLC:VACNT Electrode

analyte
sensitivity

(μA μmol−1 L)
linear range
(μmol L−1)

LOD
(μmol L−1)

DA 0.27 10−100 3.9
EP 0.29 10−100 4.5
AC 0.28 10−100 2.3

Table 2. Relative Standard Deviations (RSD) Obtained for
the Anodic Peak Current Registered during 10 Voltammetric
Cycles (n = 10) for DA, EP, and AC Solutions at Different
Concentration Levels Using the DLC:VACNT Electrode

analyte concn (μmol L−1) RSD (%)

DA 30.0 2.9
50.0 3.5

EP 30.0 1.6
50.0 1.9

AC 30.0 6.7
50.0 3.1
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of 2.9, 4.5, and 2.3 μmol L−1 for these three analytes,
respectively.
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