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Abstract Porous boron-doped diamond (p-BDD) electrodes
of high-surface-area have been prepared on vertically aligned
carbon nanotube substrates, and their electrochemical perfor-
mance has demonstrated promising results for application in
electroanalysis. The electrochemical features of the p-BDD
electrodes were investigated and compared with those of a
conventional flat BDD electrode (f-BDD). From cyclic volt-
ammetry studies performed for the electrochemical probes
[Fe(CN)s]®>~ and N,N,N',N'-tetramethyl-para-
phenylenediamine (TMPD), a fast charge transfer was ob-
served at the p-BDD/electrolyte interface. For the
[Fe(CN)s]®>~ redox probe, the heterogeneous electron-
transfer rate constant (k°) value obtained for p-BDD was
10.9 times higher than that obtained using a f-BDD electrode.
Moreover, the p-BDD electrodes also gave a smaller peak
potential separation, AE,,, and larger analytical signal magni-
tude for different biomolecules, such as dopamine (DA), acet-
aminophen (AC), and epinephrine (EP). These set of results
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demonstrated that the p-BDD electrode is a suitable candidate
for applications in electroanalytical chemistry.
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Introduction

Carbon electrodes, in general, are widely used both in elec-
trochemical and in electroanalytical applications since they
possess very interesting mechanical properties, a wide po-
tential window, chemical inertness, and versatility for sur-
face modifications. There are many types of carbonaceous
materials that are used as electrodes; among these are glassy
carbon, pyrolytic carbon, carbon paste, graphite, boron-
doped diamond (BDD), and carbon nanotubes. However,
in recent years, new types of carbon materials such as
graphene [1], and also hybrid materials of carbon such as
boron-doped graphene [2] and graphene-carbon nanotubes
[3], have been used as working electrodes and have drawn
attention because of their excellent performance.
Conventional flat BDD (f-BDD) electrodes have a
large number of electrochemical properties distinguish-
able from other commonly used carbonaceous electrodes
which are very attractive for electrochemical studies,
such as low background current, extreme electrochemi-
cal stability in both alkaline and acidic media, high
response sensitivity, good resistance to fouling, and a
wide working potential window in aqueous solutions
[4-9]. Moreover, different structures, shapes, and sizes
of the BDD electrode surfaces can show different elec-
trochemical features [10—13]. Higher sensitivity and im-
proved selectivity of structure-modified BDD compared
with f-BDD electrodes have been reported [14]. Luo et
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al. [10] reported the fabrication and characterization of a
BDD nanorod forest (BDDNF) electrode and the study
of its electrochemical applicability in nonenzymatic am-
perometric detection of glucose. They prepared the
BDDNF on silicon nanowires (SiNWs), turning an f-
BDD electrode into a three-dimensional structured dia-
mond electrode. According to the authors, this BDDNF
electrode exhibited very attractive electrochemical per-
formance compared to f-BDD electrodes, notably im-
proved sensitivity and selectivity for biomolecule
detection.

The electrochemical behaviour of different redox systems
and detection of catechol were investigated on f-BDD elec-
trodes and “nanograss array BDD” by Lv et al. [11]. When
compared with f-BDD, the nanograss array BDD presented an
improvement in relation to reactive site, electron transfer, as
well as promoting electrocatalytic activity and enhancing
selectivity.

Porous boron-doped diamond (p-BDD) films are consid-
ered a novel class of carbon hybrid materials that also has
interesting characteristics for use in electroanalysis. These
materials show great promise as sensitive and high-surface-
area electrodes [15, 16]. To produce the p-BDD films, ver-
tically aligned carbon nanotubes (VACNT) were used as
scaffolds. The VACNT were first seeded with a suspension
of nanodiamonds in liquid (water or methanol) causing the
CNTs to stick together at their tips. Depending upon the
length and areal density of the CNTs, when stuck together
they formed a variety of 3D microstructures, including tee-
pees [17] and honeycombs or ridges [15]. Careful deposition
of diamond by chemical vapour deposition (CVD) onto
these structures permanently fixed the structure into shape
by enclosing it in a thin (<1 wm) layer of polycrystalline
diamond. Addition of diborane to the CVD process ensured
that the diamond coating was B-doped and, hence, exhibited
near-metallic conductivity. These 3D microstructures com-
bined the excellent conductivity and electron transport of
carbon nanotubes (CNTs) [18] with the desirable electro-
chemical properties of BDD, such as chemical stability and
large potential window [5].

According to Corat et al. [15], the surface area of these
new porous BDD electrodes is much higher than those
found in f-BDD electrodes. This is due to it having a
morphology similar to ridges, which significantly extends
the chemically active area—a desirable feature for electro-
analytical applications, for example. These properties make
the p-BDD electrodes a promising material for use as
sensors or energy storage devices [15, 16, 19-22] as well
as suitable candidates for application in electroanalytical
chemistry. Thus, in the present work, we have explored
for the first time the performance of p-BDD films as an
electrochemical sensor for different redox probes and im-
portant biomolecules.
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Experimental
Material synthesis

p-BDD films were prepared using VACNTSs as scaffolds as
previously reported [15, 23, 24]. Briefly, a 10-nm Ni layer
was deposited on a Ti substrate by e-beam evaporation and
placed into a 2.45-GHz microwave (MW) plasma CVD cham-
ber. A N»/H, (10/80 sccm) plasma was used to heat the sub-
strate, causing the thin Ni layer to ball up into nanoparticles
that became the catalyst particles for subsequent VACNT
growth in the same chamber. The length, diameter, and areal
density of the CNTs could be varied by changing the growth
conditions. For the CNTs reported here, CH4 (12 sccm) was
the process gas which was introduced into the chamber for
1 min, maintaining a substrate temperature of 760 °C and a
reactor pressure of 30 Torr. This produced a VACNT forest of
CNTs with length ~20 wm, width ~20-50 nm, and areal den-
sity of ~10'® cm 2. Electrospray seeding of nanodiamonds
[25] followed by diamond CVD was then performed for
0.5 h using a hot filament reactor and 2 % CH4/H, with
diborane (B,Hg) as a source of boron. The gas-phase B con-
centration was sufficient to ensure that the diamond was
heavily doped and therefore had near-metallic conductivity.
As a control sample, a BDD film was deposited onto a flat
single-crystal (100) Si substrate (p+, resistivity 0.01—
0.02 Q cm) using the same CVD conditions except for a
deposition time of 7 h.

Electrochemical assays

A conventional three-electrode cell was used for the electro-
chemical assays, with an Ag/AgCl (3.0 mol L' KCI) refer-
ence electrode, a Pt foil as counter electrode, and the p-BDD
or f-BDD electrode as the working electrode. The geometric
areas of the p-BDD and f-BDD were 0.64 and 0.35 cm?, re-
spectively. A potentiostat/galvanostat pAutolab type III
(Ecochemie) controlled with GPES software (version 4.9)
was employed for the electrochemical measurements.

Cyclic voltammetry (CV) was used to assess the electro-
chemical performance of the p-BDD electrodes for the re-
sponse of two soluble redox probes, [Fe(CN)s]>~ and N,N,
N',N'-tetramethyl-p-phenylenediamine (TMPD) in
0.1 mol L' KCI. Electrochemical impedance spectroscopy
(EIS) measurements were carried out over a frequency range
of 100 kHz-0.01 Hz and amplitude of 10 mV. All chemicals
were purchased from Sigma-Aldrich.

The electrochemical performance of the p-BDD electrode
was also evaluated for the important biomolecules of known
redox behaviour, dopamine (DA), acetaminophen (or paracet-
amol) (AC), and epinephrine (or adrenaline) (EP) by CV. All
the CV experiments for DA, EP, and AC were conducted in a
0.2 mol L™ phosphate buffer solution at pH 7.0. CVs were
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collected in the potential scan rate range from 10 to
500 mV s ' at a fixed analyte concentration of 1.0 mmol L.

Results and discussion
Material characterization and electrochemical properties

Figure 1a—d consists of SEM micrographs obtained for the
porous and flat BDD surfaces. Analyzing the SEM images
collected for the p-BDD (Fig. la—c) confirms that the
VACNTs were completely covered by the BDD coating. In
addition, for the preparation of the p-BDD samples, VACNTs
with 20 pum length and areal density ~10'" cm™? were
employed as a substrate. Using these VACNTs, the
diamond-coated CNTs form ridge-like structures, and each
ridge contains ~200 CNTs, although this varies depending
on the amount of lateral interconnection between ridges. A
continuous microcrystalline BDD film with a thickness of
~1-2 pum was obtained in the flat BDD case, with a surface
morphology as shown in Fig. 1d. Raman spectra of p-BDD
and f-BDD (data not shown, please see both Fig. 2 of refer-
ences [15, 26] and Fig. 3 of reference [24]) showed the typical
peak for sp®> diamond at 1332 cm™' and sp” bands (D
~1350 cm™ ! and G between 1550 and 1600 cm ).
Consequently, the p-BDD sample is a combination of both
diamond and carbon nanotube structural characteristics and,
therefore, it is expected that the obtained composite may com-
bine the electrochemical properties of both carbon materials.

Fig. 1 SEM micrographs of as-
grown (a—c) p-BDD and (d) f-
BDD films

Initially, the behaviour of both BDD electrodes was eval-
uated in 0.1 mol L™ KCI solution at 50 mV s' in the
potential range from —0.2 to +0.6 V. In Fig. 2, the cyclic
voltammograms obtained using the f-BDD and p-BDD
electrodes in the KCI solution are shown. A considerable
increase in capacitive current was observed for the p-BDD
electrode. The capacitive (background) current measured
only in the supporting electrolyte solution suggests a higher
double-layer capacitance and surface area for the p-BDD
electrode consistent with the SEM images. To quantify the
double-layer capacitance, CV measurements were recorded
at different potential scan rates (v = 10-500 mV s ') in the
same supporting electrolyte solution. The relationship
C = Aj/2v [27] was used to determine C, the double-layer
capacitance, with Aj being the difference between the an-
odic and cathodic current densities at 0.25 V. Figure 3a
shows the CVs recorded for different potential scan rates
for the p-BDD electrode. The relationship between Aj and v
was linear, as expected, with the respective slope equal to
2C (see inset of Fig. 3a). Thus, C for the p-BDD and f-
BDD electrodes was 327 and 0.96 uF cm 2, respectively.
The C values recorded for the f-BDD electrode is in accor-
dance with the typical double-layer capacitance results ob-
tained for standard BDD electrodes, such as those proposed
by Swain and collaborators (ranging from 1.0 to
3.0 uF cm 2 depending on the supporting electrolyte solu-
tion pH) [28, 29]. It follows that the double-layer capaci-
tance for the p-BDD electrode was approximately 340 times
higher than that for the f-BDD electrode, which is consis-
tent with the larger surface area of the p-BDD electrodes.
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Fig.2 CVs obtained in 0.1 mol L™ KCI solution at 50 mV s ' using the
p-BDD and f-BDD electrodes

EIS measurements were also performed using a
0.1 mol L™" KCI solution as supporting electrolyte. The
Bode plots for both electrodes are shown in Fig. 3b. For an
example frequency of 0.1 Hz, the modulus of the impedance
(Z) for p-BDD is ~33 times lower than that for f-BDD.
Additionally, analysing the EIS spectra for redox probe
[Fe(CN)s]>™ in 0.1 mol L' KCI solution (data not shown), it
was observed a well-defined semi-circle at higher frequencies
when f-BDD was used, which decrease considerably using p-
BDD. This behaviour revealed that the electron-transfer resis-
tance decreased dramatically when p-BDD was used, which
demonstrate the improvement of the heterogeneous electron-
transfer kinetics on the electrode surface in agreement with
results showed on Fig. 3.

One important parameter to assess the quality of an elec-
trode material is the heterogeneous electron-transfer rate con-
stant (k°), which is intrinsically associated with the AE,
values, where a smaller AE,, value represents an increased
reversibility and faster heterogeneous electron-transfer kinet-
ics at a given electrode material [30]. The response to a redox
probe, such as hexacyanoferrate (IIT) ([Fe(CN)¢]>") [31], is
commonly used to evaluate £° between an electrode and
electroactive species present in solution. The k° value is

strongly influenced by several variables, such as the electronic
properties and the surface chemistry (e.g., surface termina-
tions and the surface cleanliness) of the electrode [32].
Typical CVs for both electrodes at a potential scan rate of
50 mV s ' (Fig. 4a) show a well-defined pair of redox peaks
with a peak potential separation (AE,,) of ~79 and 149 mV for
p-BDD and f-BDD, respectively. The p-BDD presents a
smaller AE, value than f-BDD, which suggests a more
favourable electrochemical interaction at the electrode surface
and, thus, enhanced electron-transfer kinetics.

In order to calculate the £° values for p-BDD and f-BDD
electrodes, CV assays at different potential scan rates (10—
500 mV s ') were performed. In Fig. 4b, the CVs obtained
fora 1.0 x 10> mol L' [Fe(CN)4]*") solution in 0.1 mol L™
KCI at different potential scan rates using the p-BDD elec-
trode are showed. The voltammetric peak currents (anodic,
I, and cathodic, /) were monitored as a function of potential
scan rate (v). In each case, the plots of I, versus V2 were
linear, indicating diffusional processes dominate (inset (i) in
Fig. 4b). Moreover, linear relationships between the logarithm
of peak current (log /,,) and the logarithm of potential scan rate
(log v) were obtained, with slopes of 0.45 (for anodic peak
current) and 0.44 (for cathodic peak current), which are close
to the theoretical value of 0.5 found for an electrodic process
governed by diffusion. Thus, the Nicholson [33] method was
applied to estimate the k° values. No correction was made for
uncompensated ohmic drop (iR) effects. Therefore, we deter-
mined the £° values as apparent rate constants, k’,,, With
values 0f 9.2 x 10> and 1.4 x 10> em s ' for p-BDD and
f-BDD, being obtained, respectively, using a diffusion coeffi-
cient (D) of 6.2 x 10 ® cm? s ! for [Fe(CN)¢]> in 0.1 mol L™
KCI. Comparing these koapp values, the result for p-BDD is 6.6
times higher than that for f-BDD, indicating a significant im-
provement in the electron-transfer rate on the p-BDD surface.
This can be related to the higher electrical conductivity (or the
reduction of the electrical resistivity) provided by the VACNT
scaffolds used as a substrate.

Although the increase of surface electrode area was ~340
times, the enhancement in the oxidation peak current density

Fig. 3 Electrochemical 600+
characterization of p-BDD elec- :
trode in a 0.1 mol L' KCI solu- 4501
tion. (a) CVs at different potential ;
scan rates (10 to 500 mV sfl). £
Inset represents the linear depen- < 150+
dency of the capacitive current on =

the potential scan rate. (b) EIS
Bode plot (voltage -150
amplitude = 10 mV) for both

Z/Qem>

types of electrode -300
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Fig.4 (a) CVsobtained fora 1.0 x 107> mol L™! [Fe(CN)]>~ solution in

0.1 mol L™' KCI using the p-BDD and f-BDD electrodes at
v =150 mV s". CVs obtained for a 1.0 x 107> mol L™ [Fe(CN)s]>~

is only ~2 times higher for the p-BDD electrode compared to
the flat electrode. This might be explained by the limiting rate
of diffusion of the redox species to the electrode [34], and
experiments to gain a better understanding of this are currently
in progress.

Next, we explored the voltammetric response of the two
electrodes toward N,N,N',N'-tetramethyl-para-
phenylenediamine (TMPD). TMPD is also a redox probe
which undergoes two reversible one-electron oxidation waves
[35, 36]. Marker et al. [37, 38] studied the electrochemistry of
TMPD on BDD electrodes and found that the response dif-
fered depending upon the doping level (i.e. conductivity) of
the BDD. They reported a complex voltammetric response for
TMPD when a lightly BDD electrode was used [37].
However, a BDD electrode with a higher doping level provid-
ed the typical voltammetric response expected for TMPD
consisting of two reversible one-electron oxidation waves
[38]. This same behaviour was observed using the f-BDD
and p-BDD electrodes in the present work.

The CVs obtained for TMPD with our p-BDD and f-BDD
electrodes at 50 mV s ' are shown in Fig. 5. As can be seen
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Fig. 5 Cyclic voltammetric profiles of p-BDD (solid line) and f-BDD
(dash-dot line) recorded using 1.2 x 10> mol L' TMPD in 0.1 mol L™"
KCLv=50mVs!
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solution in 0.1 mol L' KCl using the (b) p-BDD electrode at different

potential scan rates (v=10-500 mV sfl). Insets—(i) I, vs. V2 and (ii) log
I, vs. log v

from this figure, the p-BDD electrode presents a higher cur-
rent density, a cleaner voltammetric profile, and an improve-
ment in electrochemical reversibility for TMPD than the f-
BDD electrode. The AE,, value obtained for the first redox
peak using the f-BDD electrode (293 mV) was about eight
times larger than that for the p-BDD electrode (37 mV).
Also, the reduction peak for the second redox process was
poorly defined for the f-BDD electrode, in contrast to the
sharp peak observed with the p-BDD electrode. These results
indicate an improved electronic transfer, and a beneficial elec-
trochemical response is apparent at the p-BDD when com-
pared to the conventional f-BDD.

Electrochemical response of biomolecules, DA, AC,
and EP on the p-BDD electrode

The electrochemical behaviour of the p-BDD film was inves-
tigated for the detection of selected molecules of biological
importance. The selected biomolecules were dopamine (DA),
epinephrine (EP), and acetaminophen (AC), because these
molecules display a well-known electrochemical behaviour
and have often been studied electrochemically using carbon-
based electrodes [39—42]. Firstly, the CV electrochemical be-
haviour of these biomolecules was compared using the p-
BDD and f-BDD electrodes, with the results shown in Fig. 6.

Figure 6 shows quasi-reversible behaviour for DA and AC
and an irreversible profile for EP on p-BDD. However, all
biomolecules showed an irreversible behaviour on f-BDD.
The p-BDD current densities also were (at least 3 times)
higher for all analytes. The decrease in the peak potential with
the p-BDD electrode helps improve the sensor selectivity to-
ward competing analytes, while the increase of the analytical
signal can improve the sensitivity, limit of detection, and
quantification of a chosen analyte. These results for DA,
AC, and EP are consistent with the high £° values previously
obtained for the p-BDD electrode using [Fe(CN)g]*".
Additionally, the larger current densities on p-BDD are in
agreement with our previous work [15].

@ Springer
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Fig. 6 CVs obtained for

1.0 x 10> mol L' DA (a),

1.0 x 10> mol L' AC (b), and
1.0 x 10> mol L' EP (¢) in
0.2 mol L™! phosphate buffer
solution (pH 7.0) using the p-
BDD and f-BDD electrodes at
v=50mVs"'
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CV experiments conducted over a large potential scan rate
range (10 to 500 mV s ') explored the electron-transfer pro-
cess for all three biomolecules on the p-BDD electrode. The 1,
values were all close to linear with v’ (data not shown). Plots
of log 1, versus log v were linear with slopes of 0.54 (DA),
0.46 (AC), and 0.42 (EP), which are all close to the expected
theoretical value of 0.5 for a diffusion-controlled process [26,
43]. The Nicholson [33] method was selected as a valid meth-
od to determine the respective values of koapp for DA and AC,
because these biomolecules presented a quasi-reversible pro-
cess controlled by diffusional mass transport. The calculated
K%.pp values were 1.3 x 107> cm s~' for DA and
1.8 x 102 cm s ' for AC, assuming a diffusion coefficient
for DA of D = 7.3 x 10°° cm? s~ ' [44] and for AC of
D=38x 10" cm’s ! [45]. These koapp values are similar
to those found by other authors for DA and AC using a mod-
ified CNT paste electrode (2.21 x 107 cm s ', DA) [44], a
porous diamond-like carbon electrode (5.2 x 102 cms |, DA,
and 4.5 x 107 cm s ', AC) [26] and a graphite electrode
(4.8 x 102 cms ', DA) [46].

For EP, the analysis was different because the oxida-
tion process on both BDD electrodes was irreversible.
Since the process was controlled by diffusional mass
transport, the Nicholson-Shain method [47] was now
employed to determine koapp. The koapp values obtained
were 1.2 x 1072 and 4.41 x 107 cm s ' for the p-BDD
and the f-BDD electrode, respectively. Thus, the
electron-transfer rate constant was almost 3 times higher
for p-BDD than for f-BDD, demonstrating the apparent
electrocatalytic activity of the BDD surface synthesized
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on the VACNT substrate, which contain a high number
of carbon nanotube tips (edge planes) exposed.

Conclusions

These results reveal the promising electrochemical perfor-
mance of porous boron-doped diamond electrodes for use as
an electrochemical sensor. The p-BDD material shows
electron-transfer rates between 3 and 6 times faster than the
conventional flat diamond electrodes extensively used in elec-
troanalysis. Furthermore, the analytical signal magnitude is
greatly improved for the p-BDD electrodes, and this can im-
prove sensitivity and electrode performance.
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