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a  b  s  t  r  a  c  t

Boron-doped  nanocrystalline  diamond  (B-NCD)  films  were  grown  by  the  hot  filament  chemical  vapor
deposition  (HFCVD)  technique  on  top  of sharp  electropolished  tungsten  substrates,  in  order  to create
amperometric  microelectrodes  (MEs)  for detection  of  Zn2+(aq)  and  dissolved  O2. The  boron  source  was
a  B2O3 +  ethanol  mixture  dragged  by Argon  gas  through  a bubbler.  Different  B2O3 concentrations  were
used  to study  the  doping  effect  on  the electrochemical  behavior.  The  B-NCD  MEs  exhibited  a working
eywords:
-NCD
icroelectrodes

inc
orrosion
mperometric

potential  window  of  about  3.5 V in  5 mM  NaCl,  with  low  background  current  and  good  chemical  inertness.
The  best  electrochemical  kinetics  was achieved  for the  ME  with  highest  boron  doping  content.  The  linear
relationship  between  zinc  concentration  and  zinc  reduction  current  was  found  in  a  wide  concentration
interval  from  10−5 M  to  10−2 M of  ZnCl2 in  a  5 mM  NaCl  background.  Measurements  with  a  Fe–Zn  galvanic
couple  immersed  in  5 mM  NaCl  demonstrate  potential  applicability  of the B-NCD  ME for  use  in localized
corrosion  studies.
. Introduction

Apart from its outstanding mechanical and thermal properties
1],  CVD diamond has been object of intense study for the last two
ecades due to its promising electrical properties, when doped
y other elements, particularly boron [2–4]. Therefore diamond
as studied for electrochemical purposes [5] taking into account

ts superior chemical stability. Boron-doped CVD diamond was
eported to exhibit a potential window of water stability wider than
ny other solid electrode material. A very low background current
nd extreme chemical inertness and resistance to fouling due to
he non-polar H terminated surface can also be counted as impor-
ant advantages [6–8]. The promising results have encouraged high
nterest on diamond to be applied for microelectrodes as well [9].
s a result of electrode miniaturization to a critical dimension of
25 �m [10], which enables working with enhanced mass trans-
ort and steady state currents, as well as measurements in high
esistivity media, CVD diamond microelectrodes (MEs) became an
ncreasing matter of research, mainly in the biological field.

A variety of microstructures ranging from microcrystalline
o nanocrystalline diamond can be obtained by synthesis in
etastable conditions, which is the case of CVD methods such as
he hot filament assisted CVD (HFCVD). Nanocrystalline diamond
s the most interesting for MEs  because of its grain size allowing

∗ Corresponding author. Tel.: +351 234 370354; fax: +351 234 370204.
E-mail address: elsilva@ua.pt (E.L. Silva).

013-4686/$ – see front matter ©  2012 Elsevier Ltd. All rights reserved.
ttp://dx.doi.org/10.1016/j.electacta.2012.05.074
© 2012 Elsevier Ltd. All rights reserved.

maximum miniaturization of the electrode [11]. Although there are
many bio-related publications with diamond electrodes [12–17]
and some works concerning the detection of trace metals and use
of B-doped diamond electrodes in SECM [18–20],  to our knowledge
there are no published works applying B-doped diamond MEs  to the
corrosion field, where they can also play an important role.

Our main interest in this work was focused on optimization of
the electrochemical properties of boron-doped nanocrystalline dia-
mond (B-NCD) films to be used in amperometric MEs for corrosion
studies. An example of such measurement is the distribution map-
ping of electrochemically active species generated or consumed in
confined areas on corroding metal surface. Such experiments are
of prime importance for understanding mechanisms and kinetics
of corrosion and self-healing processes in the local defects of active
coatings [21,22].  Particular interest is in the case of metal cations
that are reduced at potential range where the reduction of water
and dissolved oxygen can mask their amperometric detection. This
is a limiting condition for most electrode materials currently in use
but it may  be an opportunity for B-NCD based MEs. One of the most
corrosion relevant cases is determination of local concentration of
zinc cations in the electrolytes near corroding surface of galvanized
steel. Zinc has widespread applications of great importance such as
galvanic coatings on steel, as anodes for common batteries or in
brass metallurgy. It is also relevant in the metabolism of plants,

animals and microorganisms [23–25].

The quantification of zinc is therefore a significant matter for
many different areas, but the means available are limited mostly to
spectroscopic and electrochemical stripping techniques [26–28].

dx.doi.org/10.1016/j.electacta.2012.05.074
http://www.sciencedirect.com/science/journal/00134686
http://www.elsevier.com/locate/electacta
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4 imica 

R
s
w
e
s
p
n
f
m
s
o
i
a
l
H
m

e
p
s
m

2

2

2

l
t
d
w
i
o
w
t
A
p
d
t

F
e
f
b
a

88 E.L. Silva et al. / Electroch

ecently, Strasunske et al. [29] obtained good results by using
ilver amalgam electrodes (3 mm in diameter) to analyze river
ater by differential pulse anodic stripping voltammetry. Tada

t al. has reported the voltammetric detection of Zn2+ by using a
mall zinc disk electrode to probe the corrosion of Zn/steel cou-
le, but within a narrow concentration range and with millimetric,
ot micrometric, resolution [30]. Attempts also have been made

or localized potentiometric detection of Zn2+ with ion-selective
icroelectrodes but the electrodes still present low sensitivity, low

electivity, short lifetime and complex fabrication [31,32]. In terms
f the use of B-NCD electrodes, the group of Swain has reported sat-
sfactory results using B-NCD electrodes for the detection of Zn2+

nd other heavy metals by anodic stripping voltammetry, although
arge metal deposits and electrode fouling were a problem [33,34].
owever, the size of the electrode again does not allow the spatial
apping in the micrometric range.
In the present work, we report the fabrication of B-NCD micro-

lectrodes and their use as probes for Zn2+ and oxygen detection by
erforming cyclic voltammetry (CV) and microamperometry mea-
urements at fixed potential in zinc chloride solutions and in a
odel Zn–Fe galvanic corrosion system.

. Experimental

.1. Microelectrode fabrication

.1.1. Substrate preparation
Electroposharpened tungsten wires (99.9%+, 125 �m,  Goodfel-

ow, England) were used as a body of electrode. The sharpening of
he wires was performed via electropolishing in a custom-made
ynamic flow system, using a 3 M NaOH solution. Each filament
as connected as a working electrode (anode) in the electropolish-

ng system and was sharpened by applying a potential difference
f 10 V between the working and the counter electrode during 50 s
hile keeping the solution flowing. The tips were sharpened down

o radii of <100 nm and ultrasonically cleaned with distilled water.
fterwards they were ultrasonically seeded during 10 min  in a sus-

ension of nanodiamond powder (∼6 nm,  98+%, ABCR, Germany) in
istilled water and ultrasonically cleaned during 15 min  in ethanol
o remove the rest of powder.
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ig. 1. Raman spectra (325 nm wavelength) of the B-NCD films grown with differ-
nt  B2O3 concentrations of 2 × 10−4, 1 × 10−3 and 2 × 10−3 M.  There are five main
eatures: at 1140 and 1470 cm−1, assigned to transpolyacetylene (TPA) in the grain
oundaries; at 1333 cm−1, indicating the presence of diamond crystals; at 1340 cm−1

nd 1540 cm−1, assigned to the D and G bands of graphite, respectively.
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2.1.2. Diamond film growth
The diamond films were grown by HFCVD with four tungsten

filaments at a temperature of 2300 ◦C that worked as gas activators
and substrate heating sources. The sharpened tungsten tips were
positioned horizontally on a substrate holder below the filaments
at a distance of 7 mm.  B-NCD films were grown during 30 min.
The substrate temperature and the total gas pressure were kept
constant at 770 ◦C and 180 mbar, respectively. The gas phase was
composed by hydrogen and methane with a 0.07 CH4/H2 ratio with
addition of the boron doping mixture. The boron source for doping
the films was a solution of boron oxide (B2O3, 99.6%, ABCR) dis-
solved in ethanol inside a gas washing bottle. This boron-containing
solution was  dragged by argon gas into the CVD reaction cham-
ber, with a constant (Ar + B)/H2 ratio of 0.03. Solutions with three
different B2O3 concentrations of 2 × 10−4, 1 × 10−3 and 2 × 10−3 M
were tested for the S1, S2 and S3 microelectrodes, respectively.
The microstructure of the grown films was  evaluated by scanning
electron microscopy (Hitachi SU-4100). UV �-Raman spectroscopy
(HORIBA JOBIN YVON HR800UV), using the line 325 nm from a
He–Cd laser (KIMMON IK series) for surface excitation, allowed the
identification of the different carbon sp2/sp3 phases incorporated
in the coatings and the presence of residual stresses.

2.1.3. Electroactive area delimitation
The B-NCD covered tungsten wires were partially insulated with

acid resistant varnish (Lacomit, AGAR) with the aid of a micrometric
manipulator under a microscope in order to limit the electroactive
area just at the apex.

2.2. Electrochemical measurements

2.2.1. Electrode characterization
The electrochemical response of the B-NCD MEs  was  tested

by cyclic voltammetry with a AUTOLAB PGSTAT302N potentio-
stat/galvanostat (Eco Chemie, The Netherlands). The electrochemi-
cal cell was  kept inside a Faraday cage, open to air, and consisted on
the B-NCD ME  as working electrode, a platinum counter-electrode
and a saturated calomel electrode (SCE) as reference. All poten-
tials in this paper are referred to SCE except for the line and
2D-map scans in corrosion testing, where a Ag/AgCl electrode was
used as reference. The electron transfer kinetics was evaluated in
10 mM Fe(CN)6

3−/4− in 5 mM NaCl (all reagents were pro analy-
sis grade from Riedel-deHäen). The B-NCD MEs  were compared
with platinum and gold microelectrodes (10 �m discs embedded
in cylindrical glass with a conical tip of 200 �m in diameter) for the
detection of Zn2+ in ZnCl2 solutions ranging from 10−6 M to 10−2 M
in 5 mM  NaCl (pH = 2). All potentiodynamic measurements were
performed with a scan rate of 100 mV  s−1.

2.2.2. Application to corrosion testing
A model system consisting of a Fe–Zn galvanic couple immersed

in 5 mM NaCl solution was used in order to evaluate applicabil-
ity of the B-NCD MEs  for mapping the distribution of Zn2+ and O2
near active corroding metallic surfaces. Microamperometry mea-
surements were performed with an IPA2 amplifier (Applicable
Electronics Inc., USA) in the voltammetric/amperometric mode,
using a 2 electrode arrangement, with a Ag/AgCl electrode as

counter and reference electrode. Linear or 2D scans were done using
B-NCD ME  at a distance of 100 �m from the surface. Lines and maps
were recorded at a potential of −0.9 V (vs. Ag/AgCl) for detection of
dissolved O2 and −1.6 or −1.3 V (vs. Ag/AgCl) for detection of Zn2+.
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ing the substitutional incorporation of boron atoms into carbon
lattice positions, electric conduction by electronic holes is enabled
in a consistent manner, ensuring the reliability of the material’s
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Fig. 2. SEM micrographs of (a) B-NCD film grown on top of sharp tungsten

. Results and discussion

.1. Electrode characterization

The microscopic observations of the coated W-microelectrodes
emonstrate presence of a dense intact diamond layer on the metal
urface, which was confirmed by Raman spectroscopy. Each of the
aman spectra in Fig. 1 shows the following features: (i) at 1140
nd 1470 cm−1, commonly assigned to transpolyacetylene (TPA)
n the grain boundaries; (ii) at 1333 cm−1, indicating the presence
f diamond crystals; (iii) at 1340 cm−1 and 1540 cm−1, assigned
o the D and G bands of graphite, respectively [35]. No voids are
bserved at the B-NCD films, meaning that the tungsten tip is well
nsulated from the analyte by the B-NCD coating (Fig. 2a). Good
overage and intactness of the diamond film is crucial in order to
void the penetration of electrolyte to the metal surface and the
onsequent electrochemical response o tungsten during the mea-
urements. The tungsten tips with B-NCD films were coated with

 polymer layer in order to provide an electrical insulation leaving
nly an apex as exposed zone of the probe. The exposed area was
bout ∼30 �m2 with a tip radius of ∼0.5 �m (Fig. 2b).

The CV measurements were performed on a bare tungsten
icroelectrode in the potential range from −1.5 to 1 V in 5 mM NaCl

n order to exclude the situation of W-substrate contribution for
he electrochemical measurements (Fig. 3a). Besides water reduc-
ion, three oxidation peaks are observed that can be related to the
ormation of W2O5, WO2 and WO3 at the tungsten surface, since
hese are known to be the most stable oxide products [36]. None
f these peaks was observed in the current-potential curve of the
-NCD microelectrode as shown in Fig. 3a (inset) in the same solu-
ion within the referred potential range, confirming the absence
f response from the W substrate. Instead, only water oxidation
starting at ∼1 V) and a small response from water reduction were
bserved. The kinetics for the latter process is extremely slow at the
-NCD surface as can be seen in Fig. 3b for the S1 ME, which shows

 very high overpotential for hydrogen evolution. This behavior
orresponds to a ∼3.5 V usable window, which is larger than the
.5–3.0 V window reported in various works for B-NCD [37–39].  The
esponse of the B-NCD MEs  was also compared with platinum and
old MEs  in the same solution. It can be observed that the reduc-
ion of dissolved oxygen and water are easier on both platinum
nd gold, with overpotentials lower than the exhibited by the B-
CD MEs, although they do present a higher overpotential for water
xidation.

The unfavorable kinetics for water and oxygen reduction at the
-NCD surface, however, could be also an indication of slow kinetics

or other processes. For obvious reasons, there is no point in produc-

ng MEs  with extensive potential windows if the electron transfer
inetic is not adequate within the working window. Attending to
he electrochemical properties of CVD diamond and, in particular,
o the microstructure of NCD, the slow kinetics of this material is
, (b) B-NCD probe insulated with varnish, showing a typical exposed area.

likely to be associated with low conductivity originated by ineffec-
tive boron doping. NCD presents a huge number of grain boundaries
due to the size of its crystallites. These regions can contain a high
amount of different non-diamond carbon species such as graphitic
phases and trans-polyacetylene which are sp2 bonded when NCD
is grown by HFCVD [35]. The grain boundaries can be a problem
for the overall electrical conductivity of doped NCD films in several
ways. First, although the non-diamond carbon phases in the bound-
aries can provide electrical conductivity to undoped NCD, they are
not a reliable form of charge transport because of the implicit insta-
bility of these carbon forms, which can easily be etched or oxidized,
either electrochemically or thermally [40]. Conversely, by promot-
E SCE/Vvs

Fig. 3. Voltammograms of (a) a bare tungsten microelectrode and a B-NCD (S1)
probe in 5 mM NaCl, (b) Pt, Au and S1, S2 and S3 B-NCD microelectrodes in 5 mM
NaCl.
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Table 1
Electrochemical kinetic parameters for three B-NCD MEs  grown with different
[B2O3] (�Ep, peak potential separation; iox, oxidation peak current; Iox

p , ratio of
oxidation peak currents, Ired

p , ratio of reduction peak currents).

Film �Ep (mV) Iox
p (�A) Iox

p /Ired
p

S1 302 0.048 0.92
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S1
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S3

[44,45]. Cyclic voltammetry was also performed on Pt and Au MEs in

F
B
r

S2 222 0.105 1.17
S3 101 0.162 1.32

lectrical conductivity and chemical stability. The second way  is
lso related to sp2 carbon � bonds and their unsaturated nature,
hich increase the reactivity of the B-NCD film and also ease the
oisoning of the surface [41]. A third mechanism how grain bound-
ries affect the conductivity of the NCD films is by acting as “sinks”
or the boron atoms, thereby reducing the doping degree. Accord-
ng to Goss et al., grain boundaries and near grain edge sites require
ower energy for boron integration than intra-grain positions. How-
ver boron only contributes to the overall conductivity of the film
y occupying substitutional positions in the diamond lattice [42].
ven though grain boundaries are a problem, reducing their num-
er would contribute to a coarsening of the surface microstructure
f the ME  and could compromise the electrode miniaturization
evel. The solution relied on improving the conductivity of the MEs
y increasing the boron content through higher B2O3 concentra-
ions in the doping solutions. Fig. 3b shows that raising the boron
oncentration in the solution from 10−4 M for the S1 ME to 10−3 M
or S2 and 2 × 10−3 for the S3 ME  resulted in a slight narrowing of
he working potential window but also contributed to an improve-

ent in the electrode transfer kinetics, as is shown in the CV curves
n Fig. 4 for the Fe(CN)6

3−/4− redox system. The peak separation,
Ep, decreased from 302 mV in S1 to 101 mV  in S3, along with the

ncrease of the current peak values (Table 1). Although the �Ep

or reversible 1 electron reactions is expected to be around 59 mV
43], the �Ep variation from S1 to S3 indicates a more reversible

ehavior at the surface of the S3 ME.

An alternative to changing the amount of boron doping is vary-
ng the Ar + B flow, but this would also change the amount of
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ig. 5. Voltammograms using (a) Pt, (b) Au and (c) B-NCD microelectrodes in ZnCl2 solu
-NCD  for the reduction of Zn2+ in comparison with the poor behavior exhibited by Pt and
ange  10−5 to 10−3 M Zn2+.
Fig. 4. Voltammograms using S1, S2 and S3 B-NCD microelectrodes in 10 mM
Fe(CN)6

3−/4− + 5 mM NaCl.

available carbon in the active gas phase leading to the deposition of
high amounts of sp2 bonded non-diamond material in the B-NCD
films. Thus a good compromise between fast kinetics and accept-
able working potential window was obtained in the case of S3 ME
particularly for negative potentials which is the region of interest
for the detection of Zn2+.

3.2. Zn2+ detection

Several MEs  with the S3 composition were studied for the detec-
tion of Zn2+ and dissolved oxygen. The first step was to compare
B-NCD MEs  with common inert electrode materials such as plat-
inum and gold. The detection of zinc was performed in acidified
ZnCl2 solutions (pH 2) since at this pH Zn2+ is clearly dominant
over other soluble species such as ZnCl+ and ZnOH+. The formation
of carbonated zinc species is also not favorable in acidic conditions
ZnCl2 solutions with Zn2+ concentrations of 10−5, 10−4 and 10−3 M
in a 5 mM NaCl background. The results are presented in Fig. 5a–c,
where the inability of these materials to accurately reduce Zn2+ to
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tions of 10−5, 10−4 and 10−3 M in 5 mM NaCl, revealing the good performance of
 Au. (d) Current–concentration curves for B-NCD, Pt and Au microelectrodes in the
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(red line), Zn2+ reduction (blue line), water reduction (green line) and Zn oxidation.
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ts metallic form becomes clear. Both the Pt and Au MEs  present
ariations in the current-potential curves denoted by higher cur-
ents for increasing Zn2+ concentration but not proportionally to
he magnitude change in the Zn2+ concentration, Fig. 5b and c. In
ig. 5d the current values selected at the potential of −1.6 V for B-
CD and Au and −1.4 V for Pt, are plotted as a function of the Zn2+

oncentration evidencing the higher sensitivity of the B-NCD ME  in
his concentration range.

A more complete study was performed by cycling the B-NCD ME
rom −0.5 V to −1.8 V in ZnCl2 solutions with varying concentration
10−2, 10−3, 10−4, 10−5 and 10−6 M)  in a 5 mM NaCl background as
hown in Fig. 6. The main reactions expected to take place in this
ange of potentials are the reduction of dissolved oxygen, the reduc-
ion of water with hydrogen evolution, the reduction of Zn2+ to
n(s) and the oxidation of Zn(s) back to Zn2+ (the waves attributed
o each reaction are identified in Fig. 6).

A two-step reaction, Zn → Zn+ + e− and Zn+ → Zn2+ + e−, has
een proposed for the zinc dissolution in acidic conditions [46,47],
hereas the deposition of zinc in ZnCl2 solution was found to be

he reverse of the same two-step reaction [48]. According to Cachet
nd Wiart [49], the Zn+

ads intermediate has an inhibitor effect on
ydrogen evolution. In fact, the cathodic reactions on zinc near the
inc reversible potential are dominated by zinc deposition when
he zinc concentration is higher than 10−4 M [50].

In Fig. 6, the voltammograms for Zn2+ concentrations of 10−2 M
nd 10−3 M are different from those at lower concentrations. At
0−2 M,  the polarization towards more negative potentials presents

 well-defined plateau of diffusion controlled oxygen reduction
ntil ∼−1.25 V, followed by two rising slopes and the correspond-

ng plateaus, one around −1.4 V and the other around −1.6 V,
oth considered to be related to the deposition of zinc. Excur-
ion towards more negative potentials leads to water reduction
ith hydrogen evolution, starting around −1.74 V. This potential

or H2 evolution is the most negative of all Zn2+ concentrations
ested, proving the inhibiting effect of higher concentration of
n2+ on the evolution of this gas. On the reverse sweep, Zn2+

ontinues to deposit up to −1.1 V, then the dissolution of the
eposited zinc starts and a marked oxidation peak is observed
t approximately −0.9 V. The shape of the voltammogram for
0−3 M is similar, except for the absence of the second plateau

n the cathodic sweep in the zinc deposition region and for the
ater reduction which starts earlier. This is probably due to the

ower concentration of Zn2+, which makes hydrogen evolution
ore favorable. No clear plateaus are detected in the cathodic

weep at 10−4 M,  marking a transition in the behavior of the ME,
hich is in agreement with reference [50]. On the reverse sweep,
iffusion-controlled reduction of Zn2+ still occurs, but the oxi-
ation peak intensity is much lower. For 10−5 M the reduction
f Zn2+ at the reverse sweep continues to be measurable but is
inetically controlled with clear dominion of water reduction. At
0−6 M the reduction of Zn2+ is hardly detectable, as well as the
issolution peak. Conversely, the hydrogen evolution potential for
he 10−6 M solution is the lowest of all measured concentrations,
ndicating that it is more favorable at lower zinc concentrations,

hich is again in good agreement with the previously referred
orks.

The average background subtracted current values of three
everse sweeps at −1.6 V were plotted against ZnCl2 concentra-
ion (Fig. 7). The current–concentration dependence exhibits a
inear behavior from 10−5 M to 10−2 M.  The curve for a potential
f −1.3 V is also plotted to confirm that the current–concentration
inear behavior exists at potentials closer to the potential at which

n2+ reduction starts. This linearity is the principal requirement
or the amperometric detection of Zn2+. The detection limit was
etermined by taking three times the standard deviation for each
lot, which sets a value of 7.34 × 10−6 M for the lowest detectable
(Note the 10 fold change in the current scale for the different concentrations.) (For
interpretation of the references to color in this figure legend, the reader is referred
to  the web version of this article.)

concentration for MEs  produced using the conditions given in Sec-
tion 2 for S3 B-NCD coatings.

3.3. Application to the corrosion of a Fe–Zn galvanic couple

In order to evaluate applicability of the B-NCD MEs  in investi-

gation of corrosion processes, measurements were performed on a
model Fe–Zn galvanic couple immersed in a 5 mM NaCl solution.
Fig. 8a depicts a schematic of the cell used and Fig. 8b a representa-
tion of the measurements performed over the couple. Fig. 9 shows
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Fig. 9. Linear microamperometric measurements using a S3 ME for Zn2+ reduction

ig. 7. Relationship between concentration of Zn2+ and the reduction current mea-
ured by the S3 B-NCD ME  at −1.6 and −1.3 V vs SCE from 10−6 to 10−2 M Zn2+.

he currents related to the reduction of dissolved O2 or reduction of
n2+ to Zn at the ME,  recorded in a line that passed 100 �m above
he Fe and Zn electrodes.

The current due to reduction of O2 was measured with the tip
olarized at −0.9 V vs Ag/AgCl and was proportional to the O2 local
oncentration. The lowest values where recorded above the iron
lectrode which is the cathode in the galvanic couple. The oxygen
onsumption at the Fe surface diminishes its local amount, leaving

ess to react at the microelectrode tip. The oxygen reduction current
lso decreases above the zinc anode because, in spite of being it
he couple’s anode, oxygen reduction also takes place there. This

ig. 8. Experimental setup for microamperometric measurements with a S3 ME.
a)  Fe–Zn galvanic couple immersed in 5 mM NaCl for Zn2+ and dissolved oxygen
etection. (b) Schematics of the measurements performed.
at  −1.6 V (dashed black line) and −1.3 V (continuous black line) and dissolved O2

reduction at −0.9 V (red dotted line). (For interpretation of the references to color
in  this figure legend, the reader is referred to the web version of this article.)

happens since in parallel to the galvanic corrosion there is self-
corrosion of zinc which leads to presence of local cathodic areas
with oxygen reduction processes on Zn surface.

The oxidation of zinc generates Zn2+ ions that can be detected
with the microprobe polarized at −1.6 V vs Ag/AgCl. The current
raised above the zinc anode as expected but did not return to the
values found at the bulk, possibly due to accumulation of metal-
lic zinc at the surface of the ME,  with consequent increase in the
electroactive area. This accumulation of Zn was found to be the
main limitation of the B-NCD ME.  Thereby, the test was  repeated
with a lower applied potential of −1.3 V. In this case, the current
increased above the zinc anode only, while a lower constant value
was observed for the bulk solution.

The increase of electroactive area by zinc accumulation is con-
firmed in Fig. 10,  where a sequence of cycles between −1.1 and
−2.1 V presents a current rise from cycle to cycle, indicating a pro-
gressive deposition of this metal at the surface of the ME.  If the
upper limit of the cycles was  −0.8 V instead of −1.1 V, thus including
the zinc oxidation, the regeneration of the original surface would
take place. Fig. 11 shows a sequence of ten cycles from −0.8 to
−1.75 V where the oxidation of the zinc just deposited renews the
surface leading to similar voltammograms in every cycle. This can
be a solution to overcome the unwanted increase in electrode’s

area.

The mapping of the concentration of oxygen and zinc ions was
also performed using the developed MEs. A potential of −0.9 V was
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Fig. 10. Voltammograms of the S3 ME  cycled from −1.1 to −2.1 V repeatedly, show-
ing a progressive current increase due to accumulation of Zn on the surface of the
ME.
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−1.75 V, showing the reproducibility of the measurements if the B-NCD surface is
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ig. 12. Map  of dissolved oxygen detected microamperometrically with a S3 ME
olarized at −0.9 V vs. Ag/AgCl.

pplied for mapping the distribution of dissolved oxygen, 100 �m
bove the entire area of the galvanic couple (Fig. 12).  As observed
or the line measurements, the current was lower above the metal-
ic regions (lowest above Fe), keeping a constant higher value in
he bulk solution surrounding the galvanic couple. A potential of
1.3 V was applied to the tip in order to map  the distribution of
n2+ in the same area as for oxygen. The result presented a current
ncrease in the beginning, after which the ME  lost the sensibility,

howing a nearly invariable current for all the remaining area. This
ay  have been caused by zinc accumulation and surface blocking

ue to zinc oxide or zinc hydroxide formation, since the local pH

ig. 13. Map  of Zn2+ detected microamperometrically with a S3 ME  polarized at
1.3 V vs Ag/AgCl (the dashed circle indicates the position of the zinc electrode).
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above the iron cathode is expected to be considerably higher than
in the rest of the NaCl solution, as OH− is the product of the reduc-
tion of dissolved oxygen. Conversely, by mapping only above the
zinc anode (Fig. 13), a current raise was  observed above the anodic
region, what seems to support the surface blocking hypothesis for
the mapping of the full Zn–Fe couple area. Solutions for this prob-
lem may  outcome from further exploring the growth conditions or
surface functionalization of the CVD diamond films.

4. Conclusions

Boron doped nanocrystalline diamond microelectrodes were
produced and tested towards their prospective use in corrosion
studies. The electrodes showed a wide working potential window
(∼3.5 V) and low background current in 5 mM NaCl, which was the
medium intended for the corrosion testing. Good electrochemical
reversibility was  confirmed with the Fe(CN)6

3−/4− redox system. A
linear relationship was found between the zinc reduction current
and Zn2+ concentrations from 10−5 M to 10−2 M in a 5 mM NaCl
background solution. The microelectrodes were tested as amper-
ometric microprobes to map  the oxygen and Zn2+ distribution in
solution above a Fe-Zn galvanic couple. It was possible to detect,
with lateral resolution, the decrease of O2 near both metals and
zinc cations production at the anode. Although B-NCD MEs  have
shown the capability to detect Zn2+, further optimization is still
required to avoid a significant deposition of metallic zinc, which
was the main drawback observed.
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