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Abstract
Nanoelectrode ensembles (NEEs) of gold nanodisks, prepared by electroless template deposition of gold within the
pores of track-etched polycarbonate membranes, are treated with oxygen plasma or with solvent mixtures in order to
achieve controlled etching of part of the polycarbonate of the template. This causes the structure of the final ensemble
to change from a 2-D flat structure into a 3-D one. The cyclic voltammetric (CV) behavior of redox probes at the 3D-
NEEs is examined and compared with the behavior observed at 2D-NEEs. Finally, 3D-NEEs are examined in order to
test possible applications for the development of mediated sensors.
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1. Introduction

Nanoelectrode ensembles (NEEs) were introduced some
years ago by Menon and Martin [1] as advanced electro-
analytical devices. This and following work [1 – 3] demon-
strated that, thanks to their geometrical characteristics,
NEEs showed improved signal to background ratios and
better detection limits.

The NEEs are prepared by electroless plating of disk-
shaped Au electrode elements within the pores of a micro-
porous track-etched polycarbonate (PC) template. The
diameter of the pores in the template determines the
diameter of Au-nanodisks (typically 30 nm), while the
density of the pores determines the number of Au-disk
nanoelectrode elements per cm2 of NEE surface and,
correspondingly, the average distance between the nano-
electrode elements. NEEs, indeed, behave as electrodes
with a partially blocked surface (PBE) operating under total
overlap diffusion conditions. According to the model
elaborated by Amatore et al. [4], the current response at a
PBE is identical to the response at a bare electrode of the
same geometric area, but characterized by a smaller
apparent rate constant for the heterogeneous electron
transfer, which decreases as the coverage with the blocking
agent increases. Such an apparent rate constant (kapp8) is
related to the true standard heterogeneous transfer rate
constant (k8) by the fraction of blocked surface (q),
according to the following relationship:

kapp8¼ k8 (1� q) (1)

Under total overlap diffusion conditions, q¼ (Ageo�Aact)/
Ageo, whereAact is the active area (i.e., the overall surface of
the nanoelectrodes) and Ageo is the overall geometric area
(nanoelectrodes and insulator).

Equation 1 can be easily converted into:

kapp8¼ k8 f (2)

where f is the fractional electrode area, defined as:

f¼Aact/Ageo (3)

Notwithstanding their interesting behavior and related
analytical advantages [5], ensembles of nanodisk electrodes
can present some limitations with respect to their use as
sensors with functionalized electrode surfaces. In fact, when
immobilizing chemical reactants or electrocatalysts on the
electrode surface one has to take into account the very low
value of the active area of the ensemble, which can be 102 –
103 times smaller than the overall geometric area.

It was recently shown [6] that the small surface area of the
nanodisk electrodes of an ensemble can be increased in a
controlled way by suitable etching, in order to partially
remove the upper layers of thePC templatemembrane. This
causes the structure of the final ensemble to change from a
flat 2-D surface,made ofmetal nanodisks imbedded into the
PC, to a 3-D structure made by an ensemble of gold
nanowires partially protruding from the PC insulating layer.
Such an approach is summarized in Scheme 1.
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Martin et al. [6] first proposed O2 plasma as a way for
achieving the controlled removal of PC. This method was
recently applied to the preparation of 3D-NEEs function-
alized with ss-DNA for DNA sequencing [7, 8]. These
publications described enhanced electrocatalysis of redox
reporters at DNA-modified 3D-NEEs. The authors sug-
gested that the 3D-NEEarchitecture of the nanowires could
facilitate the electrocatalytic reaction because of enhanced
diffusion around the nanofibers.

Recently, Zosky and Krishnamoorthy [9] proposed to
substitute the plasma etching with a simpler chemical
etching method based on the partial dissolution of the PC
membrane in suitable solvent mixtures. It was reported that
after the chemical etching, in spite of the expected increase
of active area, double layer charging current did not increase
significantly with respect to 2D-NEEs. On the other hand, it
was reported that the faradaic current for a reversible redox
probe (e.g., 10mM a-methylferrocenemethanol) increases
with the etching of the NEE surface.

Notwithstanding the interesting results presented in these
papers [7 – 9], the preliminary explanation of the observed
phenomena appears somewhat arguable. Indeed, the effects
that a high density of metal nanowires (approximately 6�
108 nanofibers/cm2 [1]), and consequently also the overlap
of the diffusion layers [1, 4] should have on the electro-
chemical response of these 3D-NEEs, were not taken into
proper account, nor discussed.

This prompted us to undertake the present study with the
aim to obtain new and precise information on the factors
influencing the voltammetric responses at 3D-NEEs, in
particular as far as faradaic peak currents and double layer
charging currents are concerned. To this aim, we studied the
electrochemical behavior at 3D-NEEs of diffusing redox
species, characterized by fast or slow electron transfer
kinetics, as well as of redox probes adsorbed on gold
surfaces. Finally, in order to get preliminary information
about the possible use of 3D-NEEs for biosensors develop-
ment, we studied voltammetric responses of an electro-
catalytic chain composed of an adsorbed redox mediator,
NADH and glucose dehydrogenase.

2. Experimental

2.1. Materials and Apparatus

Polycarbonate filtrationmembranes (SPI-Pore, 47 mmfilter
diameter, 6 mm filter thickness) with a nominal pore
diameter of 30 nm and coated with the wetting agent
polyvinylpyrrolidone were used as the templates to prepare
the NEEs. Commercial gold electroless plating solution
(Oromerse Part B, Technic Inc.) was diluted (40 times with
water) prior to use.

(Ferrocenylmethyl)dimethylamine (Aldrich) was reacted
with methyl iodide to form the quaternary ammonium
iodide [10]. This was then converted to (ferrocenylmethyl)
trimethylammonium hexafluorophosphate (FAþPF�

6 Þ using
AgPF6.

Phosphomolybdic acid, H3PMo12O40, (PMA) was pur-
chased from Sigma; Tris buffer, calcium chloride dihydrate
and glucose were purchased from Merck and Sigma,
respectively, and used as received. Glucose solutions were
left 12 h for equilibration before use. Tris buffer was
prepared by dissolving the adequate amount of compound
and adjusting to pH 8 by addition of HNO3.

(4-Carboxy-2,5,7-trinitro-9-fluorenylidene)malononitrile
(TNFM) was prepared according to the literature [11].

The reduced formofb-nicotinamide adeninedinucleotide
(NADH) was purchased as the sodium salt with 98% purity
(Sigma). NADþ was also obtained from Sigma with 99%
purity. Glucose dehydrogenase from Bacillus megaterium
(Sigma) had an activity of 50 – 150 units per milligram.

All other reagents were of analytical grade and were used
as received. Purified water was obtained using a Milli-Ro
plus Milli-Q (Millipore) water purification system.

All electroanalytical measurements were carried out at
room temperature (22� 1 8C) using a three-electrode sin-
gle-compartment cell equippedwith a platinum coil counter
electrode and an Ag/AgCl (KCl saturated) reference
electrode. All potential values are referred to this reference
electrode. A CH660A or a Autolab PG-STAT 10 potentio-
stat controlled via PC by their own software were used for
voltammetric measurements.

2.2. Preparation of the Nanoelectrode Ensembles

The 2D-NEEs were prepared using the procedures de-
scribed previously [1, 3] slightly modified as follows: after
wetting for 2 h in methanol, the polycarbonate template
membrane was sensitized with Sn2þ by immersion into a
solution that was 0.026 M in SnCl2 and 0.07 M in trifluoro-
acetic acid in 50 :50 methanol-water for 5 min. After rinsing
with methanol for 45 min, the sensitized membrane was
immersed for 10 min in 0.029 M Ag[(NH3)2]NO3. The
membrane was then immersed into the Au plating bath
which was 7.9� 10�3 M inNa3Au(SO3)2, 0.127 M inNa2SO3.
After waiting 30 min, 0.625 M formaldehyde was added to
the plating bath; this delay time was introduced here since it
allows one to separate the formation of the first gold nuclei

Scheme 1. Schematic drawing of the effect of the etching on the
NEE structure.
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(produced by galvanic displacement of metallic Ag8 nuclei
withAu8nuclei) from the following catalytic growth of these
nuclei by further gold deposition caused by formaldehyde.
The temperature of the bath was 0 – 2 8C. Electroless
deposition was allowed to proceed for 15 h, after which an
additional 0.3 M formaldehyde was added. Deposition was
continued for another 9 h, after which the membrane was
rinsed with water and immersed in 10%HNO3 for 12 h. The
membrane was then rinsed again with water and dried. For
the final assembly of the NEEs, see previously published
procedures [1, 12].

The geometric area, Ageom, of the NEE (0.07 cm2) is
determined by the diameter (3 mm) of a hole punched in the
insulating tape that covers the upper face (peeled) of the
NEE [1].

2.3. Etching Procedures

3D-NEEs were obtained from 2D-NEEs by two different
etching procedures: one with a O2/Ar plasma [6] and the
other using as chemical etching agent a solvent mixture of
dichloromethane and ethanol [9]. However, the CH2Cl2/C2

H5OH ratio used by us was dramatically lower than the one
used by other authors [9] (see below).

2.3.1. Plasma Etching

The surface of a 2D-NEE was exposed to a O2/Ar plasma
using aPlasmaAsher system (EMITECHK1050X)with the
following experimental parameters: power 100 W, flow rate
O2¼ 30 cm3 min�1, flow rate Ar¼ 10 cm3 min�1; typical
etching time¼ 30 s.

2.3.2. Chemical Etching

2D-NEEs were dipped in a solvent mixture of 1 :9 dichloro-
methane-ethanol for a few seconds (namely 2, 5 and 10 s)
and then dipped in pure ethanol to stop the etching process;
finally, they were abundantly rinsed with water.

Note that dichloromethane acts as the etching agent for
PC, while ethanol is used to dilute CH2Cl2 in order to reduce
its etching power, thus allowing one to achieve a better
control of the length of the exposed nanowires.

3. Results and Discussion

3.1. Characterization of the Etched NEEs

At first, we critically compared and optimized the two
etching procedures, i.e., oxygen-plasma [6] vs. chemical
etching [9]. Figure 1 reports scanning electron micrographs
(SEM) of the surface of theNEEs before (Fig. 1A) and after
controlled etching with O2 plasma (Fig. 1B) and with CH2

Cl2/C2H5OH(Fig. 1C). Theheads of the fibers, which appear
in Figure 1B, indicate that the use of O2 plasma leads to the
successful etching of the external layer of the PCmembrane.

Preliminary results indicated that 30 s etching time is
enough for exposing the fibers to a length of about

Fig. 1. SEM (A) and FE-SEM (B, C) images of a NEE: A) after
gold electroless deposition and peeling the gold from the outer
face of the membrane; B) after etching with O2/Ar plasma for 30 s;
C) after chemical etching with 1 :9 CH2Cl2/C2H5OH for 5 s.
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200 nm, which is a length suitable for the fabrication of 3D-
NEEs sensors.However, SEM images show that rather large
holes were created around the gold nanowires, probably
caused by high local heating at the fibers during the plasma
etching process. This has been described previously by
Martin et al. [6] who reported also the progressive shrinking
of theNEEwith increasing etching time as a consequence of
plasma – induced heating of themembrane. The presence of
the holes around the fibers is undesirable from an electro-
chemical viewpoint, since it breaks the sealing between the
gold nanofibers and the PC membrane. This limits dramat-
ically the possibility to use plasma etched NEEs for electro-
chemical studies because of the big uncertainty and
difficulty in controlling the total active area of the ensemble.

Typical 3D-NEEs obtained after the chemical etching are
shown in Figure 1C. The removal of the outer PC layers by
dilute CH2Cl2 is quite homogenous, equally affecting the
whole observed surface. Some slits are still present around
the fibers, however, they are much smaller compared to
those observed after plasma etching. Heating of the chemi-
cally etched 3D-NEEs at temperatures higher than the PC
glass transition temperature (150 8C) further decreased the
dimensions of these small slits below the resolving power of
the SEM images (not shown).

Figure 2 shows the cyclic voltammograms (CVs) recorded
in pure supporting electrolyte at 100 mV/s with NEEs
before (curve a) and after chemical etching, using different
etching times (curves b – d). From these voltammograms,
increments in double layer charging currents due to etching
can be easily calculated by known methods (see [13], page
18). Data listed in the first line of Table 1, show that these
increments scale with the etching time, as expected on the
basis of Equation 4, which correlates double layer charging
current with the active area of NEEs [1, 14]:

iC¼ vCdlAact (4)

whereCdl is the double layer capacitance of gold and v is the
scan rate.

Background CVs with plasma etched NEEs (not shown)
point out amuch larger increase in capacitive current, that is
approximately 3-times larger than the value expected on the
basis of the length of theAunanofibers protruding out of the
PC surface after the etching (see Fig. 1B). The large
disagreement between experimental and expected data for
plasma etched NEEs, confirms the difficulty to achieve full
control of the active area by this etching method. For this
reason, only chemical etching was used in the following
experiments to prepare 3D-NEEs with well controlled
active area.

3.2. FAþ at 3D-NEEs

Since the main goal of this work was the detailed under-
standing of the factors influencing voltammetric responses
at 3D-NEEs, a comparison of signals obtained using redox
species characterized by fast and slow heterogeneous
electron transfer kinetics respectively was performed. FAþ

was chosen as a typical water soluble redox probe charac-
terized by fast heterogeneous electron transfer kinetics [1, 2,
15]. Figure 3A shows the CVs recorded in the same 10 mM
FAþ solution, using three different NEEs before chemical
etching. Peak shaped voltammograms are obtained with
features in agreement with previous CVs recorded at 2D-
NEEs operating under total overlap conditions [1, 2, 16]; the
similarity between the three CV patterns obtained at three
different NEEs confirms a very satisfactory reproducibility
in the preparation procedure. Figure 3B shows the CVs
recorded in the same solution, but using 3D-NEEs etched in
CH2Cl2/C2H5OH for 2, 5 and 10 s.

These CVs, together with relevant data listed in Table 1,
indicate that faradaic peak currents are practically unin-

Fig. 2. Background CVs in 1 mM KNO3 recorded at 100 mV/s: a) with an unetched NEE and with NEEs etched with 1 :9 CH2Cl2/C2H5

OH for 2 s (b), 5 s (c), 10 s (d).
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fluenced by the etching process, while double layer capaci-
tive currents are. Both at unetched and etched NEEs, peak
currents for FAþ oxidation increase linearly with the square
root of the scan rate, with slopes of the plots (not shown)
independent of the etching time.

The observation that the faradaic currents do not change
significantly with the etching time can be explained taking
into account that the redox species studied here undergo a
fast electron transfer process, characterized by a quite high
value for the true heterogeneous rate constant k8¼ 0.56
[15]. Since NEEs behave as PBE, one has to take into
account that the true kinetic constant should be substituted
by an apparent kinetic constant given by Equation 2.
However, for a fast redox couple such as FAþ, the influence
of the change of kapp8 values by changing f cannot be
appreciated experimentally at the scan rates used here
(100 mV/s or lower) at 30 nmNEEs [1]. Under total overlap
conditions, for a fast redox species, the faradaic current is
indeed controlled by linear diffusion, so that it remains
proportional to the overall geometric area of the ensemble
[4, 17], independently from the fact that the individual
nanoelectrodes are etched or unetched.

Fig. 3. CVs of 10 mM FAþ in 1 mM KNO3 recorded at 50 mV/s: A) with three different unetched NEEs; B) with NEEs etched with 1 :9
CH2Cl2/C2H5OH for 2 s (a), 5 s (b), 10 s (c).

Table 1. Dependence on the etching time (in 1 : 9 CH2Cl2/C2H5

OH) for the increase in double layer charging current and
faradaic peak current, obtained from the CVs in Figures 2 and 3,
respectively, with respect to CVs recorded at unetched NEEs.

Etching time

2 s 5 s 10 s

Increase of capacitive current (iC) 8 times 25 times 45 times
Increase of faradaic current (iF) 0.9 times 0.9 times 0.9 times
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3.3. Electrochemistry of Fast vs. Slow Redox Couples at
3D-NEEs

Following the guideline described above, the reduction of
H2O2, occurring according to Reaction 5:

H2O2þ 2Hþþ 2e�! 2H2O (5)

was chosen as a typical electrochemical process character-
ized by a slow heterogeneous electron transfer kinetics.
Note that it was theoretically predicted by Amatore [4, 17]
that voltammetric responses at PBEs (and, therefore, at
NEEs as well) should change dramatically when kinetic
control, instead of simple diffusion is involved. This is
because the heterogeneous kinetics limitation causes a
considerable torsion of the lines of flux near each nano-
electrode element, thus imposing a local rate of diffusion
considerably larger than the one far from each electrode
[17]; under these conditions, each nanoelectrode should
behave as an individual element, as far as heterogeneous
kinetics is concerned.

Figure 4 shows the CVs relevant to H2O2 reduction at
unetched and etched NEEs. Note that in order to record
useful signals, a high H2O2 concentration and a slow scan
rate had to be employed.

These data show that currents recorded at the cathodic
limit of the potential window explored, depend strongly on
the etching time of the NEE. At an unetched NEE, a very
small, almost negligible, cathodic current is observed at
0 Volt, which increases gradually with NEEs etched for
progressively longer time (see Fig. 4).

On the basis of Equation 2, the etching reflects an
increase of Aact and concomitantly of f and kapp8. This
explains why the cathodic current for H2O2 reduction (slow
process) increases when using progressively more etched
NEEs; kapp8 increases, in fact, significantly with the active
area and now, since the electron transfer process is kineti-

cally controlled, such an effect causes dramatic changes in
the CVs. The H2O2 cathodic current increases according to
the ratio 1 :10 :25 :55 for NEEs etched for 0, 2, 5 and 10 s,
respectively, which reflects the increase in active area
caused by the etching process (see increases in capacitive
currents in Table 1).

Note that the difference in behavior between fast and slow
redox couples here discussed forNEEs is similar towhat has
been observed very recently for macroporous electrodes
[18]. In the latter case, the key point was the possibility to
control changes in surface area (surface roughness) on a
microscale and to show that they can be detected only when
using suitably slow redox couples.

3.4. Electrochemistry of Adsorbed Species at 3D-NEEs

For many electroanalytical applications the surface of
electrodes in general, and NEEs in particular [19, 20] can
be modified either with catalysts, mediators or molecular
recognition elements. Therefore the electrochemical be-
havior of surface-confined redox species was also examined
here on the etched NEEs. With respect to the present study
this is particularly interesting since, in contrast to diffusing
species, signals of adsorbed redox probes, should always
depend on the active area that is, for 3D-NEEs, on the
etching time.

Figure 5 shows the CVs recorded at 50 mV/s for an
unetched NEE and a 3D-NEE dipped in 5 mM phospho-
molybdic acid, rinsed with water and transferred into pure
supporting electrolyte. The voltammograms are character-
ized by two reversible processes which correspond to the
following reactions:

PMo12O3�
40 þ 2e�

>PMo12O5�
40 (6)

PMo12O5�
40 þ 2e�

>PMo12O7�
40 (7)

Fig. 4. CVs recorded in 0.3 M H2O2, 0.5 M H2SO4 at 10 mV/s: a) with an unetched NEE and with NEEs etched with 1 :9 CH2Cl2/C2H5

OH for 2 s (b), 5 s (c), 10 s (d).
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The evidence that the electrochemical reduction of PMA is
detected even after transfer to pure supporting electrolyte,
agrees with literature reports [21] which indicate that PMA
adsorbs on gold surfaces. Actually, the PMA signal at
unetchedNEEs is very small and barely detectable from the
background current, while this signal increases dramatically
for the etched NEE. This agrees with the occurrence of a
surface confined process andwith the increase in active area
caused by the etching.

Figure 6 shows that at etched NEEs, reduction peak
currents depend linearly on the scan rate, confirming once
again that signals refer to an adsorbed species [13].

The charge (Q) associated with the two reduction peaks
can be obtained by integration of the peak area. Data
obtained at NEEs chemically etched for different times, are
listed in Table 2, together with the number of moles
adsorbed (m) calculated by Equation 8:

m¼Q/nF (8)

where n is the number of electrons exchanged (in this case
four) and F is the Faraday constant.

Both, charge andnumber ofmoles adsorbed scalewith the
etching time, once again confirming thepossibility to control

Fig. 5. CVs recorded in 0.5 M H2SO4 at 50 mV/s after dipping the working electrode in 5 mM H3PMo12O40 for 1 h, rinsing and transfer
into pure supporting electrolyte for an unetched NEE and a NEE etched with 1 :9 CH2Cl2/C2H5OH for 10 s.

Fig. 6. CVs recorded at different scan rates in 0.5 M H2SO4 at a NEE etched with 1 :9 CH2Cl2/C2H5OH for 10 s; the working electrode
was dipped in 5 mM H3PMo12O40 for 1 h, rinsed with water and transferred into pure supporting electrolyte; scan rates 5, 10, 20, 50
100 mV/s, from the smaller to the larger peak currents CVs. Insert: peak current vs. scan rate plot, relevant to the first reduction peak.
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the active area of the NEE by controlling the etching time
and, consequently, the amount of adsorbed redox probe.

Not only inorganic species, like PMA, can be easily
immobilized on the surface of 3D-NEEs, but it was also
possible to demonstrate the usefulness of 3D-NEEs, for the
adsorption of organic electroactive species suitable for
example as mediators in electrochemical biosensors. As a
model system the adsorption and electron shuttling capa-
bilities of a nitrofluorenone derivative, namely 4-carboxy
2,5,7-trinitro-9-fluorenylidene-malononitrile, has been ex-
amined.

The 3D-NEE was dipped in 1 mM TNFM solution and
then transferred into pure supporting electrolyte. The
adsorption and activation of TNFM proceeds via the two
following steps [22]:

ArNO2þ 4e�þ 4Hþ!ArNHOHþH2O (10)

ArNHOH>ArNOþ 2e�þ 2Hþ (11)

withAr as a symbol for the aromaticmoiety of themolecule.
The first irreversible process (Reaction 10) proceeds at

potentials more negative than approximately � 350 mV,
while the second reversible process takes place, at pH 7,
with an E1/2 of about � 50 mV. Note that Reaction 10 is
required for the preactivation and assisted adsorption of the
mediator, while Reaction 11 is a process which can be
exploited for the electrocatalytic oxidation of NADH [23].
The thin line pattern in Figure 7A shows the CV recorded in
the potential range of Reaction 11 for a 3D-NEE on which
TNFM was adsorbed and preactivated. A small signal,
relevant toReaction 11, is indeeddetected, although it is not
significantly resolved from the background current. Note
that such a signal is undetectable at unetched NEEs (not
shown).

As shown by the thick line in the CVof Figure 7A, the CV
pattern of the mediator modified 3D-NEE changes dra-
matically when NADH is added to the buffer solution. A
well resolved wave is now observed, corresponding to the
electrocatalytic oxidation of NADH caused by activated
TNFM [23].

As expected, no electrocatalysis was observed for func-
tionalized 3D-NEE when NADþ was used instead of
NADH (not shown); moreover, the voltammetric pattern
did not change after the addition of NADþ and GDH (see
thin line in Fig. 7B). However, as shown by the thick line of

Figure 7B, the addition of glucose causes again a catalytic
current.

Under the latter experimental conditions, the following
reactions sequence is indeed operating [22]:

GDHoxþGlucose!PþGDHred (12)

GDHredþNADþ!GDHoxþNADH (13)

NADHþMox!NADþþMred (14)

Mred!Moxþ 2e�þ 2Hþ (15)

with P being the reaction product and M the mediator.
Under such conditions, NADH is produced at the

electrode/solution interface by Reaction 13, thus triggering
indirectly the electrochemical signal of the mediator by
Reaction 15.

These preliminary results confirm the effective adsorp-
tion of the mediator on the nanowires and the possibility to
apply 3D-NEEs in electrochemical biosensors which em-
ploy surface confined redox mediators with the perspective
to benefit from an improved signal/background current
ratio.

4. Conclusions

3D-NEEs are powerful electrode systems with a high active
surface suitable for functionalization and extreme minia-
turization. In contrast to previous preliminary observations
reported in the very recent literature [8 – 9], the results of the
present study demonstrated that the etching really causes an
increase in capacitive current, which is proportional to the
increase in active area. Faradaic peak currents at 3D-NEEs
can change dramatically with the heterogeneous electron
transfer kinetics. For fast redox couples, faradaic currents
depend on the overall geometric area of the ensemble
(nanoelectrodes and insulator between them), so that
voltammetric peak currents remain almost unaffected by
the partial etching of the template membrane causing a
negligible increase of Ageo; this is not true for slow redox
probes for which faradaic currents are significantly depen-
dent on changes of the active area (area of the nano-
electrodes alone). Electrochemical responses at 3D-NEEs
agree, indeed, with the theoretical model developed some
years ago for PBEs byAmatore et al. [4]. For very fast redox
couples, such as FAþ, faradaic currents are insensitive to the
etching since the heterogeneous kinetics is always very fast
and total overlap conditions remain always operative. On
the other hand, for redox couples characterized by slow
heterogeneous kinetics, each nanoelectrode behaves indi-
vidually and, because of strong kinetic limitations, faradaic
currents depend significantly on the increase in active area
caused by the etching. This is true for diffusing electroactive
species while voltammetric responses for redox probes
adsorbed on the nanoelectrode surface depend always on
the active area.

Table 2. Dependence on the etching time (in 1 : 9 CH2Cl2/C2H5

OH) for the charge (Q) and number of moles adsorbed (m),
obtained by integration of the reduction peak currents recorded at
NEEs dipped in 5 mM H3PMo12O40 for 1 h, rinsed with water and
transferred into 0.5 M H2SO4.

Etching time

2 s 5 s 10 s

Q (C) 1.5� 10�8 4.2� 10�8 6.9� 10�8

m (pmol) 3.9� 10�2 1.08� 10�1 1.80� 10�1
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These evidences indicate that the high surface area of 3D-
NEEs can be best exploited to increase the voltammetric
signals for electroactive species: i) that are adsorbed on the
nanoelectrodes; ii) that diffuse from the bulk solution, but
are characterized by slow heterogeneous electron transfer
kinetics.

These aspects, whose relevance for 3D-NEEs was, for the
first time, demonstrated here, must be taken into proper
account when thinking to use 3D-NEEs in electroanalysis
and for the development and optimization of new electro-
chemical sensors.

5. Acknowledgements

Financial support by MIUR (Rome, Cofin 2004) is grateful
acknowledged. M. De Leo is thankful to the University of
Venice for an international mobility grant. We are grateful
to Christian Amatore (ENS, Paris) for helpful discussions
and to Stefano Polizzi (University of Venice) and Massimo
Tormen (Lilit, Trieste) for SEM and FE-SEM measure-
ments.

Fig. 7. CVs recorded at 100 mV/s with a NEE etched in 1 :9 CH2Cl2/C2H5OH, dipped for 2 h in 1 mM 4-carboxy-2,5,7-trinitro-9-
fluorenylidene-malononitrile, rinsed with water and transferred into 0.2 M CaCl2, 0.1 M Tris buffer solution (pH 8): A) before (thin line),
and after the addition of 0.5 mM NADH (thick line); B) after the addition of 3.2 mM NADþ and 3 units of GDH (thin line), and 0.2 mM
glucose (thick line).
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