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Electron exchange reaction rates were compared for boron-doped diamond (BDD), Pt, Au
and RuO, using [Ru(NH3)6]3+/2+ as a redox couple. The study was carried out by cyclic volt-
ammetry; calculations were performed by Nicholson’s procedure. The results show that the
rate constants on BDD, Pt and Au are qualitatively similar, one order of magnitude higher
than on RuO,. The outcome is explained in terms of the specific structure of the interface
between oxides and electrolyte solutions.

Keywords: Diamond; Platinum; Gold; Ruthenium; Electrodes; Cyclic voltammetry; Kinetics.

Doped diamond films exhibit very interesting properties from the electro-
chemical point of view!2: (i) small background currents, (ii) wide potential
window and (iii) optimum response to electron exchange reactions. Dia-
mond films can be deposited on different substrates, but the surface re-
sponse does not appear to be substantially influenced by the nature of the
support. Conversely, diamond can be doped with different elements and
its properties are reported to depend on the kind and concentration of
dopants®. The most popular material is boron-doped diamond (BDD)
whose properties depend on the procedure of preparation and the amount
of doping*.

A typical requirement for a good electrode is the ability to exchange elec-
trons with a redox system in solution reversibly and with small activation
energy. Therefore, diamond electrodes have often been tested using various
kinds of redox systems®*2. The behavior has been scrutinized as a function
of the doping element, of the doping concentration, of the kind of surface
pre-treatment, and of the nature of the redox system (outer- vs inner-sphere
reaction). However, it has been recently pointed out!? that typical outer-
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sphere reactions such as those involving aqua-cations might change to
inner-sphere on diamond electrodes because of interactions with surface
oxygen-terminated sites on the diamond surface.

Also, the behavior of diamond films is often compared with that of other
forms of carbon (e.g., glassy carbon, graphite) rather than with typically
metallic surfaces. In addition, calculations of electron exchange rate con-
stants are scarce®9112 whereas phenomenological analyses (AE,, |, etc.) are
usually preferred.

In the above context and for the above reasons, the electron exchange
ability of boron-doped diamond film electrodes has been investigated in
this work using [Ru(NH;)g]**/[Ru(NH,)c]?* as a redox system with weak in-
teraction with oxygen-terminated groups, and Pt, Au, and thin RuO, films
as comparison with electronically conductive surfaces. In particular, crystal-
line RuO, is a true metal, but with a highly hydrophilic surface which is
fully covered with OH groups, in contrast to Pt and Au, whose surfaces are
relatively hydrophobic below the oxygen adsorption potential range.

EXPERIMENTAL

Boron-Doped Diamond

Plates (10 x 10 cm) of low-resistivity (1-3 mQ cm), p-type, (100) Si wafers covered on one
side with BDD were purchased from CSEM, Neuchatel (Switzerland). The thickness of the di-
amond film was 1 pm (£10%), the resistivity 15 mQ cm (£30%), consistent with a B concen-
tration of 3500-3600 ppm.

Electrodes

Platinum. The Pt electrode was a 1 x 1 cm platelet, spot-welded to a Pt wire 0.5 mm in di-
ameter. The wire was then inserted into a Teflon holder so that only the platelet was ex-
posed to the solution. Before each experiment, the Pt surface was pre-treated with wet
alumina powder (0.05 pm) and finally carefully rinsed with MilliQ water. The state of the
surface was then checked voltammetrically in a H,SO, aqueous solution.

Boron-doped diamond. A piece of 1-cm? surface was cut from the as-received sample. A thin
copper wire was fixed to the Si-side of the specimen with a silver conducting paste. The
whole non-diamond parts were then masked by means of a two-components non-
contaminating Epoxy resin (Scotchcast No. 4, 3M). Such a resin was successfully used with
Ag single-crystal electrodes to insulate the working surface.

Polycrystalline RuO,. A film of RuO, was deposited on a Ti support by thermal decomposi-
tion. Since BDD is exceptionally flat whereas RuO, films tend to be highly rough, special
care was taken in the preparation of a smooth RuO, sample. The Ti support (1 x 1 cm
platelet with a 5-cm tiny stem) was polished with emery-paper down to the smallest mesh,
then with an aqueous suspension of Al,O5. The support was then rinsed with purified water,
dried and weighed.
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The precursor was a 0.02 m solution of RuCl;-xH,0 in a mixture of isopropyl alcohol and
10 wt.% HCI. The solution was brushed onto the Ti surface, the solvent evaporated at
60-80 °C for 3 min, the sample fired in a furnace at 400 °C for 5 min. Before starting a sec-
ond run, the sample was immersed in an ultrasonic bath (isopropyl alcohol) so as to remove
all loosely held particles (the cause of unstable roughness). The operation was repeated until
ca 1 mg of RuO, was deposited on the support. The number of operations needed to reach
the final weight was ca 70. Finally, the sample was subject to a stabilizing annealing of 1 h
at 400 °C. The sample was then mounted in a Teflon holder as described elsewhere®S.

Solutions

The [Ru(NH3)6]3'+/[Ru(NH3)6]2+ redox system was used as a typical outer-sphere reaction.
RuClI4(NH;)s (Aldrich) was used as received without further purification. Distilled water was
purified in a MilliQ apparatus. Solutions were prepared volumetrically.

Cell

The four-compartment cell (working electrode, two counter-electrodes (Pt) and reference
electrode) was described elsewhere!*. Ohmic drops were minimized with a Luggin capillary.
Solutions were deaerated before each experiment by bubbling purified nitrogen for at least
30 min.

Reference Electrode

Potentials were measured and are reported vs SCE reference electrode.

Instrumentation

A 2051 AMEL potentiostat/galvanostat model coupled with a 567 AMEL function generator
was used for cyclic voltammetry and steady-state polarization curves. Potentials were read
on a 631 AMEL electrometer. Experimental curves were recorded using a LY1600 Lynseis X-Y
recorder.

Pre-Treatments

Pt and RuO, electrodes were pre-treated by cycling the electrode potential within specific
limits until the “standard” voltammetric curves were observed. These limits were -0.2 and
1.15 V for Pt, and 0.15 and 1.15 V for RuO,. In the case of BDD, an oxygen-terminated
surface®® was prepared by anodically polarizing the electrodes in 0.5 m H,S0, for 30 min at
10 mA cm™ (geometric surface).

RESULTS AND DISCUSSION

BDD films prepared by chemical vapor deposition as for the samples in this
work, exhibit a H-terminated surface with hydrophobic properties®. If po-
larized anodically, the surface is changed into a O-terminated surface with
hydrophilic characteristics. In view of the comparison with Pt and RuO,,
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the BDD samples used in this work were converted before use so as to work
with a surface chemically closer to those of the other two materials.

Anodic Pre-Treatment of BDD

As recommended in the literature'®'’, BDD samples were subjected to an-
odic polarization for 30 min at 10 mA cm= in aqueous 0.5 M H,SO,. For the
purpose of giving evidence of surface modifications, chronopotentiometric
curves were recorded at current densities 10 pA cm=2-10 mA cm=2 before
and after the anodic pre-treatment. The results are shown in Fig. 1. The
main differences between the two families of curves are: (i) At the same cur-
rent density, the plateau reached by the potential is at more positive values
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Fic. 1
Potential-time curves of BDD electrodes in 0.5 m H,SO,. The applied current is indicated
by the curves. Before (a), and after 30 min (b) of anodic treatment in the same solution at 10
mA cm™2
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after anodization. (ii) The curves exhibit an induction time before anodiza-
tion which disappears after the anodic treatment. In both cases, after a few
seconds of polarization, the potential stays remarkably constant. This indi-
cates that the processes occurring on the surface during anodic charging is
not simply double-layer charging otherwise a steady increase of potential
would be observed. Rather, anodic processes are taking place. Before polar-
ization (Fig. 1la), such processes are certainly related to oxidation of the
H-terminated surface. After polarization (Fig. 1b), since it is reported that
conversion to O-terminated surfaces is only partial, surface oxidation pro-
cesses are continuing although on a smaller fraction of the surface, whereas
deeper oxidation can take place at some specific sites (see later on). In both
cases it is definitely argued that capacitive currents are very small, much
smaller than those usually attributed to metallic surfaces.

Cyclic Voltammetry in “Blank” Solution

Cyclic voltammetric curves were recorded in aqueous 0.5 m H,SO, starting
from a potential window of 0.2 V from -0.1 to 0.1 V (SCE) and extending the
potential range until H, and/or O, evolution evidently appeared. Figure 2
shows the final curve of BDD compared to Pt. In a compressed current
scale, the differences between BDD and Pt look dramatically. O, evolution
is shifted up to 1 V anodically and H, evolution up to 1 V cathodically on
BDD surfaces. The “useful” potential window thus increases from ca 1.8 V
with Pt to ca 3.5 V with BDD. It is clear that the surface of BDD is catalyti-
cally inert due to the lack of adsorption sites.

If the capacitive currents of Pt and BDD are compared, it is evident that
they are at least one order of magnitude smaller with BDD. This is presum-
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Fic. 2
Cyclic voltammetry at 100 mV s of BDD and Pt electrodes in 0.5 m H,SO, solution
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ably related to the concentrations of charge carriers in BDD being substan-
tially lower than in metals.

If the voltammetric curve of BDD is recorded on an expanded current-
density scale, Fig. 3 shows that it possesses many more features than those
visible in Fig. 2. In particular, a broad anodic peak before 1.8 V (SCE) is pre-
sumably related to oxidation of graphitic surface impurities. These can act
as adsorption sites. Thus more and more impure samples exhibit narrower
and narrower “inert” potential windows’”°. The oxidation of these sites
(before massive O, evolution) is responsible for the potential plateau which
settles at any current density. Therefore, the anodic pre-polarization is use-
ful both to convert H-terminated surfaces and to “purify” the BDD surface
from graphitic sites.

Figure 4 shows the cyclic voltammetric curve for one of the two RuO,
electrodes. The shape is typically that of polycrystalline RuO, (ref.18). Also,
typically, the “capacitive” current is much higher than for BDD. This is
certainly due to a rougher surface of RuO,, but also to the different mecha-
nism of charging with oxide electrodes. Although prepared as smooth as possi-
ble, the surface charge obtained by integration amounted to ca 800 pC cm32,
which indicates a possible roughness factor of ca 10, i.e., one order of magni-
tude higher than for BDD (and Pt).

Voltammetric Curves in [Ru(NH;)g]*" Solution

The choice of the redox couple is related to its extensive use to characterize
solid surfaces; it is a typical outer-sphere redox system. The electrolyte was
0.1 m LiCIO, to avoid complexation with sulfuric acid.
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The same as in Fig. 2 for a BDD electrode but in a narrower potential range with an expanded
current scale
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The [Ru(NH3)g]®*/2* redox couple is active around -0.2 V (SCE)3:569,
Figure 5 shows that the CV curve of BDD in LiClIO, is very flat in that po-
tential range with absolutely no interference from other surface processes.
In the case of Pt, the redox potential falls between that of hydrogen ad-

sorption and oxide reduction, i.e., more or less in the very “double layer”
region. The case of RuO, will be discussed later.
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Typical CV curve of a RuO, electrode in 0.5 M H,SO, solution at 50 mV s™
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Typical CV curve at 50 mV st of BDD in 0.1 m LiCIO, solution in the potential range of activ-
ity of the [Ru(NH;)¢]**/?* redox system
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Figures 6-9 show the CV curves in the presence of 1 mM [RUCI;(NH;3)g]
for BDD, Pt, Au and RuO,, respectively. At first sight, it is remarkable that
all electrodes show an apparently excellent reversibility for the redox sys-
tem. The only evident differences are (i) the lower peak current density for
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CV curves of BDD electrode in 0.1 m LiCIO, solution containing 1 mm [RuCl;(NH;)e] at vari-
ous potential scan rates (in mV s‘l): 10 (1), 20 (2), 30 (3), 50 (4), 80 (5), 100 (6)
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Fic. 7

CV curves at a Pt electrode in 0.1 m LiCIO, solution containing 1 mm [RuCI;(NH;)¢] at various
potential scan rates (in mV s‘l): 20 (1), 100 (2), 150 (3), 200 (4), 250 (5)
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BDD at a given potential scan rate, and (ii) the less evident current peak for
RuO, due to the higher background (capacitive) current.

If the experimental data are closely scrutinized, more definite similarities
and differences are brought to light. Therefore, an accurate quantitative

1 0.1 mA cm™2

0.1 0.2 0.3 0.4
E, V vs SCE

FiG. 8
CV curves of a Au electrode in 0.1 m LiCIO, solution containing 1 mm [RuCl;(NH;)e] at various
potential scan rates (in mV s™): 10 (1), 100 (2), 150 (3), 200 (4), 250 (5)

{0.05 mA cm™2

Fic. 9
CV curves of a RuO, electrode in 0.1 m LiCIO, solution containing 1 mm [RuCl;(NH;),] at vari-
ous potential scan rates (in mV s™%): 10 (1), 20 (2), 30 (3), 50 (4), 80 (5)
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analysis of the reversibility criteria and of the reaction constants has been
developed and reported in the next section.

Quantitative Kinetic Analysis

The assessment of the reversibility of a redox process can be based on 5 cri-
teria:
1. 1, vs V12, linear through the origin;
2. AE, =E, - E; =59 mV (n =1) at 25 °C;
3.0, 1L/l =1;
4. E, independent of v;
5. E, - Epp =59 mV (n =1).

Tables | and Il summarize the experimental parameters for BDD and Pt,
respectively, necessary to check the criteria. These parameters show that the
redox reaction of [Ru(NH;)¢]3*/?* is almost ideally reversible on both elec-
trodes. The same conclusion is reached also in the case of Au and RuO,.
The small deviations from ideal reversibility may be related to residual un-
compensated ohmic drops or small kinetic barriers.

The calculation of k,, the standard heterogeneous rate constant, was per-
formed by the procedure proposed by Nicholson®. Accordingly, k, can be
obtained using the experimental value of AE, for a given potential scan
rate. The Kinetic analysis of heterogeneous electron transfer leads to the
definition of the quantity W:

W = (Do/DR)¥2 k/(DoTt VF/RT)OS . (1)

For n = 1, with the assumption a = 0.5, D5 = Dg and at 298 K, Eq. (1) be-
comes:

W = k/0.3497Dg M2 v1/2 . )

Equation (1) has been solved by Nicholson numerically thus obtaining a
reference curve AE, vs W. From the experimental value of AE, at a given v, a
value of W is derived which, from Eq. (2) gives k; once Dg is known.

The value of Dy was obtained independently from the experimental de-
pendence of 1, on v/2 (data for Au, with which the best reversibity was ob-
served)??:
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I, = 2.69 x 10°AD,2v2 ¢y , (3)

where A is the electrode surface area and cy the concentration of the oxi-
dized species. Thus, the value Dg = 6.3 x 10°% cm? s7! has been obtained. In
principle, according to Eq. (3), Do might depend on the electrode material.
Do is however a constant in these calculations, and cannot influence the
relative behavior of the different materials.

Table Il summarizes the calculated values of k, for Pt, Au, BDD and RuO..
The accuracy of the calculations were checked numerically. There are two
possible sources of error: the value of AE, and the interpolated value of ¥.
While the interpolation of W has minor effects (e.g., at 20 mV s, k, can
vary between 0.035 and 0.043 cm s for BDD), the value of AE, can have a
higher impact since it depends on the position of AE, on the AE, vs W
curve. Thus, as an example, k, can vary between 0.015 and 0.048 cm s for
BDD at 30 mV s1, while at same value of v, the range is only 0.005-0.006
for RuO,. In other words, inaccuracies in the determination of the experi-
mental parameters cannot overturn the resulting kinetic picture. Thus, the
data in Table IlIl are comparatively significant.

The data in Table Il highlight two main points: (i) The values of k, are of
the same order of magnitude, mostly very similar, for Au, Pt and BDD. The
last material “appears” only marginally less “metallic” than Pt and Au,
which behave in practically the same way. (ii) The value of k; for RuO, is ca

TasLE 11

Standard rate constant (k;, cm s‘l), for the [Ru(NH3)6]3+/2+ redox system on different elec-
trode materials

v, mV s Pt Au BDD RuO,
50 0.031 0.031 0.020 0.005
80 0.039 0.025 0.018 0.005

100 0.028 0.020 0.020 0.005

150 0.020 0.025 0.020 0.005

200 0.021 0.023 0.021 0.005

250 0.023 0.026 0.023 0.005

Mean 0.027 0.025 0.020 0.005

Collect. Czech. Chem. Commun. (Vol. 68) (2003)



1634 Friso, Trasatti:

one order of magnitude smaller. Since the resistivity of RuO, is lower than
that of BDD, such a difference cannot be related to the different electronic
band structure. If [Ru(NH,)s]3"/?* behaves really as an outer sphere system,
the lower value of k; can be attributed to a larger distance between the solid
surface and the reacting ion in solution. This idea fits well with the known
structure of an oxide/solution interface?! where water layers are strongly
held by the hydrophilic forces of the oxide surface. In this context, the re-
acting ion can be well impeded by the adsorbed water layer to come closer
to the solid electrode surface.

CONCLUSIONS

For the first time electron transfer reactions at BDD, a native hydrophobic
surface, are compared with RuO,, a strongly hydrophilic surface. The out-
come is that the electron exchange rate is lower on RuO,, despite its metal-
lic conductivity. This is taken as an indication of an increase in the tun-
neling distance for electron transfer due to strongly held water layers on
the oxide surface.

On the other hand, the electron exchange rate is almost the same on
BDD, Pt and Au. Since in the case of Au, complications due to adsorbed
oxygen are minimized, the results indicate that pre-anodization of the
BDD surface does not change irremediably the pristine hydrophobic charac-
ter of its surface, so that outer sphere electron transfer is still possible with-
out observable hindrance. The situation may change with a different redox
couple.
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