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Abstract The use of boron-doped diamond has a con-
siderable impact in electrochemistry owing to the wide
potential range accessible, low background currents,
extreme hardness, and the ease of chemical modification
of diamond surfaces. It is shown here that, although the
electrodeposition of silver metal is known to yield very
poorly adhering films with a poor electrical contact, a
silver oxysalt deposit formed on anodically pre-treated
diamond surfaces adheres strongly with good electrical
contact. The deposit is stable even in the presence of
ultrasound. Voltammetric and XPS studies reveal that
the silver oxide deposit, in contrast to the silver metal
deposit, is efficiently stripped from the diamond surface
by applying a sufficiently negative potential. The silver
oxysalt Ag;03NO;, deposited onto two types of boron-
doped diamond electrodes, a 50 um thick polycrystalline
thin film deposited on a tungsten substrate and a pol-
ished free standing diamond plate, is shown to act as an
electrocatalyst for oxygen evolution and for the oxida-
tion of toluene. This development opens up the possi-
bility of boron-doped diamond being applied as an inert
and conducting substrate material for a wide range of
oxidic materials, which can then be utilised as active
electrocatalysts at high applied potentials.
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Introduction

Boron-doped diamond electrode materials can be grown
in a gas phase chemical vapour deposition (CVD) pro-
cedure and are available from industrial suppliers. The
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unusual properties of diamond such as extreme hardness
and chemical inertness offer considerable potential for
exploitation in a multitude of demanding electrochemi-
cal applications. The reversible deposition of lithium
without intercalation [1], the selective analytical detec-
tion of serotonin and dopamine [2-6], waste water
treatment [7], the reduction of nitrate [8], and the elec-
trofluorination of difluorobenzene [9] are examples of
interesting developments based on boron-doped dia-
mond electrodes. Recent reviews give further details on
the progress in this field [10-13].

Sonoelectrochemical methodology [14, 15] has been
introduced to allow electrode processes to proceed under
very fast mass transport conditions, with continuous
electrode cleaning, and with further more subtle effects
on nucleation and deposition processes. Applying power
ultrasound has been shown to be very beneficial or even
essential in several electroanalytical [16-18] and elec-
trosynthetic [19-21] processes. However, owing to cavi-
tation erosion and the considerable mechanical strain
induced by the near-field high intensity ultrasonic waves,
there are limitations for the type of electrode material
employed and the power applied. With highly boron-
doped diamond a novel type of electrode material is
available with both a high mechanical hardness and a
wide potential window ideal for applications of sono-
electrochemistry [22].

Both the boron-doping level [23] and the treatment of
the diamond surface [24] have been shown to result in
major changes in the rate and pathway of redox pro-
cesses occurring at the diamond|solution interface. For a
number of more complex electrode processes, very slow
kinetics at bare diamond surfaces have been reported (for
example, see [25]). On the other hand, some forms of
deposit on boron-doped diamond allow very fast elec-
tron transfer with a good electrical contact to the elec-
trode [26]. Under favourable conditions the modification
of the diamond surface with a catalyst may allow a re-
action pathway to be “selected” and the boron-doped
diamond substrate may act as a versatile support with
good electrical conductivity. A first report on the use of
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boron-doped diamond for an anodic electrocatalytic
processs by Angus et al. [27] has appeared recently.

In the present study the oxidation of Ag™ in aqueous
media at boron-doped diamond electrodes and in the
presence of power ultrasound is investigated. Under these
conditions the formation of silver oxysalt deposits [28] on
anodically pretreated boron-doped diamond electrodes is
shown to result in a surface modification with strongly
adhering and catalytically active characteristics. It is
shown that in the presence of organic materials such as
toluene, preferential oxidation of the organic substrate at
the catalyst occurs. The combination of boron-doped
diamond as highly conducting but inert substrate mate-
rial with an electrocatalytically active metal oxide deposit
is proposed as a new approach to efficient and selective
electrocatalysis at high applied potentials.

Experimental
Reagents

Chemical reagents such as K4Fe(CN)g, K3Fe(CN)g, AgINO3, KCl,
KNOj3, and HNOj; (all Aldrich) were obtained commercially in an-
alytical or the highest available purity and used without further pu-
rification. Water was taken from an Elgastat filter system (Elga, High
Wycombe, Bucks, UK) with a resistivity of not less than 18 Ohm cm.
Argon (BOC, Pureshield) used as an inert atmosphere and hydrogen,
methane, and diborane (BOC) used for CVD synthesis were used as
supplied. Tungsten substrates (5 mm diameter rod, Goodfellows)
were employed for the synthesis of boron-doped diamond films.

Instrumentation

The electrochemical cell [29] (volume 250 ml) employed for sono-
electrochemical measurements consisted of a glass cooling coil
connected to a thermostatted bath, a platinum counter electrode, a
saturated Calomel reference electrode (SCE, Radiometer Kopen-
hagen, REF 401), the diamond working electrode fitted into a
Teflon holder and placed at the bottom of the cell facing the
transducer horn tip, and an argon inlet. The ultrasonic processor, a
Sonics & Materials VXC400 (20 kHz, 400 W) with 13 mm diam-
eter titanium tip or a Hielscher UP200G system (24 kHz, 200 W)
fitted with a 13 mm diameter glass horn (Dr. Hielscher, Stuttgart,
Germany), were both electrically insulated from the electrochemi-
cal system and suitable for strongly acidic environments. The
ultrasound intensity was determined calorimetrically [30, 31].
Electrochemical measurements were performed with a PGSTAT 20
AUTOLAB system (Eco Chemie, Netherlands) at a temperature of
25 £ 2 °C. The synthetic diamond films were characterised by
scanning electron microscopy (SEM) with a JEOL JSM-5200 sys-
tem, atomic force microscopy (AFM) with a Topometrix 2010
Discoverer system (Thermo Microscopes, Bicester, UK), and by
Raman spectroscopy (Dilor Labram spectrometer with 20 mW
He-Ne laser). The X-ray photoelectron spectra (XPS) were re-
corded at approximately 107 mbar with an ESCA300 using
monochromatised Al Ko (1486.6 eV) X-ray radiation with 0.25 eV
electron energy resolution.

Diamond electrodes

Two different types of boron-doped diamond electrodes were used.
The first type consisted of a polycrystalline thin film deposit of
diamond (50 pm thickness) grown on a 5 mm diameter tungsten

support via a CVD procedure as described previously [32]. The
Raman study of the film deposit indicates the presence of high
quality diamond with a boron doping level of 10%°-10*' cm™.
The surface of this polycrystalline diamond deposit is shown in
Fig. 1a. The crystals size is typically 10-20 pm. In order to oxidise
the surface of the diamond electrode, a potential cycling procedure
employing 10 potential cycles over a potential range from 0 to 3 V
vs. SCE in 0.2 M phosphate buffer at pH = 2 was employed [32].

Further, a free-standing plate of boron-doped diamond (De
Beers Industrial Diamond Division, Ascot, UK) of 5 X 5 x 0.6 mm
dimensions [24] was employed, mounted in a Teflon housing using
Araldite (Ciba Polymers, CY219), with an electrical connection to
the rear side via a brass rod, attached using silver epoxy resin (RS).
Raman spectra of this diamond material also are consistent with
high quality diamond with a boron-doping level of 10'°-10%° cm™.
The surface of this diamond electrode, which was obtained in a
polished state (see Fig. 1b), is smooth to a nanometer scale with
only small imperfections between crystal boundaries.

Results and discussion

Sonovoltammetric oxidation of Fe(CN),~
at a boron-doped diamond thin film electrode

Cyclic voltammetric experiments with boron-doped
diamond electrodes employing the Fe(CN)zf/ * redox
couple (Eq. 1) in aqueous KCl provided a suitable redox
system for the characterisation of the diamond electrode
surface properties [33] and the mass transport under
diffusion limiting conditions:

Fe(CN))” +e~ = Fe(CN)¢~ (1)

In Fig. 2 a cyclic voltammogram together with a sono-
voltammogram are shown. The 5 mm diameter poly-
crystalline boron-doped diamond electrode has been
activated prior to the experiment by anodising in 0.2 M
phosphate buffer at pH 2 by cycling the potential up to
+3.0 V vs. SCE in phosphate buffer (see Experimental).
Well-defined cyclic voltammetric responses for the
Fe(CN)éf/ *~ redox system can be observed.

In the presence of ultrasound the current increases
considerably (Fig. 2b). The high limiting current, I, =
0.53 mA, is predominantly due to the flow of liquid close
to the electrode surface induced by the high intensity
ultrasound on macro and micro scales [34]. The limiting
current for the oxidation of 1 mM Fe(CN)g‘ in aqueous
0.1 M KCI induced by the 24 kHz insonation with the
glass horn may be used to estimate the diffusion layer
thickness, 0, a parameter describing the rate of mass
transport (Eq. 2):
Ihm:nFéDAc 2)
In this equation the limiting current, [}, is determined
by n, the number of electrons transferred per molecule in
the redox process, F, the Faraday constant, D, the dif-
fusion coefficient, A4, the area of the electrode, ¢, the
concentration, and the diffusion layer thickness, J. For
the conditions used in Fig. 2 and a diffusion coefficient
[35] of D(Fe(CN){7)=0.65x 10" m”s™', a typical



Fig. 1a,b AFM images of bo-
ron-doped diamond electrodes:
a surface of an “‘as grown”
diamond film on a tungsten
substrate and b a polished
boron-doped diamond surface
(De Beers)

b

diffusion layer thickness of 9 um can be determined. By
varying the distance between horn emitter and working
electrode, diffusion layer thicknesses of less than 1 um
are accessible [34]. More detailed models for the mass
transport induced by ultrasound in aqueous media have
been proposed [36] but are not essential in the context of
the present study.

Sonovoltammetric oxidation of Ag"
at boron-doped diamond electrodes

The voltammetric reduction and oxidation of Ag™ dis-
solved in aqueous solution at a boron-doped diamond
electrode in the absence of ultrasound has been studied by
several authors [37, 38]. Recent work by Vinokur et al.
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[28] gives a detailed account of the mechanism of the
electrochemical deposition of both silver metal and silver
oxysalts onto boron-doped diamond surfaces. The oxi-
dation of Ag™ to Ag?> " is a commercially important pro-
cess for the detoxification of wastes [39, 40] and more
specifically the degradation of toxic organic compounds
[41]. This process has to be conducted in the presence of
high concentrations of nitric acid to solubilise the Ag> "
cation.

Voltammetric responses for the reduction and oxi-
dation of 1 mM Ag ™ ata 5 mm diameter polycrystalline
boron-doped diamond electrode in the presence of an
acidic supporting electrolyte, HNO;, are shown in
Fig. 3. The onset of the reduction process (Eq. 3) can be
seen to lead to the slow increase of the cathodic current
until a limiting current, [j;,, = 0.48 mA, is reached:
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Fig. 2 a Cyclic voltammogram for the oxidation of 1 mM Fe(CN)¢~
obtained in 0.1 M KCI solution at a 5 mm diameter boron-doped

diamond film electrode with a scan rate of 0.1 Vs™\. b Cyclic
sonovoltammogram obtained under the same conditions (30 W cm ™,

24 kHz ultrasound, 10 mm electrode to horn distance)

Agf(aq)+e- = Ag(solid) (3)
This diffusion-controlled limiting current is consistent
with a diffusion layer thickness of 6 = 23 um based on a
diffusion coefficient of Dpg+ = 1.5 x 1077 m?s™! [42]
(Eq. 2). The diffusion-controlled limiting current asso-
ciated with the deposition of silver metal remains con-
stant until at a potential of 0.25 V vs. SCE, when anodic
stripping of the metal deposit commences.

The current fluctuation superimposed on the sono-
voltammetric limiting current is in agreement with mass
transport control [14, 15]. It is interesting to note the
effect of increasing the supporting electrolyte concen-
tration. On the polycrystalline thin film diamond elec-
trode, both the reduction and the “‘stripping” process
become substantially less well-defined in the presence of
a higher concentration of supporting electrolyte (Fig. 3).
The metal stripping process has been shown to be in-
complete, with silver metal deposit left behind on the
surface of the diamond electrode after the potential has
been scanned positive of the stripping process [28]. An
SEM and XPS study on the state of the polycrystalline
boron-doped diamond electrode surface immersed in
1 mM Ag™ in 1 M HNOj; after cycling the potential to
—0.25 V vs. SCE and back to 0.75 V vs. SCE with a scan
rate of 0.1 V s™! revealed that, even after stripping the
silver metal deposit, the electrode surface remained
partially covered with silver metal. SEM images in
backscatter mode indicate approximately 0.4% surface
area covered with silver.

The oxidation of aqueous Ag ' in the presence of
NOj is known to yield a deposit of a silver oxysalt [43]
with a composition Ag;O0sNO;3; (Eq. 4). Only in the
presence of high concentrations of acid is the Ag?"
cation sufficiently soluble to be formed directly.

2mA 5 04M
(c)
2mA
0.08M
(d)
I2mA
0.16M

L | I
-0.75 1.75

0.0
E/V (vs. SCE)

Fig. 3 Cyclic sonovoltammograms for the reduction and oxidation of
I mM Ag”® obtained in HNO; solution (concentration a 0.02 M,
b 0.04 M, ¢ 0.08 M, d 0.16 M) at a 5 mm diameter boron-doped
diamond film electrode with a scan rate of 0.1 V s, 30 W cm2,
24 kHz ultrasound and 12 mm electrode to horn distance

7Ag" (aq) + 8H,0 + NOj (aq)

= Ag,05NO; (solid) + 10e™ + 16H™(aq) (4)

In Fig. 3 it can be seen that the oxidation process is
followed by a characteristic stripping peak upon reversal
of the scan direction. Both the onset of the deposition
process and the potential for the stripping process are
affected by the concentration of nitric acid. In Fig. 4a
voltammograms obtained for the oxidation of 1 mM
Ag" in aqueous HNOj; at a polished boron-doped dia-
mond electrode are shown. At this type of diamond
surface, very similar voltammetric characteristics are
observed. The onset of silver oxysalt deposition as well
as the stripping response shift to more positive potentials
as the concentration of protons is increased. The onset
potentials of the stripping peaks exhibit a characteristic
shift of approximately 95 mV per unit pH change, in
agreement with the process described by Eq. 4. In
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Fig. 4a Cyclic voltammograms for the oxidation of 1 mM Ag*
obtained in 0.1 M HNOj at pH 7 1.09, ii 1.14, i 1.31, iv 1.62, v 2.15,
and vi 3.14 (pH adjusted by addition of 10 M NaOH). b Cyclic
voltammograms for the oxidation of 1 mM Ag* obtained in 1 mM
HNO; i under continuous ultrasonic irradiation (38 W ecm ™2, 10 mm
horn to electrode separation), ii ultrasound during oxidation, potential
held at 1.375 V vs. SCE for 120 s (silent), silent reduction, and iii as in
i except held at 1.375 V vs. SCE for 60 s during negative sweep.
¢ Cyclic voltammograms for the oxidation of Ag™ i 12 uM, ii
258 uM, i 510 uM, and iv 1.96 mM in 0.1 M HNO;

Fig. 4b the effect of ultrasound on the silver oxysalt
deposit formation in a solution containing 1 mM Ag "
and 1 mM HNOj is demonstrated. The response (i) has
been obtained by cycling the potential with 0.1 V s™! in
the presence of 38 W cm™2 ultrasound. Switching the
ultrasound off at a potential of 1.375 V vs. SCE and
holding the potential for 120 s has only a minor effect
(response i1). Holding the potential scan at a potential at
which no further deposition occurs, £ = +1.375V vs.
SCE, in the presence of ultrasound can be seen (response
iil) to lead to a virtually identical voltammetric trace.
Therefore both further deposition at a potential of
+1.375 V vs. SCE and the removal of the silver oxysalt
deposit by ultrasound-induced interfacial cavitation can
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be ruled out. The deposit appears to remain rigidly at-
tached. Aside from the electrosynthetic possibilities
discussed here, the silver oxysalt deposition and strip-
ping procedure offers scope for development into a
quantitative analytical method (Saterlay AJ, Marken F,
Foord JS, Compton RG, submitted).

The cathodic stripping process in which the silver
oxysalt is reduced back to Ag™(aq) is relatively fast, in
contrast to the stripping of metal deposits (vide supra).
An SEM and XPS study of a polycrystalline boron-
doped diamond electrode on a tungsten substrate im-
mersed in 1 mM Ag® (1 M HNO;) after cycling the
potential from 0.5V vs. SCE to 1.75 V vs. SCE and
back with a scan rate of 0.1 V s™! revealed that, in this
case, no silver deposit remains on the electrode surface
at 0.5 V vs. SCE. That is, the electrical contact between
electrode and deposit is good and the stripping process
essentially complete. The considerable mismatch be-
tween anodic and cathodic current can be explained via
a catalytic process in which water is oxidised to oxygen.
In Fig. 3 it can be seen that, at the potential at which the
silver oxysalt deposition commences, there is an imme-
diate increase in anodic current. This current is consid-
erably higher than that expected for the mass transport
controlled deposition process.

The effect of the concentration of Ag”™ on the vol-
tammetric response for the formation and stripping of
Ag;0gNOj; in the absence of ultrasound is shown in
Fig. 4c. The catalytic current associated with the water
oxidation develops even at a very low concentration of
12 uM Ag® in 0.1 M aqueous HNO; (response i).
However, the rapid increase in current is much more
pronounced at higher concentration. The peak-shaped
feature is probably associated with the depletion of silver
from the solution during the deposition process and/or
the formation of gas bubbles on the electrode surface in
the absence of ultrasound.

By increasing the concentration of acid to 6 M HNO;
the formation of the silver oxysalt deposit ceases (not
shown); however, the anticipated formation of soluble
Ag®" at the boron-doped diamond electrode surface still
cannot be detected even up to potentials of 2.5 V vs.
SCE. It appears likely that the heterogeneous elec-
tron transfer for the Ag”™/™ redox couple is associated
with slow kinetics at diamond electrodes in the presence
of a high concentration of HNOj.

At lower concentration of HNOj;, silver oxysalt is
formed which is acting as catalyst for the formation of
oxygen. After the onset of silver oxysalt deposition the
dramatic rise in anodic current (Fig. 3) suggests a high
catalytic activity and a good electrical contact between
oxide deposit and diamond surface. The finding may be
interpreted in terms of highly boron-doped diamond
being a very good conductor for electrical charges and a
very good substrate for carrying active catalyst materi-
als. Recent work on the anodic deposition of other types
of metal oxides, such as PbO, and MnQO,, on boron-
doped diamond surfaces [44, 45] demonstrates the
general applicability of the method.
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Sonovoltammetric oxidation of toluene
at modified boron-doped diamond electrodes

The voltammetric characteristics of the silver oxysalt
deposit suggest that a high catalytic activity of the de-
posit is responsible for the high anodic current observed
at a potential of approximately 1.6 V vs. SCE (Fig. 3).
The presence of organic materials in the aqueous solu-
tion phase can be shown to have a considerable effect on
the voltammetric response for the silver oxysalt forma-
tion and the catalytic current. Here, toluene is used as
a model system in order to explore the possibility of
diamond-based electrocatalysis. The oxidation of tolu-
ene in the presence of a homogeneous silver catalyst has
been studied [46—48] and benzaldehyde has been identi-
fied as the main product. In Fig. 5a it can be seen that
the presence of toluene, employing a saturated solution
with 0.4 volume% toluene emulsified in 0.5 M HNOs,
causes the onset of the anodic current response to shift
to more positive potentials. That is, the deposition of the
silver oxysalt requires a higher overpotential in the
presence of toluene. However, once the catalytically
active deposit is formed the current increases consider-
ably compared to the current observed in the absence of
toluene. Also the current response during the reverse
potential scan is increased. That is, the silver oxysalt
deposit is preferentially oxidising the organic material
even in the presence of a huge excess of water. In the
presence of ultrasound, very similar characteristics can
be observed (Fig. 5b). The formation of the silver oxy-
salt deposit occurs at a more positive potential in the
presence of ultrasound and the current associated with
the oxidation of toluene appears to be increased. How-
ever, the mass transport enhancement, which is known
to strongly affect kinetically fast processes, is rather
small and the process may therefore be considered to be

i (@)

40 mA )
1
—>
L I L 1 1 1 1 ]
O
1 1 1 I 1 I 1 J
1 1.25 1.5 1.75 2 2.25 25 2.75

E/V (vs. SCE)

Fig. 5 a Cyclic voltammograms obtained for i 0.5 M HNOs, ii in the
presence of 3.64 mM Ag", and iii in the presence of 3.64 mM Ag ™" and
0.4 volume% toluene emulsion. b Cyclic voltammograms obtained for
the oxidation of 196 mM Ag” in a 0.4 volume% toluene/0.5 M
HNO; emulsion: i under silent conditions, /i under ultrasound
irradiation (38 W cm 2 10 mm horn to electrode separation)

controlled by the kinetics of the heterogeneous process.
Mechanistic details, such as the ratio of oxygen evolu-
tion and toluene oxidation in the presence of ultrasound
and the distribution of products formed in this oxidation
process, are under further investigation.

Conclusions

Boron-doped diamond is a versatile electrode material
not only in bare or surface-modified form, but it may
also act as substrate material in electrocatalysis. In
particular, metal oxide deposits appear to form on
anodised diamond with good adhesion and good elec-
trical conductivity. The wide potential window accessi-
ble with boron-doped diamond may therefore allow thin
layers of metal oxide deposits to be employed in elec-
trocatalytic processes even in cases in which the oxide
itself is not sufficiently electrically conducting. Further,
the use of power ultrasound to enhance the rate of the
heterogeneous electrocatalytic process is possible and
may lead to higher efficiencies, especially in the case of
reactions with low substrate concentrations.
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