-

P
brought to you by i CORE

View metadata, citation and similar papers at core.ac.uk

provided by RERO DOC Digital Library

Journal of Applied Electrochemistry (2006) 36:847-862
DOI 10.1007/s10800-006-9159-2

© Springer 2006

Reviews in Applied Electrochemistry Number 62

Deposition of clusters and nanoparticles onto boron-doped diamond electrodes
for electrocatalysis

G. SINE, I. DUO, B. EL ROUSTOM, G. FOTI and CH. COMNINELLIS*

Institute of Chemical Sciences and Engineering, Ecole Polytechnique Fédérale de Lausanne (EPFL), Station 6,
Building CH, CH-1015, Lausanne, Switzerland

(*author for correspondence, tel.: +41-21-6933674, fax:+41-21-6935690, e-mail: christos.comninellis@epfi.ch)

Received 30 November 2005; accepted in revised form 12 May 2006

Key words: BDD electrode, Nanoparticles, Dendrimer, Electrocatalysis, Electrodeposition, Microemulsion,
Thermal decomposition, Oxygen evolution, Methanol oxidation

Abstract

Metal and metal oxide particles and nanoparticles, differing from each other by their nature and synthesis
technique, were deposited onto boron-doped diamond (BDD) thin film electrodes. The applicability in electroca-
talysis of thermally decomposed IrO, and Au nanoparticles, electrodeposited Pt particles, dendrimer-encapsulated
Pt nanoparticles (Pt DENs) and microemulsion-synthesized Pt/Ru nanoparticles was studied, once deposited on
BDD substrate. In all cases, the electrochemical response of the composite electrodes could be solely attributed to
the supported particles. All the particles, with the exception of Pt DENSs, exhibited electrocatalytic activity. Pt
DENs inactivity has been attributed to insufficient removal of the dendrimer polymer matrix. It was concluded that
the BDD electrode is a suitable substrate for the electrochemical investigation of supported catalytic nanoparticles.

1. Introduction

The study of metallic and metal oxide nanoparticles has
attracted a growing interest, due to the different
properties of nanoparticles compared to those of bulk
materials [1]. The study, both fundamental and applied,
of nanoparticulate materials covers fields as different as
physics, magnetism, optics and electronics. From an
electrochemical point of view, the investigation of such
nanoparticles is also of major interest. For instance,
phenomena such as the so-called “‘size effect” [2-4] in
electrocatalysis are still under debate.

However, the supports commonly used for the elec-
trochemical characterization of nanoparticles are sub-
ject to corrosion (graphite and glassy carbon) or oxide
formation (gold substrates). These phenomena can
modify the intrinsic response of the supported particles
(metal-support interactions), so that an inert substrate
is needed. When properly doped with boron, synthetic
diamond becomes conductive. Thus, synthetic boron-
doped diamond (BDD) thin films, deposited for instance
by Chemical Vapour Deposition (CVD) on Si sub-
strates, can be used as an electrode. The main properties
of the BDD thin film electrode are the inert character of
its surface, a very low background current, a large
electrochemical window available between hydrogen
and oxygen evolution, and an extreme resistance to

chemical and electrochemical attacks [5-7]. The BDD
electrode has been widely used for oxidation of organic
pollutants and wastewater treatment [8-12], but its
outstanding properties also make it an attractive sub-
strate for the electrochemical characterization of sup-
ported electrocatalytic nanoparticles. The use of the
BDD electrode is a possible solution to avoiding some
problems encountered with other common substrates.
Thus, the BDD electrode has been recently regarded as a
substrate for nanoparticles such as lead [13] and
titanium [14] dioxide, ruthenium [15] and iron [16]
hydrous oxide. It has been shown, for instance, that the
presence of thermally decomposed IrO, nanoparticles
(diameter about 10 nm) on a BDD substrate strongly
affects the electrochemical response of the diamond
electrode, Thus, the behaviour of the composite elec-
trode can be totally attributed to the electrochemical
properties of the particles [17], even at low deposited
IrO; loadings. Such a BDD-IrO, composite electrode
can be considered like a diamond matrix, on which
particles are deposited more or less homogeneously. The
reaction under study (oxygen evolution or organic
oxidation) takes place on diamond as well as on the
deposited IrO,. Distinct reaction rates are associated
with both processes, the reaction rate being higher on
IrO, nanoparticles than on diamond. In addition, metal
nanoparticles have been deposited on BDD substrates.


https://core.ac.uk/display/159153126?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1

848

Gold and platinum nanoparticles have received special
attention, due to their applicability for the electrocatal-
ysis of oxygen reduction and methanol electrooxidation,
respectively. BDD-Au [18-20] and BDD-Pt [21-24]
composite electrodes have been prepared using different
techniques, and they have exhibited high electrocatalytic
activity towards oxygen reduction and methanol oxida-
tion, respectively. It has also been shown that highly
reactive hydroxyl radicals, electrogenerated on BDD
from water discharge at high overpotentials [25], can
both clean microemulsion-synthesized Pt nanoparticles
from the residual surfactant (coming from the synthesis
procedure) and participate in the methanol oxidation
process [22]. Pt particles can also be entrapped into the
diamond matrix, by performing an additional step of
diamond layer deposition on top of the particles
deposited on the substrate [26, 27]. In spite of the high
resistivity and durability of this composite electrode, a
significant loss in electrocatalytic activity can be
expected, due to the decrease in accessible catalytic area.

Electrodeposition is one of the most widely used
methods for the preparation and deposition of particles
on BDD. However, thermal decomposition [18] and
microemulsion synthesis [22] have also been successfully
used in our laboratory to deposit metallic particles on
diamond substrates. The spontancous deposition of
metal particles from solutions of metal ions or com-
plexes have also been reported on BDD electrodes [28].
It was stated that the electrons needed for the reduction
of ions come from the conductive underlying Si layer.

The contribution of our group to the field of
electrochemistry of supported clusters and nanoparticles
is emphasized here. Our work mainly focuses on IrO,
and RuO, [17], Au [18], Pt [21, 22] and Pt-based alloy
particles. The choice of these materials was motivated by
their numerous and useful potential application in
electrocatalysis: oxygen reduction (IrO,, RuO,, Au),
CO oxidation (Au) [29, 30], and alcohol (methanol or
ethanol) electrooxidation (Pt and Pt-based particles)
[31-33]. A large range of synthesis methods has been
explored. They have been classified into three groups: (i)
thermal decomposition, (ii) electrodeposition and (iii)
colloidal (microemulsion and dendrimeric) techniques.
These methods are well known to be efficient ways to
prepare particles and nanoparticles. However, the shape
and size distribution of the obtained particles depend
strongly on the synthesis technique. For instance, the
microemulsion [34, 35] and dendrimeric [36, 37] methods
allow the preparation of nanoparticles of diameter as
low as 1-2 nm with narrow size distribution, whereas
such achievements remain difficult with electrodeposit-
ion on BDD [24].

IrO, and Au particles have been synthesized by the
thermal decomposition technique, Pt particles were
made by electrodeposition or colloidal methods (micro-
emulsion and dendrimer), and synthesis of Pt-Ru
nanoparticles was performed using the microemulsion
method. These methods will be discussed in terms of
average size, stability and applicability of the resulting

particles in electrocatalysis. For this purpose, particles
have been investigated by physical (electron microscopy,
surface analysis) and electrochemical techniques. The
electrocatalytic activity of particles towards reactions of
technological interest (oxygen reduction, methanol and
ethanol electrooxidation) has also been specifically
studied.

2. Experimental
2.1. BDD electrode preparation

BDD films were prepared by the hot filament chemical
vapour deposition technique (HF-CVD) on single crys-
tal p-Si (100) wafers (1-3 mQ cm, Siltronix). The
process gas was a mixture of 1% CHy in H, containing
trimethylboron to allow diamond doping. The filament
temperature was between 2440 °C and 2560 °C and that
of the substrate was maintained at 830 °C. Film growth
occurred at a rate of 0.24 um h™'. The grain size of the
BDD films lay between 200 nm and 800 nm and the film
thickness was about 1 um with a resistivity in the 10—
30 mQ cm range. The doping level of boron, expressed
as B/C ratio, was between 2500 ppm and 3500 ppm,
which corresponds to a carrier concentration ranging
from 4.9 x10* to 6.9 x 10** atom cm™. The BDD
substrate could be used without additional surface pre-
treatment (as-grown BDD: BDD,,), or after anodic
polarization (10 mA cm™ in 1 m H,SO, at 25 °C for
30 min) to remove most of the non-diamond (C sp?) and
adsorbed hydrogen impurities from the surface (mildly
polarized BDD: BDD,;4) [9]. In each case the BDD
electrode surface was rinsed once with 2-propanol or
acetone and twice with Milli-Q water in an ultrasonic
bath before use.

2.2. Measurements

Electrochemical measurements were performed in a
conventional three-electrode cell using a computer
controlled EcoChemie potentiostat (model Autolab
PGstat 30). Composite electrodes (BDD-supported
particles; exposed area of BDD: 0.4 or 1 cm” depending
on the cell) were used as working electrode, Hg/Hg,SO,
K>SO, (sat.) as reference and Pt wire as counter
electrode. All potentials are expressed with respect to
the Standard Hydrogen Electrode (SHE). All solutions
were made with ultra-pure water (Milli-Q) and analyt-
ical grade reagents and were saturated with nitrogen gas
prior to each experiment since Pt was involved in the
measurement.

Transmission Electron Microscopy (TEM) and Scan-
ning Electron Microscopy (SEM) were used to charac-
terize the morphology of particles. TEM experiments
were carried out using a Philips CM 300 microscope to
analyze Pt-based particles (made by the microemulsion
and dendrimer methods) and IrO, clusters. A small
droplet of the aqueous suspension of Pt-based particles



was deposited onto an amorphous carbon-coated
copper grid, and the excess water was removed before
analysis. To determine the morphology of very low
loadings of IrO, particles on BDD surfaces, crystals
were cleaved along weakly bonded planes to obtain an
atomically smooth surface. Wedge-shaped samples were
placed on a copper support and observed by a beam
parallel to the (100) direction. In this way, the profile of
the BDD crystal could be observed and a very thin
portion of the surface was investigated. SEM, using a
JEOL JMS-6300-F scanning electron microscope at
magnification up to 60000, was used to investigate gold
deposits and platinum electrodeposits on BDD.

Identification of the oxidation state of metals was
carried out by X-ray Photoelectron Spectroscopy (XPS),
using a Kratos Axis-Ultra spectrometer with a mono-
chromatic Al K, X-ray source, operated at 15 kV and a
pass energy of 20 eV. A total area of 700 x 300 um was
investigated over a thickness of 50-100 A. The peaks of
interest of the signals (Pt4f doublet for example) were
deconvoluted using the CasaXPS® computer software.
The crystalline structure of microemulsion-synthesized
samples was determined by X-ray Diffraction (XRD)
using a Siemens D500 Powder Diffractometer. Mea-
surements were performed using the K, Cu ray (1.54 A),
with slits of 1°/1°/1°/0.05° into the 5-90° range, with a
step of 0.04° and a resolution of 4 s/step.

2.3. Synthesis and deposition of nanoparticles

2.3.1. IrO;, and Au particles by thermal decomposition
IrO, particles were deposited onto BDD,,;,q hydrophilic
surface by thermal decomposition. Solutions of H,IrClg
in 2-propanol were prepared with different precursor
concentrations, in order to vary the amount of deposited
IrO,. About 5 pL of the precursor solution were placed
on the BDD surface for a single deposition step. After
solvent evaporation at 80 °C, calcination was performed
at 450 °C to oxidize the precursor acid to IrO,. A value
of 10" molecules IrO, cm™ was defined as the loading
corresponding to I' = 1. IrO, loadings investigated here
correspond to I' values ranging from 0.6 to 6.4.

Gold was deposited onto the BDD,, substrate using
the sputtering technique in an inert atmosphere and at
room temperature. The direct current (dc) mode with a
discharge of 330 V and an argon pressure of 107> mbar
were the working conditions. As determined by profilo-
metric measurement (Alphastep, Model 500) of the film
thickness (in the 5-30 nm range) on smooth silicon
samples processed simultaneously, the deposition rate
was 0.3 nm s™'. This result is in good agreement with
the mass deposition rate of 0.51 pgs™' per 1 cm?
geometrical surface area, determined by Atomic
Absorption Spectroscopy (AAS), performed with an
equipment of Shimadzu Model AA-6650, after complete
dissolution of the gold deposit in aqua regia at 80 °C for
30 min. The equivalent uniform thickness of the sput-
tered gold deposits were estimated from the exposure
time and the roughness of the substrate. The gold
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deposits on BDD prepared by short-time (6 and 12 s)
sputtering were then heated at high temperature (600 °C
in air) to yield stable gold nanoparticles.

2.3.2. Electrodeposition of Pt particles
Electrodeposition of Pt particles was performed using
the electrochemical set-up described in Sect. 2.2. Depo-
sition was performed on a BDD,,;4 working electrode
from a solution of 2 mMm H,PtClg in 1 M HCIO,4, by
applying a potential step from the equilibrium potential
(1 V) to a potential at which platinic ions are reduced
(0.02-0.1 V). The solution was saturated with nitrogen
gas before deposition and the deposition process and
mechanism were studied by chronoamperometry.

2.3.3. Colloidal syntheses of Pt and Pt-based binary
nanoparticles

Synthesis of Pt particles via the dendrimeric route was
performed according to a published procedure [38].
A polyamidoamine (PAMAM) amine-terminated den-
drimer of 4th generation (G4-NH,), diluted at 10 wt%
in methyl alcohol (Aldrich), was used as the dendrimer
source. The solvent was removed and the quantity of
dendrimer necessary to yield a 2.5-50 um solution was
diluted in ultra-pure water (Milli-Q). The pH of the
solution was adjusted to 5 by addition of HCI in order
to favour complexion of Pt*" ions with internal NH,
groups rather than with external NH, terminations. A
solution of 0.1 M H,PtClg in ultra-pure water was added
to the dendrimeric solution to yield a Pt*"/G4-NH,
molar ratio ranging from 30 to 60. This mixture was
then continuously stirred for 4 days. Finally, 0.1-0.5 m
NaBH, solution (Aldrich) in ultra-pure water was added
(quantity necessary for the reducing agent to be twenty
times in excess), to reduce the complex ion. The pH of
the solution was then adjusted to 8. This procedure leads
to the formation of dendrimer-encapsulated Pt nano-
particles (Pt DENS).

Microemulsion-synthesized platinum and platinum-
based nanoparticles were obtained by reduction of
H,PtClg or mixtures of H,PtClg with a second metallic
salt with solid sodium borohydride in a water-in-oil
(w/o) microemulsion of water/tetracthyleneglycolmono-
dodecylether (BRIJ®-30)/n-heptane. RuCl; was used as
second metallic precursor for the preparation of Pt/Ru
particles. The microemulsions were prepared using
ultra-pure water (Milli-Q). BRIJ®-30 and n-heptane
were purchased from Fluka and Riedel-de-Haén, respec-
tively, and were used as received. The aqueous phase
was composed of appropriate ratios of 0.1 M aqueous
solutions of the metallic precursors (Fluka, analytical
grade). The water-to-surfactant molar ratio (wg) of this
w/o microemulsion was adjusted to a value of 3.8 and
the quantity of surfactant represented 16.54% of the
total volume. The synthesis was realised by adding to
this microemulsion the quantity of solid sodium boro-
hydride (Aldrich) necessary to yield a reducing agent
concentration of 1 M in the aqueous phase. After
complete reduction in a few minutes, acetone was
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added to the solution to cause phase separation and
precipitation of the particles. The precipitate was rinsed
several times with acetone and ultra-pure water and then
centrifuged for a few minutes to eliminate most of the
surfactant. Finally, particles were put in a small volume
of ultra-pure water as a suspension. The quantity of Pt
in the suspension was determined by AAS. The depo-
sition of such synthesized particles was performed by
placing a small droplet (5 pL) of an aqueous suspension
of particles onto the BDD,,;q substrate. The excess
water was then removed under nitrogen atmosphere.

3. Results and discussion
3.1. Thermally decomposed IrO,

The morphological characterization of BDD-IrO, elec-
trodes with different IrO, loading (") was realized by
TEM (data not shown). At low IrO, loading, isolated
IrO, particles had a size of about 2-3 nm and were
concentrated at the grain boundaries of the diamond
crystals. At higher IrO, loading, the particles were larger
(10 nm) and their concentration at the grain boundaries
of the diamond crystals was significantly higher. How-
ever, the most informative in situ characterization of
oxide electrodes can be performed by cyclic voltamme-
try (CV) in solutions of inert electrolyte over a range of
potentials where the solvent is not electrochemically
decomposed. It is known that surface changes occur
only on the active surface sites of thermally prepared
oxides [39-41].

In the case of DSA-type IrO, electrodes with Ti as
substrate, good CV spectra of the surface transitions
could not be obtained due to “‘segregation” phenomena
of TiO, at the electrode surface [42]. Because of the inert
nature of the BDD material, this problem was not arisen
with BDD-IrO, electrodes. The voltammetric curves
obtained with BDD-IrO, electrodes provided a finger-
print of electrode surface transitions occurring during
the potential scan. Figure 1A shows the response of a
BDD-I1rO, (I' = 6.4) electrode, recorded by cyclic
voltammetry at 2 V s™' (curve 2), in comparison with
the background current of a bare BDD electrode (curve
1). The high capacitive current is related to changes in
the oxidation state of the IrO, surface during the
potential scan. The two pairs of peak, seen at 0.4 and
0.95V, can be related to the surface redox couples
Ir(IT)/Ir(IT) and Ir(IV)/Ir(I11), respectively [43, 44]. The
broadness of the peaks is due probably to different
degrees of hydration of the oxide lattice [45]. The very
low currents recorded at a BDD electrode are certainly
related to the absence of electroactive surface function-
alities on the electrode surfaces. The capacitance was
also calculated from the total anodic and cathodic
currents, 7, as a function of the scan rate, v, for each IrO,
loading (Eq. 1).

i=2Cv (1)
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Fig. 1. (A): Cyclic voltammograms: (1) BDD,,;q electrode, (2)
BDD-IrO, electrode with I' = 6.4 prepared at 450 °C. Electrolyte:
0.5 M H,SO,; scan rate 2000 mV s™'. T'=25°C. T =1 corre-

sponds to 10" molecules IrO, cm™. (B): Capacitance values

(E = 0.64, scan rate 20 mV s') as a function of IrO, loading on
BDD electrodes.

The values obtained are shown in Fig. 1B, which
indicates a considerable increase in capacitance with
increasing IrO, loading due to the high activity of the
IrO, surface sites. A pseudocapacitance could in fact be
defined for BDD-IrO, electrodes, which includes the
double-layer capacitance (typical value for a BDDjq
electrode is 16 pF cm™) and a capacitance due to the
redox transitions of surface redox couples.The influence
of IrO, on the properties of diamond was tested in the
presence of the outer-sphere redox couple of ferri/
ferrocyanide as redox probe. Cyclic voltammetry was
performed for all IrO, loadings in order to investigate
the reversibility as a function of catalyst loading
(Fig. 2). At bare diamond electrode (Fig. 2A), the
outer-sphere redox system exhibited irreversible behav-
iour. However, the reversibility increased with increas-
ing IrO; loading (Fig. 2B, C). Increasing height of the
current peaks is indicative of the extremely high
electrocatalytic activity of the IrO, nanoparticles, even
at very low loadings (Fig. 2B). The kinetic parameters
were calculated from the dependence of the voltammet-
ric response on the scan rate. The potential difference
between the anodic and the cathodic peak, AE, and the
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Fig. 2. Cyclic voltammograms recorded in 0.5 M H,SO,4 containing
Fe(CN)g ITI/IT 12.5 x 1073/12.5 x 107> M at a BDDyyq electrode (A),
a BDD-IrO, electrode with ' = 0.6 (B) and a BDD-IrO, electrode

with T = 6.4 (C). Scan rate: 100 mV s™'. Geometric surface area:

1 em? T = 1 corresponds to 10'> molecules IrO, cm™2.

transfer coefficients, o..q and By, as well as the reaction
rate constants, k°, were determined using Eq. 2. The
results are shown in Table 1.

Ep
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(2)

The sum of the transfer coefficients, o and B, was lower
than unity for diamond electrodes but increased after
IrO, deposition. Values of o+ B <1 indicate that the
electron transfer process was hindered on the diamond

851

surface (BDD,,j4), while IrO, promoted the charge
transfer through the electrode/electrolyte interface. A
resistance to charge transfer at the electrode/electrolyte
interface seemed to be the cause of the irreversibility of
redox reactions on diamond. The fact that IrO, depo-
sition improved the reaction kinetics demonstrates that
this resistance was not related to the resistivity of the
diamond film but to the lack of active surface sites at the
electrode/electrolyte interface.

DSA-type IrO, electrodes (DSA-O,) are widely
employed as anodes in galvanic processes and electro-
winning because of their high electrochemical stability
under anodic oxygen evolution conditions [46]. Dia-
mond electrodes exhibit very high stability under the
same conditions, but this electrode is not a suitable
material for such applications due to the high overvolt-
age for this reaction. The effect of IrO, particles
deposited on diamond on the oxygen evolution reaction
was also investigated. Cyclic voltammetry was per-
formed in 0.5 M H,SO,4 in the potential region of
electrolyte decomposition in order to study the oxygen
evolution reaction (OER), an inner-sphere reaction, at
BDD and BDD-IrO; electrodes. A potential shift of
almost 1 V was noticed between BDD and BDD-IrO,
electrodes (Fig. 3). At bare diamond, the process took
place at very high overpotentials while at BDD-IrO,,
oxygen evolution took place at 1.45V, close to the
equilibrium potential of the redox system Ir(VI)/Ir(IV)
(1.35 V). The current increased sharply at the OER
potential, indicating a high electrocatalytic activity of
BDD-IrO, electrodes. The behaviour of the BDD-IrO,
electrodes can be interpreted entirely as that of IrO,
continuous-film electrodes. Diamond merely acts as an
inert substrate on which the catalytic activity of depos-
ited IrO, particles can be investigated without interfer-
ence. In terms of data normalized to the IrO, loading
(results not shown), all electrodes exhibited similar
electrocatalytic properties. Surface-modified diamond
electrodes can be considered as a diamond matrix in
which particles are deposited more or less homoge-
neously. The reaction takes place on diamond as well as
on the active sites (IrO, particles). However, the reaction
is much faster on the deposited IrO, nanoparticles than
on diamond.

Because of its high chemical and electrochemical
stability, BDD has been investigated as an electrode
for the oxidation of organic substances (inner-sphere
reactions). A wide range of organic compounds have
already been tested [8—12], and the powerful electro-
chemical properties of diamond were confirmed. While

Table 1. Parameters of the redox system Fe(CN)g ITII/IT 12.5 x 1073/
12.5% 1073 M in 0.5 M H,SO, at BDD electrodes with different IrO,
loadings, I'

Electrodes AE/V Box Olred k%cm s7!
BDDnig 0.53 0.3 0.3 8§x 107
BDD-IrO, (T' = 0.6) 0.10 0.5 0.5 2% 1073
BDD-IrO, (I = 6.4) 0.09 0.5 0.5 3% 1073
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Fig. 3. Cyclic voltammograms recorded at BDD and BDD-IrO,

(' = 6.4) electrodes in 0.5 M H,SO,. Scan rate: 100 mV s™'. Geomet-
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ric surface area 1 cm?. T = 1 corresponds to 10" molecules IrO, cm™2.

oxygen evolution is a slow reaction on diamond, the
oxidation of organic compounds can occur with very
high current efficiency under high overvoltage. As a
corollary, however, the required extreme working
conditions lead to high energy consumption. With the
aim of reducing the overvoltage for the oxidation of
organic substances, IrO, nanoparticles were deposited
on a diamond surface. The oxidation of oxalic acid was
investigated, both on BDD,,;4 and on BDD-IrO,
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Fig. 4. Polarisation curves recorded at (A) BDD electrode and at (B)
BDD-IrO; electrode (I' = 6.4) in 0.5 M H,SO, containing oxalic acid
in different concentrations; a: 0 M, b: 0.1 m, ¢: 0.2 m, d: 0.5 M. Scan

rate: 20 mV s™'. T = 1 corresponds to 10'> molecules IrO, cm™>.

(' = 6.4) electrodes (Fig. 4). At both BDD and
BDD-IrO, electrodes, the organic oxidation occurred
in the potential region of water decomposition. As seen
above (Fig. 3), the overpotential of water discharge on
diamond decreased by about 1 V upon IrO, deposition.
Similar behaviour was found in the organic oxidation
processes (Fig. 4). Such a negative shift of the anode
potential occurring in the presence of organic com-
pounds was found at both BDD and at BDD-IrO,
electrodes. Bare diamond was found to be more sensitive
in this respect. For instance, the potential shifts were
more important on BDD than on BDD-IrO; at a given
concentration of oxalic acid. This potential shift indi-
cates involvement of intermediates formed during water
decomposition in the organic oxidation process. The
more significant shift on diamond electrodes can be
explained in terms of the higher reactivity of the
intermediates formed.

As previously explained [8], hydroxyl radicals are
formed on diamond as intermediates of water decom-
position under high overvoltage and undergo weak
physical adsorption on the non-active electrode surface.
The high reactivity of hydroxyl radicals leads to high
current efficiency of organic oxidation reactions, while
the OER remains a side reaction on BDD. The strong
chemical bond formed between the hydroxyl radicals
and the active sites of active electrodes such as IrO,
(formation of IrO5) decreases the overvoltage for OER,
which becomes the main electrode process. However,
intermediates are less reactive toward the organic
substance and electrochemical oxidation of the organic
compounds on BDD-IrO, takes place with low current
efficiency. The surface activity of BDD electrodes was
increased by deposition of IrO, nanoparticles on the
diamond surface. Cyclic voltammetry provided an
insight into the surface redox transitions due to the
redox couples Ir(IIT)/(IT) and Ir(IV)/Ir(IIT) being elect-
roactive at different potentials. The surface capacitance
calculated from cyclic voltammetry provided a measure
of the active surface area of the electrodes, which
depends on the IrO, loading. The -electrochemical
behaviour of the electrodes was also tested in the
presence of the outer-sphere redox couple (Fe(CN)gIII/
I1, and the electrocatalytic activity towards this reaction
was increased by the deposition of IrO, nanoparticles on
the diamond surface. Similar to the case of inner-sphere
reactions discussed above, the strong interaction be-
tween the electrode material and the hydroxyl radicals
formed during water discharge leads to formation of a
higher oxide (IrO;) and influences the behaviour of
BDD-IrO, electrodes towards oxygen evolution and
oxidation of organic compounds. The overpotential for
OER decreases while the organic oxidation process is
kinetically hindered due to mediation of the poorly
reactive surface redox system IrO;/IrO,. Surface-mod-
ified diamond electrodes can be considered as a diamond
matrix in which particles are deposited more or less
homogeneously. The reaction takes place on diamond as
well as on the active sites offered by the deposited IrO,



particles. A distinct reaction rate constant can be
associated to both processes. However, the reaction is
much faster on the deposited IrO, nanoparticles than on
diamond. The effect is so strong that even with very
small amounts deposited the activity of BDD is com-
pletely masked, and the observed behaviour can be
attributed solely to the properties of the deposited IrO,.

3.2. Thermally decomposed Au

Gold deposits prepared with a sputtering time of 6 and
12 s (equivalent to 9.6 x 10" and 1.9 x 10" gold atom
per cm” geometric surface area, respectively) and then
heated at 600 °C for 1 h in air were investigated. Heat
treatment of as-sputtered gold gave rise to the formation
of a stable population of gold nanoparticles. These
nanoparticles were the result of surface migration and
agglomeration of fine as-sputtered primary particles,
without any loss of deposited gold, as confirmed by
AAS analysis after dissolution of the deposits. The
morphology of these two gold deposits on BDD was
investigated by SEM (Fig. 5A, B). The average particle
diameter is strongly dependent on the amount of
sputtered gold deposited. In the domain of well dis-
persed deposits [18], the higher the deposited amount,

Ar.:r:.\f'. Spot Magn Det WD Exp
10.0kV 3.0 20000x SE 136 1

Fig. 5. SEM pictures of gold deposits on polycrystalline BDD sub-
strate heated at 600 °C as a function of the deposited amount of
gold: (A) 9.6 x 10'°, and (B) 1.9 x 10'® gold atom per cm? geometri-
cal surface area, obtained with sputtering times of 6 and 12s,
respectively.
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the larger the average size of nanoparticles (about 15
and 35 nm for sputtering times of 6 and 12 s, respec-
tively), while the particle density decreased only very
slightly with increased loading. This latter observation
indicates that gold nanoparticles grow essentially on
specific surface sites, such as grain boundaries, defects,
dislocations and impurities at the polycrystalline BDD
surface.

In order to prove the stability of these nanoparticles,
prolonged cyclic voltammetry was performed in 0.5 m
H,SO, at a scan rate of 100 mV s~ and 25 °C between
potential limits of 0.64 and 1.8 V. Under these condi-
tions, the voltammetric signals of the BDD-Au elec-
trodes remained unchanged even after 1000 cycles and
no marked decrease in the charge of gold oxides
reduction peak (270 and 382 pC cm™ for 6 and 12 s
deposition times, respectively) was noticed [18]. This
allows the use of these nanoparticles for the electro-
chemical reduction of oxygen and, therefore, their
electrocatalytic activity towards the oxygen reduction
reaction (ORR) was investigated. Figure 6 shows the
voltammetric curves of bulk Au and BDD-Au elec-
trodes in 0.5 M H,SO, solution saturated with oxygen.
The peak visible on all signals is attributed to electro-
catalytic reduction of oxygen. The current density was
plotted with respect to the geometric area of the gold
deposit. The estimation of the total area of gold
nanoparticles is based on SEM observation and on
determination of the Au loading by AAS. Several
assumptions were made to perform this evaluation: (i)
all particles are of identical spherical shape and size, (ii)
they have a face-centred cubic (fcc) structure like the
bulk gold lattice, implying a packing density of 74%,
and (iii) the contact surface between particles and the
diamond substrate can be neglected. In the case of the
bulk gold electrode, a well-defined cathodic peak
appeared at a potential of approximately —0.034 V,
with a current density of 0.6 mA c¢m™. The use of BDD-
supported gold nanoparticles causes a positive shift of

E/V vs. SHE
0.00 0.25

0.50

Fig. 6. Cyclic voltammograms in O,-saturated 0.5 M H,SO, solution
of a bulk gold electrode (dashed line) and gold nanoparticles depos-
ited on BDD, with 9.6 x 10'® (thick solid line) and 1.9 x 10'® (thin
solid line) gold atom per cm® geometrical surface area. Scan rate:
100 mV s™%.



854

the peak potential to 0 and +0.015V (for particles
prepared by 12 and 6 s sputtering times, respectively).
Moreover, the current density increases up to values of
1.25 and 2.34 mA cm™? on these particles (mean diam-
eter of 35 and 15 nm, respectively). The -catalytic
efficiency of gold nanoparticles (6 s sputtering time)
was four times larger than that of the bulk gold
electrode and the hydrogen evolution is onset at more
negative potentials on the BDD-Au nanodeposits,
which makes oxygen reduction well defined.

3.3. Electrodeposited Pt particles

The electrodeposition of Pt particles on a BDD elec-
trode was performed by applying a potential step to a
deaerated 2 mm H,PtClg solution in 1 M HCIO,4. The
potential was shifted from an equilibrium potential (1 V,
where no reduction of platinic ions takes place) to a
potential at which the reduction of Pt*" to metallic Pt
occurs (0.02-0.15 V). The electrodeposition mechanism
was studied by means of chronoamperometry. Figure 7
shows a typical current vs. time profile for a potentio-
static step experiment, with a potential step from +1 V
to +0.02 V. This chronoamperometric curve is very
close to the theoretical one for electrochemical deposi-
tion [47], and can be divided into four successive well-
defined time intervals as illustrated in Fig. 7. At the
beginning of the first interval (zone I), a sharp increase,
followed by a current decay, is observed, corresponding
to the double-layer charging current and the initial
nucleation process. Free growth of independent nuclei
and formation of new nucleation sites without overlap-
ping effects explain the current increase of the second
interval (zone II). During the third interval (zone III),
the growth of independent nuclei and their overlap can
occur simultaneously; the current increases up to a
maximum (j,,) at which nuclei overlapping occurs.
Finally, during the fourth interval (zone 1V) the current
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Fig. 7. Chronoamperometric curve of the electrodeposition of plati-
num on a BDD electrode. Potential step from +1 to +0.02 V in
2mMm H,PtClg + 1M HCIO4 solution, 7= 25 °C. The different
deposition time intervals are marked (zones I-IV) as well as the
maximum current density (j,,) and the corresponding maximum time
(tm) (see text).

decreases due to the overlapping of the diffusion zones
of different nuclei and to their coalescence. From the
time ¢, corresponding to j,, the current decreases due to
the decrease in the surface area of deposited platinum
particles, and it can be considered that a change from
hemispherical to linear mass transfer diffusion occurs
because of the increase in particle size.

In the domain of free growth of nuclei (zone II), the
I'? vs. t plot is linear. This indicates a 3D-nucleation
process of hemispherical nucleus with diffusion control
[47]. On the basis of this behaviour, Sharifker and Hills
[48] have developed a model that allows to distinguish
between instantaneous and progressive mechanism of
nucleation. In the instantaneous nucleation mechanism,
all nuclei are rapidly created during the first stages of the
process and their number remains constant throughout
growth. In the progressive nucleation mechanism, new
nuclei are continuously formed during the whole depo-
sition process because the nucleation rate is low.
Figure 8 compares the experimental /- curve (curve a)
with those relative to the two limiting mechanisms
(curve b and c for progressive and instantaneous
nucleation, respectively). The experimental curve of
Fig. 8 agrees better with that of the progressive nucle-
ation mechanism. Similar results have been obtained for
the electrodeposition of platinum on graphite [49].
Figure 9 shows SEM micrographs of a BDD-Pt elec-
trode prepared by performing a potential step from 1 V
t0 0.02 Vin a 2 mm H,PtClg + 1 m HCIO, solution for
5 s. Spherical and isolated particles are observed with a
quite large size variation that covers the 40-700 nm
range. This is indicative of continuous formation of new
nuclei during deposition and is in agreement with the
progressive mechanism of nucleation of Pt on BDD.

A typical cyclic voltammogram (CV) for electrode-
posited Pt particles on BDD is shown in Fig. 10. This
voltammogram exhibits the characteristic feature of Pt,

(ilim

0.0 T T
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Fig. 8. I-t response plotted with reduced variables; j, and 7, as
shown in Figure 7. (a) Experimental values. (b) Theoretical data for
progressive nucleation [48]. (c) Theoretical data for instantaneous
nucleation [48].
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Fig. 9. SEM pictures at two different magnification scales of a
BDD-Pt electrode prepared by electrodeposition with a single poten-
tial step (5s) from 1 to 0.02 V in a Ny-saturated 2 mm H,PtClg +
1 m HCIOy, solution.

i.e. two distinctive H adsorption—desorption peaks
between 0.05 V and 0.35 V, followed by a fine double-
layer region corresponding to metallic Pt. Potential
cycling at more anodic potentials, which induces Pt
oxide formation (broad plateau), was not performed in
order to avoid surface rearrangement [50] and aggrega-
tion of particles [51]. The electrochemical response of
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Fig. 10. Cyclic voltammograms of electrodeposited Pt particles on
BDD electrode. Recorded in a N»-saturated 1 m HCIO,4 solution at
50 mV s~ and 25 °C. Conditions of electrodeposition: single poten-
tial step (5 s) from 1 to 0.02 V in a Ny-saturated 2 mm H,PtClg +
1 m HCIOy, solution.
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this BDD-Pt composite electrode can be attributed
solely to the deposited Pt particles, even at very low Pt
loadings, due to the chemical inertness and low back-
ground current of the diamond substrate. This justifies
the choice of BDD for the electrochemical study of
supported catalytic nanoparticles. Electrodeposited Pt
particles have exhibited electrocatalytic activity (data
not shown due to the large size of these particles) also
toward methanol electrooxidation. The CV for metha-
nol electrooxidation on electrodeposited Pt particles
exhibits the characteristic features of methanol oxida-
tion on Pt, ie. two well-defined oxidation peaks
occurring during the forward and the reverse scan. This
unusual shape is related to the surface transitions
occurring on Pt when the potential is cycled. Indeed,
continuous dissociative adsorption and oxidation of
methanol can only take place on a metallic (Pt%)
platinum surface free of adsorbed poison (CO). Equa-
tions 3—6 summarize the overall mechanism of methanol
oxidation on Pt:

3Pt(H,0) + CH;0H — Pt;(CH;0H),, + 3H,0

3)
Pt3;(CH;0H),,, — Pt(CO),y + 2Pt + 4H ' + de~

(4)
Pt + H,O — Pt(-:OH),4 + H" + ¢~ (5)
Pt(CO), 4 + Pt(-OH), 4 — 2Pt + CO, + H" + e~

(6)

Although electrodeposited Pt particles on BDD are
efficient for methanol electrooxidation, their size do-
main is so broad that they cannot be strictly classified as
nanoparticles. The literature attributes this heterodis-
persity to the inhomogeneous nature of the BDD
substrates [24], mainly to the presence of non-diamond
sp” impurities that act as preferential deposition sites.
Therefore, a “‘size-effect”” cannot be reasonably expected
in this case, and some alternative synthesis techniques
have to be employed to deposit real Pt nanoparticles on
BDD.

3.4. Pt nanoparticles prepared by the dendrimeric method

The use of dendrimers, in particular polyamidoamine
(PAMAM) amine-terminated dendrimer of 4th genera-
tion (G4-NH,) may offer a unique path to rational
design and synthesis of nanostructured electrocatalysts.
In fact, this family of dendrimers can exchange metal
ions into their branches. Subsequent reduction in
solution yields metal (M) dendrimer encapsulated nano-
particles (M DENs).
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The M DENs composite materials are prepared by
mixing aqueous solutions containing dendrimers and
metal ions such as Pt*". These metal ions penetrate into
the dendrimer interior where they complex strongly with
internal tertiary amine groups. Reduction of dendrimer/
metal-ion composites with an excess of a chemical
reducing agent (usually NaBH,) yields monodisperse,
intradendrimer nanoparticles. Figure 11 shows a sche-
matic presentation of the preparation of dendrimer-
encapsulated Pt nanoparticles (Pt DENs). A TEM
micrograph of a Pt DENs sample is shown in Fig. 12
with the related size distribution. A Pt** /G4-NH, molar
ratio of 30 characterizes this sample. The particles have
diameters in the 1.5-4 nm range with an average of
2.5+ 1 nm.

The Pt DEN nanoparticles deposited onto the BDD
surface were covered by a Nafion layer as described
previously, and then treated in air at 425 °C for 4 h
followed by a treatment in H, at 100 °C for 1 h. This
heat treatment is used in order to remove the dendrimer
template and to liberate the Pt nanoparticles. The use of

1)
O PtCl2>
2)
BH,
3)

Fig. 11. Schematic principle of the synthesis of Pt nanoparticles via
the dendrimer method. (1): mixing of dendrimer and H,PtCls aque-
ous solutions, (2): formation of a dendrimer-platinic complex ion
and (3): reduction of Pt** in Pt°, nucleation and growth of nanopar-
ticles within the interior of the dendrimer by addition of NaBHy.

BDD supports can allow stabilization (via avoiding
aggregation) of the Pt nanoparticles after removal of the
dendrimer template by heat treatment.

Cyclic voltammetry in 1 M HCIO4 of the BDD-
supported Pt nanoparticles prepared by the described
dendrimeric method showed the well-known character-
istic voltammorgam of Pt. However, this technique has
shown a limited reproducibility and needs further
improvement.

3.5. Microemulsion-synthesized Pt/ Ru nanoparticles

This method consists in the preparation of a water-in-oil
microemulsion containing the metallic precursors (Pt or
Ru salt) dissolved in the aqueous phase using n-heptane
as the oil phase, then a reducing agent (solid NaBHy) is
introduced into this microemulsion. For the preparation
of alloyed nanoparticles, a microemulsion with an
aqueous phase containing a convenient atomic propor-
tion of the two alloying elements was used. Figure 13
shows a schematic presentation of this technique. It
involves the following steps: (1) mixing of the micro-
emulsion with solid sodium borohydride, (2) nucle-
ation and (3) growth of the particles inside the
inverse micelles. The surfactant layer, which stabilizes
the aqueous dispersion in the organic solvent, will stop
the growth. Nucleation and growth are initiated by the
reduction of the metallic precursors by NaBH4, accord-
ing to Equations (7) and (8):

H,PtCls + NaBH, + 3H,0 — Pt + H;BO; + SHCI
+ NaCl + 2H, (7)

RuCl; + NaBH, + 3H,0 — Ru + H3BO; + 2HCI
+ NaCl + 5/2H, (8)

Pt/Ru nanoparticles of different compositions have
been synthesized by mixing appropriate ratios of Pt and
Ru precursors in the aqueous phase of the microemul-
sion. TEM micrographs of Pt/Ru nanoparticles of
different compositions are shown in Fig. 14. Size distri-
butions are similar for all samples, indicating that the
size of the resulting particles is determined by the
microemulsion formulation and not by the composition
of the aqueous phase. Moreover, the size domain of
these particles is limited to the 2-5 nm range and the
mean diameter was in all cases about 2-3 nm, corre-
sponding well to the commonly accepted definition of a
nano-object in electrocatalysis.

The suitability of the microemulsion method for the
synthesis of binary nanoparticles of controlled compo-
sition was checked by means of XPS. XPS results are
summarized in Table 2, together with EDX results
processed simultaneously with TEM measurements.
The effective composition of nanoparticles is very close
to the nominal value, i.e. the composition of the
nanoparticles can be controlled with a very good
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Fig. 12. TEM micrograph and size distribution of Pt DENs synthesized by the dendrimeric method. Pt** /G,4-NH, molar ratio adjusted to 30.

accuracy by adjusting the composition of the micro-
emulsion aqueous phase. XPS was also used to evaluate
the electronic effect between Pt and Ru. Figure 15 shows
the chemical shift of the Pt4f7,, (Pt%) peak in Pt/Ru
nanoparticles. Due to the presence of Ru this peak is
displaced to lower binding energies. This is indicative of
transfer of d electrons from Ru to Pt. Consequently, the
electronic properties of Pt are modified and the Pt—-CO
bond can be weakened, facilitating the poison removal
[52]. However, the energy shift is weak, due to the low
difference in electronegativity of the two metals. There-

Fig. 13. Schematic principle of the synthesis of Pt and Pt-based alloy
nanoparticles via the microemulsion method. (1): mixing of the mi-
croemulsion with solid sodium borohydride that will diffuse into the
aqueous nanodroplets, (2): nucleation and (3): growth of particles in-
side the inverse micelles. A: aqueous phase, composed by mixtures of
metallic precursors (Ho,PtCls + RuCl;) in appropriate ratios in order
to yield the desired binary Pt-based nanoparticles.

fore, enhancement of electrocatalytic activity of Pt/Ru
nanoparticles compared to that of Pt nanoparticles may
not be attributed solely to the electronic effect. The
effectiveness of alloying between Pt and Ru is illustrated
in Fig. 16, which shows the XRD displacement of the
Pt(111) and (200) reflections of Pt, PtggRu,, and
PtsoRusg nanoparticles deposited on BDD. The band
displacement indicates a decrease in the sample lattice
parameter, and it is characteristic of a Pt/Ru alloy
formation [53]. A gradual loss of crystallinity occurs
when the Ru content in the particles is increased, and it
can be attributed to the presence of increasing amounts
of Ru in the amorphous state. The XRD results indicate
that, in addition to the alloy formation between Pt and
Ru evidenced by band displacement, regions may exist
where Ru is not alloyed with Pt but is only present in its
amorphous state [53].

Obviously, XPS cannot be considered as a surface
analysis tool for the study of objects as small as 2-3 nm,
since their whole depth is responding. Cyclic voltamme-
try can provide much more information on the surface
state of BDD-supported nanoparticles. Figure 17
shows, as typical examples, CV in pure supporting
electrolyte (1 m HCIOy) of Pt, PtsoRusy and Ru nano-
particles deposited on BDD. Two major tendencies can
be observed when the Ru content in the particles is
increased: (i) decrease in the quality of the H adsorp-
tion—desorption feature, and (ii) increase in the back-
ground current in the double-layer region. This is
indicative of gradual transition from dominating Pt
surface character to dominating Ru surface character.
This is quite informative in the sense that the more
efficient nanoparticles for the electrocatalysis of meth-
anol oxidation can be discriminated. Indeed, Pt is the
only metal capable of alcohol dehydrogenation, at least
at room temperature.

Figure 18 shows the specific molar current for meth-
anol oxidation recorded by CV as a function of the Pt
content in the particles. As a general trend, the specific
molar oxidation current decreases with the Pt content in
the particles. Indeed, the decrease in the Pt content in
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Fig. 14. TEM micrographs of Pt/Ru nanoparticles synthesized by
the microemulsion method. (A) Pt nanoparticles, (B) PtsoRusy nano-
particles, and (C) Ru nanoparticles.

the nanoparticles decreases concomitantly the probabil-
ity of finding three adjacent Pt sites for methanol
adsorption. This also explains why, within the samples
synthesized here, PtgyRu,o nanoparticles exhibit the
highest specific molar current for methanol oxidation.
However, the beneficial effect of Ru addition to Pt can

Table 2 Pt atomic content of Pt/Ru nanoparticles as determined by
XPS and EDX

Nominal Pt XPS Pt EDX Pt
content/at% content/at% content/at%
100 100 100

80 78.9 84

60 58 61.7

50 50 53.6

40 399 36.8

20 21.7 16.5

0 0 0

clearly be observed in Fig. 19, which shows the linear
sweep voltammograms and the onset of methanol
oxidation on Pt and PtggRu,, nanoparticles. The onset
of methanol oxidation is significantly shifted to lower
potentials on the bimetallic surface. For instance, in the
case of methanol oxidation, a potential of 0.51 V is
needed to reach a specific molar current of 50 A
mol™! ., at Pt, whereas a value of 0.43 V is sufficient
at PtggRu,o. This indicates that continuous alcohol
adsorption and dehydrogenation occur, i.e. surface Pt
sites are available. It is concluded that on the bimetallic
surface the surface reaction between adsorbed CO and
oxygen-containing species occurs at lower potentials,
and that the bifunctional mechanism is valid at Pt/Ru
nanoparticles.

Figure 20 shows the current vs. time transients for
methanol oxidation on Pt and PtggRu,y nanoparticles,
recorded at constant potentials of 0.4 (A) and 0.6 V (B).
These potentials are located before and after water
activation on Pt. All current vs. time transients for
methanol oxidation exhibit the same profile, i.e. sharp
decrease in current followed by a plateau. This profile
has already been reported in the literature and attrib-
uted to fast Pt surface poisoning by strongly adsorbed
intermediates [54]. Some additional comments can be
done, depending on the applied potential and the used
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Fig. 15. Chemical shift of the XPS Pt4f;,, (Pt°) line of bimetallic
microemulsion-synthesized Pt/Ru nanoparticles deposited on Au
substrate. The dashed vertical line represents the position of the sig-
nal in pure Pt nanoparticles.



1000

100 [y

counts

1 0 T T T
35 38 41 44 47 50

20 / degrees

Fig. 16. XRD patterns of microemulsion-synthesized Pt (thick solid
line), PtggRu,q (thin solid line) and PtsgRus, (thin dashed line) nano-
particles deposited on BDD.
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Fig. 17. CV of microemulsion-synthesized Pt (A), PtsoRus, (B) and
Ru nanoparticles (C) deposited on BDD. Recorded in Nj-saturated
1 M HCIO, solution at 50 mV s~! and 25 °C.
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Fig. 18. Specific molar current of methanol electrooxidation ob-
tained with CV measurements in Nj-saturated 1 M HCIO4 + 0.1 m
CH;OH solution at 20 mV s~ and 25 °C.

catalytic surface. At 0.6 V (Fig. 20B), water discharge is
activated on Pt, and therefore free Pt catalytic sites are
available for methanol dehydrogenation. This step is
only possible on Pt sites, so that the initial specific molar
current is higher on Pt nanoparticles than on bimetallic
surfaces. The specific molar current then falls dramat-
ically due to surface poisoning. The current decrease is
far less pronounced on PtggRu,, nanoparticles indicat-
ing higher poison tolerance of this surface. Moreover, as
Ru promotes water discharge at lower potentials than
Pt, the surface reaction between adsorbed CO and
oxygenated species may take place with faster kinetics,
explaining the enhanced electrocatalytic activity on Pt/
Ru. At lower potentials (E = 0.4V, Fig. 20A), the
initial specific molar current is of the same order of
magnitude on both Pt and PtgyRu,o, and then it falls
rapidly. In this case, water dissociation is not activated
on Pt, so that the surface reaction between adsorbed CO
and OH cannot take place. On the contrary, the role of
Ru is to diminish the potential of water discharge. The
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Fig. 19. Linear sweep voltammograms for MeOH electrooxidation
on Pt (thin line) and PtgyRuy, (thick line) nanoparticles deposited on
BDD. Recorded in N»-saturated 1 m HCIO4 + 0.1 m CH3;0H solu-
tion at I mV s™' and 25 °C.
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Fig. 20. Chronoamperometric curves for the electrooxidation of
methanol on BDD-supported microemulsion-synthesized Pt (thin
line) and PtgyRuyg (thick line) nanoparticles at 0.4 (A) and 0.6 V (B).
Recorded in 1 m HCIO4 + 0.1 M CH;0H at 25 °C. Insets: zoom on
the 0-10 s time domain.

surface reaction can thus take place earlier and with
faster kinetics and the initial specific molar current is
higher on Pt/Ru than on Pt. In this case also, the current
decrease is less pronounced on the bimetallic surface and
a higher specific molar current is maintained at PtggRu,,
nanoparticles.
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Fig. 21. Specific molar current after methanol electrooxidation dur-
ing 200 s at constant potential. Recorded in N,-saturated 1 m HCIO4
solution at 25 °C and potentials of 0.4 (dashed line with cross sym-
bols), 0.5 (thin solid line with triangles) and 0.6 V (thick solid line
with squares).

Figure 21 summarizes the specific molar current of
methanol oxidation at selected constant potentials (0.4,
0.5 and 0.6 V), recorded after 200 s of electrolysis when
all curves reached a plateau. Whatever the applied
potential is, the evolution of the “steady state’ specific
molar oxidation current with the Pt content has similar
profile. Among the synthesized compositions, the
PtggRu, nanoparticles are the most active. The activity
decreases with the Pt content in the particles. This is in
good agreement with the literature [55], and it is due to
the stronger methanol adsorption on Pt-rich nanopar-
ticles. It can be considered that the observed activity of
the particles results from the balance between ability of
alcohol adsorption on one hand, and CO tolerance on
the other hand. According to the largely accepted
mechanism of methanol electrooxidation on Pt [56],
three Pt sites are required to adsorb one methanol
molecule. Obviously, the probability to find three
neighbouring Pt sites will decrease when the Pt content
is decreased. Even if Ru plays an important role in the
activity of Pt/Ru surfaces, providing oxygenated species
from water dissociation at lower potential compared to
Pt, it can also hinder the alcohol adsorption.

In order to obtain additional evidence on how the
applied potential and the nature of the catalytic surface
influence the oxidation, electrochemical impedance
spectroscopy (EIS) has been performed. Potential mod-
ulations of 10 mV in the frequency range between
100 kHz and 0.01 Hz were used. Figure 22 shows
Nyquist plots for methanol oxidation on Pt and
PtgoRu,y nanoparticles at constant potentials of 0.4
(A) and 0.6 V (B). The Nyquist plot recorded on Pt at
0.4 V (Fig. 22A) has a well-defined open semi-spherical
shape, whereas those recorded on PtggRu,q (inset of
Fig. 22A) exhibit the beginning of a terminal induction
loop. This induction loop is also present on both
Nyquist plots recorded at 0.6 V (see Fig. 22B). Such
features of Nyquist plots for the electrooxidation of
methanol on Pt [57] and Pt/Ru [58] surfaces have
already been observed. The large impedance arc for
methanol oxidation at 0.4 V is indicative of a slow
reaction rate. It can be assumed that surface poisoning
by reaction intermediates (mainly CO,q4s), which are
strongly adsorbed on Pt active sites and hence block
continuous methanol dehydrogenation, causes the ob-
served slow kinetics. At the same potential, the diameter
of the impedance arc at high frequencies is much smaller
and the inductive loop appears at low frequencies on
PtgoRu,g. The diameter of the impedance arcs decreases
significantly, when the potential is increased up to 0.6 V,
indicating that charge-transfer resistance for methanol
oxidation becomes smaller. Moreover, inductive loops
are present on the two signals (see Fig. 22B), and the
low frequency intersect of impedance with the real axis
(polarization resistance: R, — 0) also decreases when
the potential increases. This indicates that the overall
methanol oxidation rate is faster [59]. The “‘pseudo-
inductive” behaviour means that the current signal
follows a voltage perturbation with a phase delay [60],
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Fig. 22. Nyquist plots for methanol electrooxidation on Pt (squares)
and PtggRuy (triangles) nanoparticles deposited on BDD. Recorded
in Ny-saturated 1 M HCIO4 + 0.1 m CH;3;0H solution at 25 °C at
potentials of 0.4 (A) and 0.6 V (B), with potential modulations of
10 mV in the 100 kHz to 0.01 Hz frequency range.

and it is generally associated with consecutive heteroge-
neous reactions involving adsorbed intermediates [61,
62]. This pseudo-inductive behaviour was observed
firstly during corrosion tests; it was caused by pitting
in the protection layer and subsequent corrosion of the
metal through the holes of the protection layer. The
occurrence of pseudo-inductive behaviour in the case of
methanol electrooxidation can be explained similarly to
corrosion. Initially, the reaction sites are covered with
an adsorbed CO layer generated from methanol dehy-
drogenation (in analogy with the protective layer in
corrosion). When the potential increases, some of the
weakly adsorbed CO are oxidized, producing holes in
the adsorbed CO layer (similarly to the beginning of
pitting). Therefore, the subsequent methanol oxidation
can take place through these holes, just like the
corrosion of metal in the holes of the protective layer.
Consequently, the changes in shape of the Nyquist plots
can be ascribed to the beginning of water activation,
which results in surface reaction between adsorbed CO
and OH to yield free Pt sites. Occurrence of the pseudo-
inductive behaviour on PtgyRu,y at lower potentials
than on Pt indicates that water activation takes place
earlier on the alloyed nanoparticles. This can explain
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also the smaller charge-transfer resistance against meth-
anol oxidation observed at 0.4 V on PtggRu,o nanopar-
ticles. Moreover, it must be pointed out that an
electronic effect could reasonably be expected, due to
the alloyed nature of Pt/Ru nanoparticles. Weakening of
the Pt—CO bond can also be partially at the origin of the
faster kinetics for the surface reaction between CO,q,
and OH. However, when the potential is increased
(0.6 V), the charge-transfer resistance against methanol
oxidation on Pt becomes smaller. This indicates that, as
soon as water is activated on a given surface, its
electrocatalytic behaviour is dominated by its alcohol
adsorption properties. In contrast, the weaker adsorp-
tion on PtggRu,y is counter-balanced, before water
activation on Pt, by both the electronic effect and the
bifunctional mechanism. These phenomena are not
important enough to ensure superior activity of the
alloyed surface when the surface reaction between
adsorbed CO and OH can take place with appreciable
kinetics on Pt. It has been aslo pointed out that the
changes in shape of the Nyquist plots with the applied
potential could be ascribed to involvement of adsorbed
oxygenated species [63]. This is in good agreement with
observations from CV and linear sweep voltammetry
(see Figs. 18, 19, respectively).

4. Conclusions

Boron-doped diamond (BDD) electrode has been used
as substrate for the study of deposited catalytic particles
and nanoparticles. It was expected that the use of BDD
could avoid the problems encountered with other
common substrates, i.e. surface corrosion, oxide forma-
tion or electronic interactions with the deposit. It was
supposed that BDD, due to the inert nature of its
surface, could be a good substrate to investigate the
electrocatalytic behaviour of particles without any
major interference. Moreover, the mechanical and
chemical stability of diamond electrodes also allows
the use of ““severe” methods for preparation of nano-
particles, such as thermal decomposition, without sig-
nificant modifications of the surface properties of the
substrate.

In our laboratory, we have deposited various types of
metal and metal oxide nanoparticles on BDD substrates.
The present article is focused on the electrochemical and
electrocatalytic characterization of thermally decom-
posed IrO, and Au nanoparticles, electrodeposited Pt
particles, Pt DENs and microemulsion-synthesized Pt/
Ru alloys nanoparticles deposited on BDD. The elec-
trochemical response of such composite electrodes can
be attributed solely to the the supported particles. With
the exception of Pt DENS, all synthesized particles were
electrocatalytically active, demonstrating the suitability
of BDD as substrate for the electrochemical investiga-
tion of catalytic particles. Unsatisfactory preliminary
results obtained on Pt DENSs are presumably due to the
insufficient removal of the capping polymer matrix, and
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appropriate conditions for dendrimer removal on BDD
need to be developed. It is concluded that the BDD
electrode is a suitable substrate for the investigation of
supported catalytic nanoparticles. Its use avoids prob-
lems encountered with other common substrate elec-
trodes such as surface oxide formation and corrosion.
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