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Abstract The nucleation and growth of platinum on
polycrystalline gold was studied by chronoamperometry,
cyclic voltammetry, and atomic force microscopy before
and after treatment of the gold surface with hydroxyl (OH•)
radicals. Two different procedures of mechanical polishing
of the gold surface (“coarse polish” and “fine polish”) were
applied before the treatment with OH• radicals. The
nucleation and growth of Pt was much better reproducible
on electrodes which underwent a “coarse polish”. The
treatment of the Au surface with OH• radicals decreased the
number of active sites; however, the nucleation growth
mode remained the same (3-D instantaneous). The sponta-
neous Pt deposition (no externally applied potential) on Au
was unaffected by the treatment with OH• radicals. In situ
atomic force microscopy experiments showed that the Pt
starts to grow only on some of the Au grains, most
probably on those which have active sites on their surface.
This leads to a roughening of the electrode surface upon
Pt deposition. Treatment with OH• radicals did only
quantitatively diminish the amount of deposited Pt, but
qualitatively the imaging of the Pt growth remained the
same. Obviously, the OH• radicals lead to a knockout
(decreasing number) of active sites for Pt nucleation, while
the nature of the remaining active sites stays unaffected.
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Introduction

The elucidation of the nature of active centers on surfaces is
one of the most demanding tasks in catalysis and generally
in surface science. When using the term “active center” one
always has to specify what activity is meant. On a surface
there can be active centers for the catalysis of certain
chemical reactions, e.g., of oxidations or reductions, for the
formation of gas bubbles when the surface is in contact
with a supersaturated gas solution, for the precipitation of
crystals when the surface is in contact with a supersaturated
salt solution, for the growth of an oxide or for the pit
formation by corrosive dissolution, for the electrochemical
deposition of a foreign metal when the surface is in contact
with a supersaturated metal solution etc., and all these
active centers may differ in nature.

The identification and manipulation of “active centers” is
crucial in heterogeneous catalysis [1] where the behavior of
nanometer down to atomic sized centers can be of immense
importance for the development. In 1925, Taylor introduced
[2] the idea of active centers as defect sites; a view which
has been supported by many experimental results [1, 3, 4].
However, the various structures and mechanisms of action
of all different kinds of active centers are still a hot topic,
not only in catalysis, but also in corrosion, plating, and
generally when phase transitions play a role. It is well-
known that variations of the electronic structure and
geometry are frequently determining parameters [5].

In order to obtain a better understanding of the nature of
active sites, we have recently started to apply the following
approach: The surface of an electrode is treated with hydroxyl
(OH•) radicals and the effect of that treatment on the
electrochemical and the electrocatalytic behavior of the
electrode is monitored, as well as the surface is characterized
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by spectroscopic and microscopic techniques [6–9]. The
main results of these studies can be summarized as follows:
(1) treatment of the highly electrocatalytically active metals
Pt (polycrystalline Pt=pc–Pt) and Pd (polycrystalline Pd=
pc–Pd) with OH• radicals do not, or only marginally, affect
their electrochemical and electrocatalytic properties. (2)
However, the electrocatalytic activity of the less active
metals Ag (polycrystalline Ag=pc–Ag) and Au (polycrys-
talline Au=pc–Au) are seriously affected. In the case of pc–
Au and pc–Ag, the surface asperities are also the locus of the
catalytically active sites which means that the active sites are
obviously associated with them and located somewhere on
them. It seems that in case of pc–Pt and pc–Pd, the active
sites are part of the regular surface structure, whereas in case
of pc–Ag and pc–Au the active sites are highly reactive
atoms located at places where the regular structure of the
metal surface has been considerably changed by the
mechanical polishing; i.e., the active sites consist of
dislocated atoms which may be more easily oxidized (or
rehybridized in the sense of d→s). Ag and Au, due to their
electronic structure, will attain a d10−x electron configuration,
a state which can be stabilized at such locations. The d10−x

with x=1 electron configuration is exactly that which is
made responsible for the electrocatalytic activity of regular
surface atoms of Pt, and probably also of catalytically active
Pd atoms [10]. In this connection, it is interesting that in case
of gold deposited on titania, it has been shown that for
CO oxidation the most active gold consists of bilayer
islands [11].

The present paper describes the results of a nucleation
growth study of platinum deposition on pc–Au. We have
selected that topic in order to see how the treatment of the
gold surface with OH• radicals will affect the nucleation
growth mechanism and to compare the effects with the
previously mentioned studies of electrocatalysis.

Hitherto, the deposition of platinum on gold has been the
subject of numerous studies. The mechanism of electro-
chemical nucleation and growth of Pt from Pt(II) solutions
on Au(100) and Au(111) has been found to follow the
Volmer–Weber growth mode [12, 13]. The interpretation of
the mechanism of electrochemical deposition of Pt from Pt
(IV) solutions is inconsistent. Waibel et al. identified a
Volmer–Weber growth mechanism [12] whereas Kondo
et al. identified a Frank–van der Meerwe mechanism [13].
On nanoporous gold, the growth mechanism has been
even identified to follow a pseudo Stranski–Krastanov
mechanism [14]. Platinum is adsorbed spontaneously as
Pt2+ and the successive reduction in platinum-free solution
leads to a homogeneous nucleation and growth, not
dependent on the surface morphology and the valency of
platinum [15–17]. Table 1 gives a summary of previous
studies of Pt deposition on Au.

Experimental section

Electrochemical instrumentation

Chronoamperometry and cyclic voltammetry were performed
with an Autolab, model 302 potentiostat (Eco-Chemie,
Utrecht) using a three-electrode system. A gold disk electrode
(1.0 mm radius; Metrohm) was used as the working electrode,
a 3 MKCl Ag/AgCl electrode (E=0.207 V vs. SHE at 25 °C)
served as the reference electrode, and a glassy carbon rod
was used as the auxiliary electrode.

Hydroxyl radical generation

The Fenton solutions had the following composition:
FeSO4 ⋅6H2O (cFe( I I ) = 1 × 10

−3 mol L−1; Merck),
disodium ethylenediaminetetraacetate (Na2EDTA; cEDTA=
1×10−2 mol L−1; Merck), acetate buffer (cAc−=cHAc=1×
10−1 mol L−1; pH 4.7), and H2O2 (cH2O2 ¼ 1�
10�2 mol L�1). The Fenton solutions were always freshly
prepared. In some experiments, the hydroxyl radicals
were generated with the help of UV photolysis of H2O2.
The UV reactor, filled with H2O2 solution (cH2O2 ¼ 1�
10�1 mol L�1), was used for hydroxyl radical attack before
atomic force microscopy (AFM) measurements. H2O2 was
added immediately before starting the experiments. The UV
reactor was equipped with a high-pressure mercury lamp
(500 W). Quartz glass vessels were used to house the H2O2

solution and the gold electrode.

Electrode preparation

The pc–Au disk electrodes have been polished following
special schemes because it is not possible to chemically
dissolve the precipitated Pt from the gold electrode, so that
the only way of removing the Pt is mechanical abrasion and
polish. However with such mechanical procedure, it can
very easily happen that traces of metallic Pt remain on the
pc–Au electrode, and these traces would of course act as
nucleation centers par excellence. Therefore the following
procedure was applied: (a) “Fine polish”: after Pt precip-
itation the most upper surface layer of the electrode was
removed with the help of an abrasive paper (first 63 μm,
followed by 42 μm SiC; Bosch) carefully avoiding to move
the electrode over areas which have been already contam-
inated by Pt. That abrasion was followed by polishing on
9 μm abrasive pads (3M™, 268 L Finesse-it™, part no
00127), and later using alumina powder of decreasing
particle size 1.0, 0.3 μm, and finally 50 nm (Buehler) using
a PSA Microcloth (Buehler). The movement of the
electrode described an “8” on the polishing cloth as to
assure the most even polishing. (b) “Coarse polish”: same
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as in (a) but finishing with the 9 μm abrasive pads. After
each polishing, the electrode was rinsed with a direct
stream of water (Milli-Q, Millipore, conductivity of ca.
0.056 μS cm−1), and the electrode was dried. Then the
electrode was cycled between −0.3 and 1.5 V (vs. Ag/AgCl) in
0.1 M H2SO4 two times with a scan rate of v=50 mV s−1.

Electrode exposure to Fenton solutions (treatment
with hydroxyl radicals)

Following the polishing and electrochemical pretreatment,
the electrode was washed with water and exposed to
freshly prepared Fenton solutions for 5 min intervals.
The exposure was repeated so that the overall exposure
time ranged from 5 to 90 min. The reaction of the
Fenton solution with the gold electrode was terminated
by removing the electrode from that solution and
washing it with double-distilled water.

Platinum deposition

The deposition was performed in H2SO4 (cH2SO4 ¼
0:1mol L�1) solutions of commercial K2PtCl4 (99.99%,
Sigma-Aldrich) and also using self-synthesized H2PtCl6. If
not otherwise given, the Pt concentration was 5 mM.
Before the electrochemical deposition experiments, the
electrode was polarized for 60 s at E=620 mV vs. Ag/AgCl,
which is slightly above the equilibrium potential. After the
electrochemical deposition, the potential was set to 620 mV
to stop the deposition. Before measuring the deposited
amount of platinum, the gold electrode was intensively
rinsed under double-distilled water and then transferred to
the respective electrolyte solution.

In situ atomic force microscopy

Atomic force micrographs were recorded with a “NanoScope
I” (Digital Instruments) using the software “NanoScope E
4.23r3”. In situ atomic force microscopy was performed in
a home-made cell (three-electrode system) where the gold
disk electrode can be situated directly beneath the
cantilever and the potential was controlled by an Autolab,
model 101 (Eco-Chemie, Utrecht). As reference electrode,
an Ag/AgCl (3 mol L−1 KCl) electrode was connected via a
polyethylene tube filled with KCl saturated agar gel to the
home-made cell. A platinum sheet was used as auxiliary
electrode.

Results and discussion

Electrochemical studies

The effect of two different mechanical polishing procedures
on the nucleation of Pt on pc–Au

The nucleation and growth of platinum was studied under
potentiostatic conditions by applying a potential which was
more negative than the potential where the deposition starts
(onset potential). The standby potential was 620 mV vs.
Ag/AgCl, which is slightly more positive than the equilib-
rium potential. The equilibrium potential is close to the
Nernst potential [12]. Figure 1a shows the current transients
of Pt deposition on a pc–Au electrode which was subjected
to the so-called “coarse polish” only. The curves were
recorded applying different deposition potentials. The
current transients show two peaks, probably indicating a

Table 1 Conditions and growth modes of deposition of Pt on Au

Author; year Growth mode; Volmer–Weber (VW),
Frank–van der Merwe (FM),
pseudo Stranski–Krastanov (SK)

Deposition mode;
electrochemical deposition (ED),
ultra-high vacuum (UHV)

Pt species Au substrate

Waibel et al. [12], 2002 VW ED [PtCl6]
2− Au(111)

[PtCl4]
2− Au(100)

Kondo, Uosaki et al. [13], 2010 VW FM ED [PtCl6]
2− Au(111)

[PtCl4]
2−

Strbac et al. [15], 2007 VW (not on defects) Spontaneous ED [PtCl6]
2− Au(111)

Nagahara et al. [16], 2004 VW (not on defects) Spontaneous ED [PtCl4]
2− Au(111)

Mathur et al. [14], 2008 SK UHV Pt Nanoporous gold

Matthews and Jesser [31], 1967 FM UHV Pt Au(111)

Sachtler et al. [32], 1981 VW UHV Pt Au(100)

Sugawara et al. [33], 1991 FM UHV Pt Au(100)

Pedersen et al. [14], 1999 FM UHV Pt Au(111)

Friedrich et al. [34], 1997 VW ED [PtCl6]
2− Au(111)
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multinuclear–multilayer growth [18] or simply a deposition
on two different active sites (or active sites and “normal”
Au surface atoms). The very first current peak represents
the first stage of nucleation and growth of platinum on
gold. The peak currents of the first cathodic peak are
supposed to be proportional to the number of active centers.
In Fig. 1a, the first current peak can be observed after
around 4 s and the second peak after around 32 s.
Increasing the overpotential shifts the maxima to shorter
times, until the first peak is even merging with the initial
capacitive current decay (see Fig. 1a).

The current transients depicted in Fig. 1a were in fact
recorded at a later stage of the research, because the first
experiments were all performed with gold electrodes which

were subjected to the so-called “fine polish” (Fig. 1b)
because it was expected that a meticulous polish will be the
best basis for reproducible results. However, the reproduc-
ibility was much worse with the “fine polish” as can be
seen from Fig. 2. That figure shows a comparison of current
transients recorded with pc–Au electrodes after the “coarse
polish” and “fine polish” but otherwise under identical
conditions. These results can be understood as a sign that
the “coarse polish” produces a better reproducible number
and quality of active sites, whereas the “fine polish” results
in a smaller number of rather different active sites from
experiment-to-experiment.

The effect of treating the pc–Au surface with hydroxyl
radicals on the electrochemical nucleation of Pt on pc–Au

It has been shown earlier that OH• radicals can effectively
smooth the surface of gold [6] and selectively knockout the
active centers of oxygen reduction [7]. These results
encouraged us to study the effect of OH• radicals on the
active sites of Pt nucleation. We used Fenton [19] solutions
for the generation of OH• radicals. The major reaction
proceeding in Fenton solutions of the used composition is
the following [20]:

Fe2þ þ H2O2 ! OH� þ OH� þ Fe3þ

When the concentration of hydrogen peroxide exceeds
the concentration of iron(III), it is re-reduced by superoxide
which is formed in a reaction of the OH• radicals with
hydrogen peroxide and the hydroxyl radical formation is

Fig. 1 Potential dependent deposition of platinum on gold. A
Chronoamperometric deposition of Pt on pc–Au electrodes from
solutions containing 5×10−3 mol L−1 H2PtCl4 and 0.1 mol L−1 H2SO4

following the “coarse polish” of the electrodes: deposition potentials
Edep=a 100 mV, b 200 mV, c 250 mV, d 300 mV vs. Ag/AgCl; B
Chronoamperometric deposition of Pt on pc–Au electrodes from
solutions composed as in a following the “fine polish”: deposition
potentials Edep=a 150 mV, b 200 mV, c 250 mV vs Ag/AgCl

Fig. 2 Chronoamperometric curves of Pt deposition on two differ-
ently polished pc–Au electrodes: deposition potential Edep=270 mV
vs. Ag/AgCl, solution composition: 1×10−2 mol L−1 H2PtCl4 and
0.1 mol L−1 H2SO4. Curves measured with pc–Au electrodes
following a “fine polish” are labeled by a, and curves measured with
pc–Au electrodes following a “coarse polish” are labeled by b
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continuing on account of the formed iron(II) until all
hydrogen peroxide is consumed:

OH� þ H2O2 ! Hþ þ O2
�� þ H2O andO2

�� þ Fe3þ ! O2 þ Fe2þ

This reaction sequence can be formulated as the so-
called iron-catalyzed Haber–Weiss reaction [21, 22]:

O2
�� þ H2O2 ! O2 þ OH� þ OH�

Upon attack of the mechanically polished gold electro-
des by hydroxyl radicals, the first nucleation peak is
decreased. The current maxima decreased from about
−21 μA to about −16 μA, which equals to a loss of 24%
of active sites (Fig. 3). Very interestingly, and most
probably nor by accident, this figure is near to the decrease
of the real surface area by 30–37% found in earlier studies
[6]. The decrease in the current of the first nucleation peak
indicates a knockout of nucleation centers for the electro-
chemical deposition of platinum on gold. There is also a
time shift of the maxima. However, the follow-up deposi-
tion at the second peak remains unaffected. The same
experiments were performed with gold after the “fine
polish” (Fig. 4a). Each line represents a freshly prepared
electrode. The electrochemical deposition on the “fine
polished” electrodes is highly irreproducible and the current
transients vary considerably. However, the total charge of
platinum reduction after treatment with hydroxyl radicals is
certainly diminished; therefore, the deposited amount of
platinum is decreased. The blocking effect of the hydroxyl
radicals on the deposition of platinum on gold is clearly

visible. Nevertheless, the reproducibility is not as good as
by using the “coarse polish”: by measuring the effect of
hydroxyl radicals on gold with H2PtCl6, the effect is not as
big as with the bivalent platinum (Fig. 4b). Taking into
account that Pt4+ exhibits deposition features of the
Frank–van der Meerwe mode with the layer-by-layer
growth and that the current is overlapping with the
Cottrell behaving current due to the reduction of Pt4+ to
Pt2+, this supports our interpretation that OH• radicals
diminish the number of active sites.

After deposition, the relative amount of active platinum
on gold can be estimated by cyclic voltammetry (Fig. 5) as
follows: the peak between 0.3 and 0.4 V represents the
reduction of the “Pt oxide” (or oxygen desorption from Pt,
as others call it) and the peak between 0.8 and 0.9 V the
reduction of “Au oxide” (or oxygen desorption from Au).

Fig. 3 Chronoamperometric curves of Pt deposition on pc–Au
electrodes (after “coarse polish”): red curves are measured after a
treatment of the electrodes with OH• radicals, i.e., exposure to freshly
prepared Fenton solutions (12 times, 5 min=1 h). The black curves
were measured with untreated pc–Au electrodes. Deposition potential
Edep=270 mV vs. Ag/AgCl, solution composition: 1×10−2 mol L−1

H2PtCl4 and 0.1 mol L−1 H2SO4

Fig. 4 Chronoamperometric traces of Pt deposition at Edep=300 mV
vs. Ag/AgCl from a solution containing A 1×10−2 mol L−1 K2PtCl4
and 0.1 mol L−1 H2SO4, and B 1×10−2 mol L−1 K2PtCl6 and
0.1 mol L−1 H2SO4. Black lines polycrystalline gold electrodes after
“fine polish”; red lines polycrystalline gold electrodes after “fine
polish” and following treatment with OH• radicals for 1 h
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To estimate the surface coverage of Au by Pt, the assumption
was made that the charges underneath these peaks are
proportional to the exposed metal surfaces. This assumption
is certainly not exactly true, as the kinetics and potential
dependence of formation and reduction of the two metal
oxides, and also their structures certainly differ. However, to
make a rough estimate of the relative surface areas, that
assumption may be allowed. It is obvious from Fig. 5 that the
amount of active platinum on the surface is less when the
gold surface has been treated with hydroxyl radicals before
deposition. The average ratio (qPt : qAu) of 10 measurements
for deposition of Pt on pristine pc–Au was 3.5, whereas for
Fenton-treated pc–Au, the ratio dropped to 1.4.

The effect of a pretreatment of the gold electrode with
Fenton solutions is also visible in the cyclic voltammo-
grams depicted in Fig. 6 where Pt was deposited from
H2PtCl6 solutions. The currents at E=0.33 V vary between
−13 and −18 μA for the mechanically polished pc–Au and
between −12 and −15 μA for Fenton polished pc–Au. The
forward scan is crossing the backward scan, indicating a
nucleation process. The onset potential, i.e., the potential
where the reaction starts, is about 0.35 V vs. Ag/AgCl. The
same experiments (not shown) were performed with
K2PtCl4: the onset potentials were slightly moved to
negative potentials and the currents at 0.3 V vs. Ag/AgCl
were decreased; however, no significant difference between
mechanically and Fenton polished pc–Au was observed.
The cathodic current which builds up at potentials of 0.6–
0.7 V with increasing Pt deposited on Au is due to the
decreased overpotential of Pt deposition.

The kinetics of nucleation and growth of Pt on pc–Au
electrodes was also analyzed in the formal framework of
the Scharifker and Hill [23] approach. Scharifker and Hill
have solved the Avrami theorem for multiple nucleations
with growing diffusion zones. Two cases were distin-
guished, instantaneous and progressive growth. The instan-
taneous nucleation takes place at a constant number of
active sites, whereas in the case of progressive nucleation
the new phase nucleates, grows and the diffusion zones
overlap during the entire period of observation. In case of
three-dimensional (3-D) instantaneous nucleation, the
following equation holds:
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and for 3-D progressive nucleation:
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Figure 7 depicts plots of the experimental results in the
coordinates (i/im)

2 versus t/tm and also the theoretical curves
according to Eq. 1 (3-D instantaneous nucleation) and Eq. 2
(3-D progressive nucleation). Obviously, the nucleation
follows the 3-D instantaneous mode. Further, the Fenton
treatment does not change the nucleation mode. Waibel
et al. [12] have mentioned that they observed 3-D
progressive nucleation for the deposition of Pt on Au (100)
and (111) single crystal surfaces.

Fig. 6 Black curves first cycle of Pt deposition on pristine pc–Au
electrodes (after “fine polish”); red curve first cycle of Pt deposition
on pc–Au electrodes after “fine polish” and Fenton treatment for 1 h
(12 times, 5 min). The black and red dots show the currents of
repeated Pt depositions, as the depiction of the full curves would be
confusing. Pt deposition was performed at a scan rate of 1 mV s−1 from
solutions containing 1×10−2 mol L−1 H2PtCl6 and 0.1 mol L−1 sulphuric
acid. Start potential, 0.62 V; starting direction, to negative potentials

Fig. 5 Cyclic voltammograms (v=100 mV s−1) in 0.1 mol L−1 H2SO4

solutions. Blue curve pristine gold electrode after “coarse polish”.
Black curve gold electrode (“coarse polish”) after Pt deposition at
Edep=270 mV vs. Ag/AgCl in a solution containing 1×10−2 mol L−1

K2PtCl4 and 0.1 mol L−1 H2SO4 for 60 s. Red curve gold electrode
(“coarse polish”) treated for 1 h (12 times, 5 min) with freshly
prepared Fenton solutions and recorded after Pt deposition (parameters
like in case of black curve)
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The effect of treating the pc–Au surface with hydroxyl
radicals on the spontaneous nucleation of Pt on pc–Au

As mentioned in the “Introduction” section, Pt can be
spontaneously deposited (without external application of a
potential) on Au electrodes [15–17]. The detailed mecha-
nism of this deposition is still debated [17]; however, it is
very likely that a strong adsorption of [PtCl4]

2−, as it is
known to occur [16], plays a role. We wanted to see if that
spontaneous deposition will be affected by a treatment of
the pc–Au electrodes with hydroxyl radicals. Figure 8
shows that the spontaneous Pt deposition is practically not
affected by the Fenton treatment. These results can be taken
as indication that the active sites for the spontaneous Pt
deposition differ from those for the electrochemical
deposition. From the work of Nagahara et al., it is clear
that the adsorption of [PtCl4]

2− occurs on regular surface
sites and not at specific active sites in the sense of surface
defects. Hence, it is understandable that the treatment of the
pc–Au surface which is known to affect only active sites
(surface defects) [6, 7] is not affecting the spontaneous Pt
deposition.

In situ atomic force microscopy of electrochemical
deposition of Pt on pc–Au

In further experiments, the nucleation and growth of Pt on
Au was studied by in situ AFM. For that purpose, a home-
made electrochemical cell (Fig. 9) was placed under the
atomic force microscope so that the topography of the pc–
Au disk electrode could be imaged. The AFM was used in

the contact mode. Figure 10a shows an atomic micrograph
of the pc–Au electrode after the “fine polish” recorded at
620 mV (i.e., the standby potential where no Pt deposition
takes place) in a solution containing 0.1 mol L−1 sulphuric
acid and 5×10−3 mol L−1 K2PtCl4. In order to reduce the
deposition time to values below 1 s for minimizing time
shifts of the images, the deposition was performed at

Fig. 8 Cyclic voltammograms recorded after spontaneous deposition
of Pt on a pristine gold electrode after a “coarse polish” (black curve)
and on a gold electrode which has been subjected to a Fenton
treatment (1 h, i.e., 12 times, 5 min) after the “coarse polish” (red
curve). The spontaneous deposition of Pt was carried out in solutions
containing 3×10−3 mol L−1 H2PtCl4 and 0.1 mol L−1 H2SO4. The cyclic
voltammograms were recorded in sulphuric acid (0.1 mol L−1 H2SO4)
with scan rate v=50 mV s−1

Fig. 7 Plots of Eq. 1 (3-D instantaneous nucleation; white square),
Eq. 2 (3-D progressive nucleation; black square), and of the
experimental results of Pt deposition transients using a pristine gold
electrode after “coarse polish” (black line), and using a gold electrode
which—after the “coarse polish”—has been treated with Fenton
solutions for 1 h (12 times á 5 min; red line). The experimental data
relate to the transients shown in Fig. 3

Fig. 9 Home-made electrochemical cell with a polycrystalline gold
disk as the working electrode (WE), a platinum auxiliary electrode
(AE), and an Ag/AgCl (3 mol L−1 KCl) reference electrode (RE)
which was connected with a polyethylene tube filled with KCl
saturated agar gel. The cell was placed directly under the atomic force
microscope
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−300 mV. Already after a very short pulse deposition of Pt
(pulse time tp=0.8 s, pulse potential tp=−300 mV), one can
observe that certain gold grains grew (see the marks in
Fig. 10a and b) whereas other grains remained unchanged.
The electrode surface is getting rougher during the
deposition (at least in the first stages of deposition). This
can be also deduced from profiles (Fig. 11) which have
been measured for Pt deposition at +300 mV, i.e., exactly at
the same potential as in case of the purely electrochemical
studies: the profile (cut) shows that some grains grew and
others remained unchanged. For these profiles, the AFM
images were recorded using a much more diluted K2PtCl4
solution (1×10−4 mol L−1) and a longer deposition pulse
duration (tp=20 s). This behavior can be explained as
follows: some gold grains are active towards the nucleation
of Pt and these active sites prompt the growing of Pt on
these gold grains so that these gold grains are decorated by
a Pt layer.

In further experiments, the effect of OH• radicals on
Pt deposition was also studied by in situ AFM. Figure 12
shows in situ atomic force micrographs analogous to those
shown in Fig. 10, but using a pc–Au electrode which has
been treated with OH• radicals generated in the UV
reactor. Like in the case of Fig. 12, it can be seen that
only certain Au grains are covered by Pt. No obvious
differences between an untreated and an OH•-treated
electrode could be observed. This is not surprising
because the electrochemical experiments have shown only
differences in the absolute amounts of deposited Pt, a
feature which cannot be easily deduced from the atomic
force micrographs.

Conclusions

The results of this study can be summarized as follows:

1. The electrochemical nucleation and growth of Pt on
polycrystalline Au electrodes is much more reproducible
when the electrodes underwent a mechanical “coarse
polish” compared to a mechanical “fine polish”.

2. Treatment of the polycrystalline Au electrodes with
OH• radicals diminishes the number of active sites on
the Au surface. Quantitatively, this diminishing (24%)
is at the same order of magnitude as the diminishing of
real electrode surface area (30–37%) found in a
previous study. Although it cannot be excluded that
the decrease of the number of active sites is the effect
of decreased real surface area, we advocate the view
that it is a real knockout of active sites, very much as in
case of the knockout of electrocatalytic sites reported
previously [7]. The unaffected spontaneous Pt deposi-
tion further supports that view.

3. The electrochemical deposition of Pt on polycrystalline
Au electrodes follows a 3-D instantaneous nucleation,
both for Au electrodes before and after treatment with
OH• radicals.

4. The spontaneous deposition of Pt on polycrystalline Au
is unaffected by OH• radicals.

5. In situ AFM experiments show that the Pt grows on
top of some of the Au grains, apparently on those
which have active sites on their surface. This leads
to a roughening of the electrode surface upon Pt
deposition.

Fig. 10 AFM micrograph of bulk deposition of platinum on a pc–Au
electrode. Electrochemical deposition was followed in situ with an
atomic force microscope in deflection mode in a solution containing
0.1 mol L−1 H2SO4 and 5×10−3 mol L−1 K2PtCl4. A Gold substrate, B

gold substrate during deposition (deposition was started potentiostatically
at Edep=−300 mV vs. Ag/AgCl for 0.8 s so that the pulse was
applied when the micrograph recording reached the stage indicated
by the red arrow)
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Fig. 11 First deposition stage
of platinum on polycrystalline
gold. a Atomic force
micrograph of the pristine
pc–Au electrode (“fine polish”)
before Pt deposition. b Atomic
force micrograph of the same
area shown in a; however, after
Pt deposition from a solution
containing 1×10−4 mol L−1

H2PtCl4 and 0.1 mol L−1 H2SO4

applying a deposition pulse of
20 s at Edep=300 mV vs.
Ag/AgCl. c Profiles of a cut
through the images a (full line)
and b (dotted line)

Fig. 12 In situ AFMmicrograph of bulk deposition of platinum on a pc–
Au electrode treated in the UV Reactor for 5 min in defelection mode.
Electrochemical deposition was followed in situ with an atomic force
microscope in solution containing 0.1 mol L−1 sulphuric acid with 5×

10−3 mol L−1 K2PtCl4. A Gold substrate before deposition, B gold
substrate during deposition: the deposition was started potentiostatically at
Edep=–300 mV vs. Ag/AgCl for 0.8 s so that the pulse was applied when
the micrograph recording reached the stage indicated by the red arrow
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The results allow the following interpretation:

1. The higher reproducibility of deposition experiments
with the mechanical “coarse polish” electrodes is
probably the result of a much larger number of active
sites, and thus better averaging of the quality and
quantity of the active sites.

2. The diminishing of the number of active sites without
indication of a change of the quality of active sites can
be seen as the result of a chemical knockout of the
active sites, very similar to the knockout of the
electrocatalytic sites observed earlier.

3. The phenomenon that the OH• treatment does not
change the nucleation mode in electrochemical deposi-
tion experiments (always 3-D instantaneous nucleation)
also indicates that the active sites are not qualitatively
altered.

4. The result that the spontaneous Pt deposition on pc–Au,
i.e., deposition without application of an external
potential, is not only qualitatively, but also quantita-
tively unaffected by the OH• radicals, indicates that the
active sites for that deposition reaction are not the same
as those for the electrochemical deposition. Most
probably, and in agreement with recent findings [17],
the spontaneous deposition is based on an isotropic
adsorption of Pt ions on the Au surface.

5. The in situ AFM experiments can be interpreted both
on the basis of a Volmer–Weber and a Stranski–
Krastanov mechanism. In view of the findings of
Mathur and Erlebacher [14], the latter mechanism
may seem likely; however, the fact that the number of
Pt nuclei is diminished after treatment of the pc–Au
with OH• radicals indicates that a monolayer under-
neath the growing Pt crystals is unlikely. The idea of a
Pt monolayer is not compatible with the idea of specific
active sites on Au.

6. The results do not contradict the hypothesis that the
active centers for electrocatalysis of oxygen reduction
and for Pt deposition may be indeed the same. The
partially filled d-orbitals of Au atoms, which are
supposed to be the active sites of oxygen reduction
[7], can easily be the active sites of the deposition of
the first Pt atoms with the formation of Au–Pt bonds.
This nucleation scenario would be in agreement with
the recently proposed chemical model of nucleation,
which is based on the assumption that the active site is
active because it possesses the ability to form a strong
chemical bond with the nucleating species [24].

7. The results shine new light on earlier models of
active sites of gold electrodes propagated by Burke
et al. [25–28]. Indeed, the active sites are obviously
highly reactive gold species on the gold surface.

8. The results also allow a better understanding of the
activity of gold implants: Danscher [29] and Danscher
and Larsen [30] have shown that gold ions are liberated
from gold implants, and that is now, on the basis of our
studies, understandable as dissolution of active gold
sites by free oxygen radicals which are typically formed
in immune defense reactions.

From that summary and the interpretation, the following
future tasks can be derived:

– It is necessary to study the effect of OH• radicals on the
deposition of Pt on single crystal gold electrodes using
scanning tunneling microscopy and AFM.

– It would be highly interesting to perform experiments
revealing the spatial distribution of electrocatalytic
centers (e.g., for oxygen reduction) and to compare
these activity maps with the activity maps for Pt
deposition. Only such experiments may provide the
answer to the most crucial question: are the active
centers for electrocatalysis of oxygen reduction identi-
cal with the active centers of Pt deposition (or any other
electrocatalytic and deposition reactions) and what is
their real nature?
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