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Abstract
Using different electrochemical techniques as well as in situ scanning tunneling microscopy (STM) and ultraviolet photoelectron
spectroscopy (UPS), we investigated the electrocatalytic oxidation of carbon monoxide and methanol on palladium and on
platinum nanoislands, which were deposited onto 4,4′-dithiodipyridine self-assembled monolayers (SAMs) on Au(111) single
crystal electrodes. Electrochemical and morphological measurements performed on these monoatomic highmetal deposits on top
of the SAM show rather different island growth along with variations in metal coverage and particle size. UPSHe-II valence band
spectra of all Pt deposits reveal no intensity at the Fermi energy, so that the resulting nanoislands can be considered as non-
metallic. While the electronic and structural properties do not affect carbon monoxide adsorption, the metal coverage has a
tremendous impact on the catalytic activity regarding CO oxidation as well as methanol oxidation.
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Introduction

Self-assembled monolayers (SAMs) of organothiols and
disulfides on metal surfaces have become an essential part in
several systems and many devices related to interfacial elec-
trochemistry and surface science [1–5]. The ease of prepara-
tion, combined with structural diversity and the possibility to
alter the chemical reactivity of the surface by variation of
terminal functional groups, makes SAM systems suitable for
many applications in nanotechnology. These systems can be
used as ultrathin layers for corrosion protection [6, 7], as well
as building blocks in sensors and biosensors to immobilize
different types of biomolecules (e.g., DNA) [8, 9], and in
molecular electronics as transistors and switches [10, 11].

Beyond that, especially metallized SAMs have attracted
considerable interest (e.g., in molecular electronics [12] or
for rectifiers/transistors [13]) because they offer the prospect
of fabricating electronic circuit components for molecular de-
vices [14] on a nanoscale size.

However, so far, only a few methods are available for suc-
cessful metallization of organic layers [15]. In the particular
case of thiol or dithiol SAMs on gold electrodes, the existence
of well-ordered structures is advantageous for metallization
[4]. Thus, an applicable method for the metallization of
SAM-modified gold surfaces is electroless deposition, which
is referred to as forced deposition by using reducing agents
dissolved in the electrolyte [16, 17]. The utilization of hydro-
gen as reducing agent ensures the absence of possible impu-
rities in the final metal deposit [18]. Alternatively, various
SAMmetal junctions can be prepared by simple electrochem-
ical techniques [19, 20]. Ideal combinations involve aromatic
molecules (e.g., 4-mercaptopyridine, 4,4′-dithiodipyridine, 4-
aminothiophenol, thiazole, 1,4-dicyanobenzene) and noble
metals such as Pd, Pt, and Rh [19, 21–28]. Interestingly, the
formation of a molecular Bdouble-decker^ showed an exten-
sion of this method to even obtain 3D architectures [29]. A
well-ordering of the SAM structures seems to be mandatory
for simple metallization in order to obtain monoatomic high
metal islands of nanometer size. In addition, chemical
functionalization, e.g., via the nitrogen of the pyridine ring
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in 4-mercaptopyridine (4-PyS) facing the electrolyte side, is
crucial for a successful metallization, since it was shown that
metallization of thiophenol and 2-mercaptopyridine (both
with no nitrogen being directly oriented towards the electro-
lyte) could not be achieved [26, 27]. It is assumed that molec-
ular complexes of noble metal cations with the adsorbed 4-
mercaptopyridine ligands are formed prior to the deposition
step. The SAM molecules were found to adsorb via the
thiolate group in threefold hollow sites on the Au(111) sur-
face, which results in an ordered (√3 × √3) superstructure for
saturation coverage as shown by theoretical calculations [30,
31]. For simplicity, it was therefore assumed earlier that the 4-
mercaptopyridine coverage equals 1/3 with respect to the
Au(111) surface atoms in agreement with these theoretical
calculations. However, more precisely, under the typical elec-
trochemical conditions, lower coverages of the 4-
mercaptopyridine SAM with (5 × √3) and (7 × √3) structures
have been observed [21, 22]. Furthermore, the experimental
SAM structures are strongly dependent on the applied elec-
trode potential (transition from ordered to disordered struc-
tures), nature of the electrolyte as well as the adsorbed anions
(perchlorate vs. (bi)sulfate), pH of the electrolyte, and finally
the source of the adsorbed molecules i t se l f (4-
mercaptopyridine compared to 4,4′-dithiodipyridine) [21, 22,
32–35].

Since metallized SAMs have been investigated in great
detail in the past with respect to their formation and morpho-
logical properties [19, 23–27, 36], the resulting nanoscaled
metal islands can now serve as attractive platforms to study
their electrocatalytic behavior, as island size and electronic
structure can be tuned over a wide range.

In the present work, the electrocatalytic properties of
monoatomic high Pd and Pt nanoislands deposited onto 4,4′-
dithiodipyridine on Au(111) are studied as a function of metal
loading, the electronic nature of the metal as well as the size of
the nanoislands. While massive Pd and Pt electrodes are well
known as active catalysts for the oxidation of small molecules
such as CO, methanol, and formic acid, appropriate
nanoislands formed on a SAM-modified Au(111) electrode
provide the opportunity to investigate systems that differ from
both bulk metal and metal clusters, respectively.

In our experiments, 4,4′-dithiodipyridine (4-PySSPy) was
used, which is known to form a (7 × √3) superstructure in
sulfuric acid at 0.2 monolayer coverage. This SAM system
has been investigated in great detail and shows reproducible
structures and coverage [19, 22, 26–28]. Metallization of the
thus formed 4,4′-dithiodipyridine SAM with either Pd or Pt
was achieved by spontaneous binding metal complexes to the
pyridine nitrogen groups and subsequent electrochemical re-
duction in electrolytes free of metal salt [19, 26, 27]. As con-
firmed by angle-resolved X-ray photoelectron spectroscopy
(AR-XPS) earlier, this procedure enables the deposition of
both metals on top of the SAM rather than onto the Au(111)

substrate itself [19, 27, 29]. Furthermore, photoemission spec-
troscopy using He-II radiation (UPS) allowed to extract valu-
able information about the electronic properties in the case of
Pd islands in the past, thereby identifying a non-metal to metal
transition as function of metal coverage [36]. Consequently, in
the present study, additional UPS measurements have been
performed on Pt islands, allowing for a direct comparison of
electronic properties between both metal overlayer systems.
These measurements have been complemented by extensive
morphological (in situ STM) and electrocatalytic
characterizations.

Experimental

The Au(111) electrode (MaTecK, Jülich, Germany) used for
electrochemical measurements was a cylinder (0.4 cm diame-
ter, 0.125 cm2 surface area) with one of its faces oriented to
better than 1°. Before each experiment, the electrode was pre-
pared by flame annealing and subsequent cooling in a nitrogen
atmosphere. The samples were prepared by combining
currentless and electrochemical methods, following the ap-
proach of Kolb and co-workers [19]. The freshly annealed
Au(111) electrode was immersed for 10 min without potential
control into an aqueous solution of 20 μM 4,4 ′-
dithiodipyridine, which was deaerated to prevent oxidation
of the disulfide molecules. After rinsing the thiol-modified
electrode with ultrapure water, the sample was immersed into
a metal-ion-containing solution (0.1 mM PdSO4 or K2[PtCl4])
for 5 or 15 min, respectively. After rinsing thoroughly with
ultrapure water, the electrode was transferred into a metal-ion-
free electrochemical cell, where it was contacted at 0.5 V vs.
SCE with 0.1 M H2SO4 to prevent immediate reduction of the
adsorbed metal ions. Afterwards, the adsorbed metal ions
were reduced electrochemically. Subsequently, the prepared
samples were rinsed again with ultrapure water and transferred
to another reaction solution containing electrochemical cell
(0.1 M H2SO4 or 0.1 M NaOH + 2.5 M MeOH), where they
were contacted at negative potential with the electrolyte to
prevent the adsorption of anions or unintentional oxidation
of the reaction species. For the CO oxidation experiments,
CO was bubbled into the electrolyte for at least 10 min.
Before CO stripping, the electrolyte was purged with nitrogen
to remove dissolved CO from solution.

The solutions were made of H2SO4 (Merck, Suprapur),
4,4′-dithiodipyridine (Acros Organics, 98%, as received),
PdSO4 H2O (Alfa Aesar, 99.95%), K2PtCl4 (Aldrich,
99.99%), MeOH (Fluka, 99.9%), NaOH × H2O (Merck,
99.99%), and ultrapure water (18.2 MΩ cm, TOC <3 ppb)
which was deaerated with nitrogen 5.0 (MTI) or argon 5.0
(MTI). All experiments were carried out at room temperature
with a standard electrochemical setup and a saturated calomel
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electrode (SCE, Schott, B 3510) as reference electrode. All
potentials are given with respect to SCE.

The in situ scanning tunneling microscopy (STM) experi-
ments were performed with a Topometrix TMX 2010
Discoverer STM. A larger Au(111) electrode with a diameter
of 12 mm (MaTecK) was used for STM measurements be-
cause of cell design. The preparation of the electrode and the
samples is similar to the one described for the electrochemical
measurements. The electrode was brought in contact with the
electrolyte in the STM cell under potential control. A high-
purity Pt wire (Götze, 99.995%) served as quasi-reference
electrode. The tunneling tips used in the experiments were
etched from Pt/Ir (80/20) wires (MaTecK, 99.99%) coated
with electrophoretic paint (BASF) to minimize Faraday cur-
rents at the foremost part of the tip. All images were recorded
in the constant-current mode (It = 1 nA).

Further details about the experimental approach as well as
the experimental setup for cyclic voltammetry and in situ
STM can also be found in literature [19, 21, 26].

To guarantee a high quality of the samples and to exclude
the presence of contaminations, their chemical states were
analyzed by means of XPS performed on a commercial pho-
toemission system (PHI-5600LS), offering monochromatized
X-rays (1486.6 eV) for photoionization. The electronic struc-
ture of the Pt islands was studied using UPS carried out with
non-polarized He-II radiation (40.8 eV) as provided by a gas
discharge lamp. The binding energy scale of the instrument
was calibrated by means of an independent Au reference sam-
ple, thereby setting the Au-4f7/2 binding energy position to
84.0 eV.

Results and Discussion

The Pd and Pt islands are prepared by consecutive deposition
cycles onto a 4-PyS SAM that is formed by dissociative ad-
sorption of 4-PySSPy on Au(111) [22, 26]. A so-called depo-
sition cycle includes complexation of the metal complex with
the pyridine groups of the SAM and subsequent selective
electrochemical reduction, a process that can be done repeat-
edly to achieve coverages of between 0.2 (single complexa-
tion step) and 0.95 ML (multiple complexation steps).

The structure of the nanoislands has been investigated in
detail by in situ STMmeasurements (Fig. 1). While metal ions
are localized at the pyridine nitrogen, after the reduction, con-
tinuous metal islands are formed (Fig. 1). Although one might
expect that the reduced metal atoms might diffuse through the
relatively open SAM layer and adsorb onto the Au surface,
theoretical calculations have shown that Pd water complexes
are formed so that they remain on top of the SAM layer [30].
Further, barrier heights for lateral diffusion steps of Pd atoms
on top of a 4-PyS SAM with pre-adsorbed palladium atoms
are low enough to facilitate the observed island formation

[30]. After the first deposition cycle, the nanoislands are
monoatomic high (Fig. S1a–d) and have diameters between
3 and 12 nm (Fig. 1a, c). Already in the case of a single
palladium deposition cycle, the 4-mercaptopyridine adlayer
is not ordered anymore. Only for very low Pt coverages (large
separation between the islands), the long-range ordering of the
SAM is retained [27]. The presence of Pd and Pt nanoislands
seems to destabilize the previously ordered SAM structure.
The Pt islands are quite uniform in size and shape, whereas
Pd shows larger variation of size and nanoislands of different
shape. An increase in metal coverage by repeated deposition
leads to an increase of homogenously distributed Pt islands
while Pd rather forms larger, coalescing islands that grow up
to an almost full monolayer after three deposition cycles
(Fig. 1b, d). For both metals, bilayers are partially formed
during the third deposition cycle.

So far, a maximum platinum coverage of about 0.45 ML
has been observed after three consecutive deposition cycles
(Fig. 1d). In addition to the formation of two-dimensional
islands, metal atoms in the second layer can partly be observed
in Fig. 1b, d.

Figure 2 shows the coverage of Pd and Pt as function of the
number of cycles for complexation and subsequent electro-
chemical reduction. In the following, the numbers of these
metal deposition cycles are denoted as #1–3. The metal cov-
erage was determined from the cathodic charge density for
electrochemical deposition (Fig. S2) and was compared with
in situ STM images (cf. Fig. 1). Considering that after each
single deposition cycle the number of free pyridine nitrogen
sites for subsequent complexation decreases, the dashed
curves represent the expectedmetal coverage. The experimen-
tal values can differ from this expected trend due to additional
influences such as surface morphology (e.g., partial growth of
2nd monolayer) and the number of metal atoms per surface
area (lattice spacing). For a complete metal monolayer depos-
ited onto the SAM on an Au(111) substrate, the charge density
for electrochemical deposition is equivalent to 444 μC cm−2.
On the other hand, the metal coverage determined from in situ
STM images is obtained by comparing the integral area
formed by the metal islands to the total surface area of the
gold support. In the absence of atomic resolution, structures
pseudomorphic with that of Au(111) are assumed for the metal
islands. The morphological parameters extracted for both
types of nanoislands (Pd or Pt) after the different
complexation/reduction cycles are summarized in Table 1, to-
gether with an evaluation of their metallicity (see below).
Binding of a single metal ion per pyridine nitrogen fits well
to the metallization with Pt, since the coverage of 4-
mercaptopyridine equals 0.2 ML. For the Pd system, even
two metal ions per pyridine nitrogen are present.
Nevertheless, an almost complete palladium monolayer can
be fabricated by repeated deposition cycles, because palladi-
um grows on a surface with already existing islands [26].
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Although, the different behavior in metal coverage can be
related to the nature of the metal salt ([Pd(H2O)4]

2+ vs.
[PtCl4]

2−), using the [PdCl4]
2− complex for metallization un-

expectedly leads to the samemetal coverage of the Pd(II) aquo
complex (not shown here).

Surprisingly, 4-mercaptopyridine was recently found to en-
hance the electrocatalytic activity of formic acid oxidation on
Au(111). Therefore, at first, the catalytic activity of the 4-PyS
SAM on Au(111) that anchors the nanoislands was investigat-
ed for the CO oxidation reaction to make sure that the elec-
trocatalytic properties of the nanoislands are established with-
out significant contributions arising from the SAM itself.
Figure 3 presents a current-potential curve for a 4-PyS-
modified Au(111) surface in sulfuric acid in its stability range
between − 0.2 and 0.9 V. At more negative potentials, the
reductive desorption of the SAM starts, while at more positive
potentials, the oxidative desorption of the SAM takes place.

The peak at 0.38 V indicates sulfate adsorption accompanied
by an order−disorder transition within the SAM structure. A
current-time measurement during CO bubbling for 10 min at
0.2 V showed no significant current and the subsequent cyclic
voltammogram revealed no indication for CO bulk oxidation
on the 4-PyS-modified Au(111) surface. While Au(111) is a
poor catalyst for CO oxidation under certain conditions (addi-
tional nitrogen flow), the SAM structure is completely inac-
tive for CO oxidation. This is advantageous for studying the
electrocatalytic behavior of metal nanoislands only in terms of
the metal species as well as the electronic character and size of
the islands.

An applicable method for investigating the electrocatalytic
behavior and nature of the metal nanoislands is to measure
their interaction between a metal and a specific adsorbate such
as CO, which is an important reactant for many reactions in
electrocatalysis and a structure-sensitive probe molecule. The
current-potential curves for CO bulk oxidation on palladium-
and platinum-metallized 4-PyS SAM on Au(111) in 0.1 M
H2SO4 are shown in Fig. 4a, b, demonstrating that the metal
islands indeed possess electrocatalytic activity for the oxida-
tion of small molecules, even if the pure 4-PyS SAM itself is
inactive. It is obvious that at higher metal coverages (Pt 0.45
ML), platinum is more active, as revealed by significant
higher currents and an onset potential for CO oxidation that
is considerably more negative than that of palladium (Pt 0.2 V,
Pd 0.4 V). This difference in electrocatalytic activity is even
more obvious taking into consideration the lower platinum
coverage (compared to the Pd system, 0.95 ML) (cf. Fig. 2).
As a systematic increase in activity for CO bulk oxidation
relative to the metal loading can be observed for palladium,
this is noteworthy higher for platinum islands with larger di-
ameter, which is indicative of a change in the electronic prop-
erties. This is also evident from the mass activity curve of CO
bulk oxidation at + 0.6 V against the metal coverage, where
the activity per metal atom is increased drastically for higher
coverages (Fig. 4c). It has to be mentioned that CO bulk ox-
idation overlaps with the palladium oxidation/dissolution.
Therefore, an excursion to more positive potentials could

Fig. 2 Coverage of Pd (black symbols) and Pt (red symbols) as a function
of the number of complexation/reduction cycles, determined by in situ
STM (filled symbols) as well as by taking the deposition charge densities
into account (open circles). Considering that after each single deposition
cycle the amount of free pyridine nitrogen for subsequent complexation
decreases, the dashed curves represent the theoretically expected metal
coverage

Fig. 1 In situ STM images in 0.1MH2SO4 of 4-mercaptopyridine SAMonAu(111) after the deposition ofmetal islands: a 0.33ML Pd, b 0.95MLPd, c
0.18 ML Pt, and d 0.45 ML Pt.
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destroy these SAM metal junctions. Furthermore, the choice
of electrolyte has an important influence on the electrocatalyt-
ic activity, since a non-specific adsorbing anion, such as per-
chlorate, results in an at least threefold higher activity due to
the absence of specifically adsorbing and blocking anions on
the surface.

In addition to CO bulk oxidation, CO adlayer oxidation has
been studied on the metal islands with variable coverage, size,
and metallic character. Figures 5a and 6a exemplarily show
current-potential curves on threefold metallized 4-PyS-
modified Au(111) surfaces in 0.1 M H2SO4 with adsorbed
CO. CO adlayer oxidation on platinum islands leads to a cov-
erage of adsorbed CO that increases linearly with the platinum
coverage, but is half the CO coverage in comparison to a
Pt(111) electrode. This means that the amount of adsorbed
CO is determined by the total amount of platinum deposited
on the SAM, regardless of the possible changes in the elec-
tronic structure or changes in island size. An explanation for
the difference to bulk metal can be related to weaker binding
of CO (or a different adsorption/desorption equilibrium).

H2O lð Þ→OHad þ Hþ
aqð Þ þ e−

COad þ OHad→CO2 þ Hþ
aqð Þ þ e−

θCO ¼ QCO

2QSA

Here,QCO andQSA are the charge densities for oxidation of
the adsorbed CO layer as well as the charge density for one
electron transferred per surface atom, respectively. For sim-
plicity, anion influences are ignored.

The platinum coverage was determined by the charge of
the reductive deposition cycles after various repetitive com-
plexation and deposition steps. The CO coverage could be
estimated by the oxidation of irreversibly adsorbed CO, as-
suming that CO oxidation involves two electrons. Carrying
out the same analytical method for the determination of the
maximum possible adsorbed CO coverage on Pt(111), a fresh-
ly prepared Pt(111) electrode is the starting point from which
we extrapolate the latter for lower platinum coverage depicted
in the red curve of Fig. 5b.

CO adlayer oxidation cannot easily be quantified for Pd
due to the limited stability of the system, as extending the
potential limit causes dissolution of the palladium islands
(Fig. 6a, b). The voltammetric peak in the negative scan at
around 0.5 V is characteristic for subsequent palladium depo-
sition onto the Au(111) surface and underneath the SAM,
respectively. Another indication for small amounts of palladi-
um on the Au(111) surface is the beginning of hydrogen ab-
sorption, which has not been observed for SAM metal junc-
tions where the palladium is on top of the SAM. The release of
absorbed hydrogen can be observed as a small hump at
−0.2 V.

Furthermore, the oxidation of methanol with several differ-
ent reaction pathways serves as an ideal electrocatalytic reac-
tion to gain more insights into the kinetics and necessity of co-
adsorbates such as OHad on the reaction properties of the
nanoislands. Figure 7a shows the current-potential curves for
differently prepared Au(111) in 0.1 M NaOH. The adsorption
of OH already starts at negative potentials, which is in good
agreement with other measurements such as cyclic voltamm-
etry, differential capacity, chronocoulometry, and Fourier
transform infrared spectroscopy [37]. The peak at 0.1 V before
the onset of the surface oxidation at 0.2 V is associated with
the lifting of the surface reconstruction. The surface recon-
struction of Au(111) is lifted at the early stages of OH adsorp-
tion or oxide formation [38, 39]. OH adsorption on Au(111) is
blocked by the adsorbed SAM (red curve). In addition, the
stability region is extended because the characteristic peak
for monolayer oxidation of gold was not observed. The met-
allized SAM shows a similar stability region, but without any
indication of OH adsorption. On bare Au(111), the methanol
oxidation occurs at potentials where OH is adsorbed on the
surface and where the gold oxide starts forming. Davis et al.

Table 1 Coverages θ, average island diameter d, and metallicity of the
Pd and Pt deposits relative to their number of complexation/reduction
cycles

Material #
complexation

θtheo/
ML

θCV/
ML

θSTM/
ML

disland/
nm

Metallicity

1 0.40 0.41 0.37 10 Non-metallic [36]

Pd 2 0.64 0.69 0.72 —* Metallic [36]

3 0.78 0.83 0.91 —* Metallic

1 0.20 0.15 0.20 4 Non-metallic

Pt 2 0.36 0.30 0.35 8 Non-metallic

3 0.49 0.47 0.45 8 Non-metallic

*No determination of the average island diameter because of the coalesc-
ing islands after the 2nd and 3rd complexation

Fig. 3 Current-potential curves for 4-PyS-modified Au(111) in 0.1 M
H2SO4 with and without CO in electrolyte. Scan rate 5 mV s-1

Electrocatalysis (2018) 9:505–513 509



suggested that the reaction path of alcohol oxidation involves
both solution-mediated and metal-catalyzed elementary steps
[40], so that OH in solution could be more important for the
overall reactivity than OH bound to the gold catalyst [41].

First of all, there is no sign for methanol oxidation on the
SAM-modified Au(111) surface. The SAMmolecules seem to
prevent the necessary OH adsorption on the gold surface by
blocking active sites (red curve Fig. 7c). Although the stability
region is limited to a positive potential of 0.3 V, a distinct
increase in activity for methanol oxidation on the metallized
SAM can be observed, since the onset of the latter has a
constant shift to more negative potentials. At first sight, the
activity for methanol oxidation on the metal nanoislands is
lower than on bare Au(111) (Fig. 7b). Indeed, as is the case
of CO oxidation, the size and the surface coverage of the
islands affect their electrocatalytic behavior significantly.
With the exception of the lowest palladium coverage, where
barely any activity could be detected, the mass activity behav-
ior demonstrates an increased activity per metal atom for
higher coverages (Fig. 7d). Current-time measurements (not
shown here) in the region of methanol oxidation at 0.05 V

show a steady decrease in current. A possible reason can be
poisoning of the surface by CO, which is one of the reaction
products. Nevertheless, considering that there are indications
of a weaker binding of CO compared to bulk metal, it is
possible that the metal islands are less easily poisoned. So
far, these measurements are preliminary results that pave the
way for forthcoming studies on CO oxidation in 0.1 M NaOH
on the metallized 4-PyS SAM to discuss, e.g., the poisoning of
the nanoislands in more detail.

Combining now the results presented in Figs. 4 and 7, it
becomes clear that for both metal overlayer systems, the elec-
trocatalytic activity depends strongly (linearly) on the metal
coverage but not necessarily on the island size. This becomes
even more clear when analyzing the results summarized in
Table 1: here, the same Pt island size (8 nm) is observed after
the second and third deposition cycle, while the highest activ-
ity is detected for both catalytic reactions (Figs. 4 and 7) only
after the third deposition step.

To investigate whether or not the catalytic activities are
influenced by electronic properties, such as the metallicity of
the nanoislands, additional UPS measurements were

Fig. 4 Current-potential curves
for CO bulk oxidation on Pt- (a)
and Pd- (b) metallized 4-PyS-
modified Au(111) in 0.1 M
H2SO4. Scan rate 5 mV s−1. c
Plot for mass activity of CO bulk
oxidation at + 0.6 V plotted
against the coverage of Pt (red
symbols) and Pd (black symbols)

Fig. 5 a Current-potential curves
for CO adlayer oxidation on three
times Pt-metallized 4-PyS-
modified Au(111) in 0.1 M
H2SO4. Scan rate 5 mV s−1. b CO
coverage plotted against the Pt
coverage determined by reductive
charge of current-potential curves
or graphic analysis of in situ STM
images
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performed after the different deposition cycles in the case of
Pt. A similar study of Pd nanoislands was reported earlier [36].
There, UPS measurements combined with density functional
theory calculations of palladium nanoislands revealed a non-
metal to metal transition with increasing metal coverage.
While no metallic character is found for the lowest coverage
of the Pd nanoislands, the measurements for an almost closed
palladium monolayer on the SAM reveal a significant density
of states (DOS) at the Fermi level EF. Figure 8 now summa-
rizes the UPS He-II valence band spectra obtained with very
high surface sensitivity (information depth of few atomic
layers only) from the different metallized Pt samples, after
subtracting the contribution arising from the support (mea-
sured before metallization under identical conditions), in com-
parison to a clean Pt bulk reference sample. Three character-
istic features can be recognized at binding energies EB of 2.1,
2.6, and 3.1 eV, which are common to all three deposition
cycles but which differ significantly from the bulk Pt spec-
trum. The latter clearly shows a high intensity at the Fermi
energy (EB = 0), which is absent for the Pt nanoislands inde-
pendent of their size (see Table 1). Consequently, for all Pt

deposition cycles, the resulting nanoislands can be considered
as non-metallic. This contrasts the behavior of Pd islands
where a size-induced non-metal/metal transition in the elec-
tronic density of states was found arising from the coalescence
of individual islands into bigger aggregates at a coverage of
about 0.7ML. As coalescence does not occur for Pt overlayers
even after the third deposition cycle, a non-metallic behavior
with vanishing density of states at the Fermi level is expected
for all three Pt depositions, in perfect agreement with the ex-
perimental results shown in Fig. 8.

Combining now the results obtained for both metal sys-
tems, there is clear evidence that the observed electrocatalytic
activities neither scale with the island size nor depend strongly
on the electronic density of states at the Fermi level, but are
exclusively linked to the achieved surface coverage. This is a
rather surprising result, as chemical reactivities of a system are
often controlled by its local electronic structure, as found for
nanoscaled systems such as atomic clusters or bulk surfaces
with local defects and steps.

Metallized 4-PyS SAMs show an enhanced activity for
formic acid oxidation compared to bare Au(111).

Fig. 7 Current-potential curves
for differently prepared Au(111)
in 0.1 M NaOH (a) and in 0.1 M
NaOH + 2.5 M MeOH (b, c).
Scan rate 5 mV s−1. d Mass
activity for MeOH oxidation at
0.1 V plotted against the coverage
of Pt (red symbols) and Pd (black
symbols)

Fig. 6 a Current-potential curves
for CO adlayer oxidation on Pd-
metallized 4-PyS-modified
Au(111) in 0.1 M H2SO4. Scan
rate 5 mV s−1. b Current-potential
curves for three times Pd-
metallized 4-PyS-modified
Au(111). Scan rate 5 mV s−1. Pd
oxidation due to small stability
region

Electrocatalysis (2018) 9:505–513 511



Interestingly, the activity of the 4-PyS-modified Au(111) sur-
face before metal deposition is five times higher than that of
the nanoislands. Structure and configuration of the SAM as
well as pH and the applied potential are important for this
altered activity. It appears that the nanoislands on the SAM
just inhibit changes in its structural configuration.

Conclusion

The electrocatalytic behavior of Pd and Pt nanoislands depos-
ited onto 4,4′-dithiodipyridine SAMs on Au(111) has been
studied using CO and methanol oxidation as reference reac-
tions. The structural and electronic properties of the
nanoislands have been investigated by electrochemical tech-
niques, in situ STM, and photoelectron spectroscopy. We an-
alyzed the variation of metal coverage, particle size, and me-
tallic character as function of the number of complexation and
subsequent electrochemical deposition steps, and their impact
on the electrocatalytic behavior of platinum and palladium
nanoislands. Although the SAM as a spacer and anchoring

molecule is not catalytically active itself, it enables the neces-
sary electron transfer through the SAM. While CO and meth-
anol oxidation can be performed for both Pd and Pt islands,
the higher activity per atom as well as the larger electrochem-
ical window makes Pt nanoislands particularly advantageous
for electrocatalytic oxidation. While the SAM-covered
Au(111) surface is catalytically inactive, the electrocatalytic
activity of the Pt nanoislands for CO and methanol oxidation
increases with increasing coverage. The adsorption of CO on
the nanoislands seems to be weaker compared to adsorption
on the bulk metal, which can be favorable for a catalyst to be
less susceptible to surface poisoning. While the electronic and
dimensional properties of the nanoislands have no effect on
the ability to adsorb CO, it seems that only the metal coverage
itself is the main factor determining the electrocatalytic
activity.
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