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The epitaxial growth of Pt and Ru deposits by spontaneous, as well as by dynamic, electrodeposition onto Ru(0001) and Pt(111),
respectively, have been studied by reflection high energy electron diffraction (RHEED) and Auger electron spectroscopy (AES).
For the Pt deposit on Ru(0001), at submonolayer range, it preferably grows compressed commensurate bilayer thick islands on
Ru(0001). This is the first time that RHEED observation of the onset of Pt twinning occurs in ca. 2-3 layer thick islands on Ru at
room temperature, at which the surface strain due to the 2.5% lattice mismatch of Pt and Ru remains intact. For multilayer thick
islands (>6 ML) ordered reflection twins (diameter of ∼3 nm) develop and are embedded in a (111) matrix with an incoherent
(11-2) twin plane normal to Ru(0001) and aligned with their [−110] direction parallel to the [11-20] Ru(0001) substrate direction.
For the Ru deposit on Pt(111), at ∼0.2 ML a strained (1 × 1) monoatomic layer is formed due to the 2.5% lattice mismatch of
Ru and Pt. Increasing the coverage up to ∼0.64, the second Ru layer is found to relieve the strain in the first layer, giving rise to
dislocations and Ru relaxes to its bulk lattice constant. Multilayers of Ru (>1 ML) result in (0001) nanocluster formation aligned
with its [11-20] direction parallel to the [−110] Pt(111) substrate direction.

1. Introduction

Considerable attention has been given to the growth of
mixed metals, which enables the preparation of materials
with particular chemical properties. Apart from evaporation
in UHV [1, 2], also spontaneous [3–5] or electrochemical
deposition [6–8] from electrolyte solution has been used
most often to prepare the modified catalyst surfaces. This
interest stems from the possibility of preparing modified
electrodes as model systems to probe the reactivity at the
interfaces. The most widespread and promising bimetal-
catalysts for fuel cell (FC) applications employ dispersed
bimetal nanoparticles as electrocatalysts, usually a platinum
based alloy. Bimetallic Pt catalysts, mainly Pt-Ru [9–11],
but also Pt-Sn [12], Pt-Mo [13], and Pt-Os [14], have
been intensively studied in order to achieve the optimal
electrooxidation of methanol via the so-called bifunctional
mechanism [15, 16]. Spontaneous deposition has been used
to prepare the Ru-modified Pt(111) [7, 17] as well as
Pt/Ru(0001) surfaces [4, 18, 19]. Remarkable enhancements

of the electrocatalytic activity towards CO, methanol, and
formic acid oxidation have been found with both Ru-
modified Pt electrode and Pt-modified Ru electrodes [4,
18, 19]. The spontaneously deposited Ru on Pt(hkl) surface
showed considerable catalytic activity for methanol oxida-
tion [19, 20], where the Ru deposit was reported to be not
higher than 20% coverage, as inferred from AES and STM
measurements. Moreover, it was found that the compressed
Pt adlayer on Ru(10-10) leads to enhanced catalytic activity
towards CO oxidation [16]. In order to understand the
mechanism of CO/methanol electrooxidation on bimetal
catalysts, more work on the surface structure and the rela-
tionship between the surface structure and the reactivity of
catalysts is necessary. Therefore the nanostructure of bimetal
surfaces has been extensively studied; previous studies,
using scanning probe methods, reported the spontaneous
deposition of Pt resulting in 3–10 nm sized Pt clusters grown
on Ru(0001) [5]. Similar conclusions were obtained from
AES and RHEED investigations of Pt spontaneous deposition
onto Ru(0001) [4]. On the other hand, several deposition
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studies for Pt on Ru(0001) in UHV have been reported;
evaporating platinum onto a clean Ru(0001) surface leads
to the formation of monolayer islands with a characteristic,
dendritic shape, that are homogeneously distributed over
the terraces for 0.4 ML Pt deposited on Ru(0001) in UHV
[21]. Schlapka et al. [22, 23] have found smooth Pt adlayer
up to 4 ML and the dislocation lines at 8 ML thick film for
Pt deposited on Ru(0001) by electron bombardment of a
Pt rod, where the temperature range of Pt deposition and
annealing was kept below 800 K to avoid intermixing at the
Pt-Ru interface [21]. Recent work, using X-ray photoelectron
spectroscopy (XPS), reported that the Pt(II) oxidation state
rather than the metallic state of Pt deposit is observed after
Pt spontaneous deposition (< 0.3 ML) on Ru(0001) [24].
For Ru deposited on Pt(111) by spontaneous deposition
in situ scanning tunneling microscopy (STM) studies have
demonstrated that the formation of monolayer and bilayer
thick islands is coverage dependent; at 0.18 ML it results in
a predominantly monolayer thick island (∼76%), while at
0.3, bilayer and multilayer thick islands develop [20, 25, 26].
Vapor deposition of about 1 ML ruthenium onto a clean
Pt(111) surface and subsequent short annealing to 820 K
leads to the formation of 3D-islands having a width of 5–
10 nm [27]. Furthermore, the lattice strain of an admetal
layer with the underlying substrate may result from their
lattice mismatch, like that found for Pt on Ru(10-10) [16],
Co on Pt(111) [28], Ag on Pt(111) [29], and Cu on Ru(0001)
[30]; it is expected to gradually vanish for two, three, or
more layers, leading to lattice dislocations as observed for Pt
overlayer on Ru(0001) [4, 23] and Ru on Pt(111) observed
in the present work. It is a pity that the formation of
the twinned Pt nanoclusters on Ru(0001) has not been
mentioned and discussed by the reported works [5, 21–
24]. In this paper, we have provided complements to the
previous works [4, 7] and focused the interest on the initial
stages of Pt twin formation and its epitaxial growth on
Ru(0001). Also the layer dependence of the lattice strain of
Pt and Ru on Ru(0001) and Pt(111), respectively, will be
addressed. We report here for the first time RHEED data
showing that the onset of Pt twinning occurs in ∼2-3 layer
thick islands on Ru(0001), in which the lattice strain within
the twinned Pt particles still remains. On the other hand,
for Ru deposited on Pt(111), at ∼0.2 ML coverage, strained
(1× 1) commensurate monolayer islands are mainly formed
on Pt(111), while at coverage 0.64 the second Ru layer is
found to relieve the strain in the first layer, giving rise to a
dislocation. There is no twinning for various Ru coverages
on Pt(111). Furthermore our results will be compared with
those recently published works dealing with the Ru and Pt
deposition on Pt(111) and Ru(0001), respectively.

2. Experiment

The experiments were performed with an apparatus consist-
ing of a UHV chamber (base pressure < 2 × 10−10 mbar)
incorporating LEED, RHEED, and AES, an electrochemical
chamber (base pressure < 2 × 10−9 mbar), an electro-
chemical cell, and a closed sample transfer. The detailed

surface analysis and electrochemical experiments have been
reported elsewhere [31, 32]. The working electrode, an
Ru(0001) or a Pt(111) single crystal disc of 7 mm diameter
and 2 mm thickness, was mounted between tungsten wires
which also served for resistive heating of the sample. The
Pt and Ru electrode surfaces were prepared by cycles of
argon ion bombardment and annealing (∼1300 K), until the
sample surface was free from disorder and impurities, as
controlled by RHEED and AES [32]. The Pt deposition onto
Ru(0001) was first performed by spontaneous deposition by
immersion of the electrode into a 0.1 M HClO4 solution
containing 0.1 mM H2PtCl6 without the application of an
external potential. Deposition of Ru was carried out with
freshly prepared solutions of 0.01 to 5 mM RuCl3 in 0.1 M
HClO4. After Pt/Ru deposition the emersed Ru/Pt electrodes
were rinsed thoroughly with 0.1 M HClO4 solution and
then Millipore water. The sample was then pumped down
under vacuum and transferred to the main chamber for
AES and RHEED analysis. A platinum wire with 0.4 mm
diameter was used as the counter electrode in the electrolyte
vessel on top of a glass capillary [31]. The Ru coverage was
determined by AES from the intensity ratio IRu,200/IPt,257

and the increased charge in the double-layer region of
the cyclic voltammogram (between 0.35 V and 0.6 V versus
RHE) [7, 33]. After several deposition experiments, the
deposit on the sample surfaces was removed by stripping
in Pt- and Ru-free acid solutions and subsequently cleaned
by repeated sputtering/annealing cycles in UHV. When the
cleaning processes were no longer able to remove the residues
of Pt/Ru from the Ru(0001)/Pt(111) surfaces, the sample was
removed from the UHV system and polished with 0.02 μm
alumina followed by careful rinsing with Millipore water. In
order to check the cleanliness of the Ru/Pt electrodes and
the electrolyte vessel, the cyclic voltammogram for the clean
Pt(111)/Ru(0001) electrodes was first recorded in a 0.1 M
HClO4 solution prior to Ru/Pt deposition [4, 7].

3. Results

3.1. Spontaneous and Electrodeposition of Pt on Ru(0001).
Prior to Pt electrodeposition the cleaned Ru(0001) surface
was first probed by AES and RHEED. RHEED patterns
(Figures 1(a) and 1(b)) for a clean Ru(0001) surface reveal
a (1 × 1) structure, showing a well-ordered Ru substrate
surface. The cleanliness of the Ru electrode was controlled by
Auger electron spectroscopy (AES) as shown in Figure 2(a),
whereby the impurities were absent, since the detected
Auger intensity ratio of I273/I231 is about 2.1 (refer to
Figure 2(a)) which is lower than that of a clean Ru surface
(I273/I231∼2.5) [34]. If the carbon impurities were present
in the Ru sample, the value of I273/I231will be significantly
increased, and the background intensity will remarkably
increase in LEED/RHEED. In contrast, both LEED (not
shown) and RHEED patterns show sharp reflections with
high contrast; it is reasonable to conclude that the Ru
sample is clean. Moreover, a clean and well-ordered Ru
sample annealed at 1300 K has also been controlled by the
cyclic current-potential curves in 0.1 M HClO4 where two
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Figure 1: (1× 1) RHEED patterns ([11-20] (a) and [0110] (b)) for Ru(0001) after argon ion sputtering and annealing at 1300 K under UHV
conditions, showing 2D reflection streaks of the (±10) and (±11) beams; the RHEED patterns ([11-20] (c) and [0110] (d)) for Ru(0001)
electrode covered by submonolayer Pt, showing intensity modulation along the substrate reflection rods; the RHEED pattern ([11-20]) for
the Ru(0001) electrode covered by Pt deposit after second spontaneous deposition, showing additional reflection depicted by the arrow along
the Ru substrate reflections (±10); the RHEED patterns ([11-20] (f) and [0110] (g)) for the Ru(0001) electrode covered by Pt (>1 ML) by
spontaneous deposition (>3 min), showing 3D spots due to the Pt clusters; the indexed reciprocal lattice (h) of Figure 1(g); the RHEED
pattern [11-20] (i) and its indexed reciprocal lattice (j) for the Ru(0001) electrode covered by Pt (>1 ML) by electrodeposition; (k) the
indexed reciprocal lattices of the matrix and the twin for the marked part of Figure 1(j).
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Figure 2: Auger electron spectra: (a) for a clean Ru(0001) surface
after argon ion sputtering and annealing under UHV conditions,
(b) for an Ru(0001) electrode covered with a submonolayer Pt by
spontaneous deposition, and (c) the Ru electrode with Pt clusters
formed by electrodeposition.

voltammetric peaks develop at −0.15 and 0.25 V versus
Ag/AgCl, indicative of a clean Ru surface [35]. The structural
analysis of the Pt/Ru-deposits on Ru(0001) and Pt(111) has
been predominantly performed by RHEED. The observed
RHEED pattern actually corresponds to a reciprocal lattice
plane (uvw)∗, which is a cross-section of a reciprocal lattice
(rel) sliced by a reflection sphere (Ewald sphere) at the [uvw]
zone axis. It is a (uvw)∗-plane of (hkl)-rel points (relps) of
zero-level with respect to the [uvw] zone axis illustrated by
Figure 3(a), where the (hkl) planes are parallel to the [uvw]
zone axis satisfying the zone condition, hu + kv + lw = 0.
The inset in Figure 3(a) shows a (−110)∗ rel plane of an
fcc crystal with respect to the [−110] zone axis. Based on
the rel planes obtained at two azimuths one can construct
a rel of a nanocluster and determine the phase and the
orientations of the Pt and Ru clusters grown on the substrate
surfaces. First the sample was prepared by spontaneous
deposition through short immersion (<1 min) into the
Pt4+ containing HClO4 solution. A pronounced Auger Pt-
signal develops at 65 eV for the Pt covered Ru(0001) surface
(Figure 2(b)) compared with that of a clean Ru(0001) surface
in Figure 2(a), indicating the presence of a Pt deposit on
Ru(0001). The RHEED patterns from a Pt-covered Ru(0001)
surface also show a (1 × 1) structure (Figures 1(c) and 1(d));
however, the (±10) and (±11) substrate reflection streaks
show intensity modulation (compare with Figures 1(a) and
1(b)). From the intensity profile analysis of the streaked
reflections it was found that the Pt bilayer thick islands
grew predominantly on Ru(0001), and some population

of mono- and multilayer islands may also be present. The
intensity profile was calculated with an interference function
∼sin2(πNL)/sin2(πL), where L is an integer and N is the
number of adlayers (refer to [7]). The lateral spacing of
the Pt-bilayer matches with the Ru substrate, since the 2D-
rods of the Pt layers coincide with those of the substrate
(±10) rods (Figure 1(c)); that is, both LEED (not shown)
and RHEED patterns show no extra reflections, indicating
that the Pt adlayer is commensurated (1 × 1) with the
Ru(0001) substrate surface, where the mean domain size of
Pt islands is about 3-4 nm estimated from the width of the
Pt reflection streak in RHEED. The average diameter (D)
of the islands (nanoclusters) is estimated by the formula
w/a∗ = a/D [36, 37] where w and a∗ are the mean spot
diameter and the reflection rod spacing in the RHEED
pattern at the [uvw] azimuth, respectively, and a is the
[uvw] atomic row spacing. It implies that the Pt [−110]
atomic row spacing is compressed by 2.5% with respect
to the bulk Pt in order to match with the [11-20] row
spacing of the Ru substrate in good agreement with the
results obtained by Schlapka et al. probed by CO adsorption
on the strained Pt layer on Ru(0001) [22, 23]. For that
the morphology of the Pt (1–4 ML) film on Ru(0001) is
prepared by electron bombardment of a Pt rod under UHV
conditions, and subsequent annealing below 800 K was very
smooth [22]. On the other hand, monolayer Pt islands with
dendritic shape were observed for Pt deposition of about
0.4 ML on Ru(0001) at room temperature in UHV, and
subsequent annealing at 800 K causes these islands to collapse
and induces a ripening process, forming the 2–13 nm sized
Pt clusters dispersed on Ru(0001) [21]. The size distribution
of Pt clusters and the growth behavior of the Pt islands on
Ru(0001) prepared in UHV differ clearly from those of the
electrodeposition, since the Pt deposit is coadsorbed by the
anions during the electrodeposition [38, 39]. It should be
noted that the shape and the island distribution could not
be obtained by RHEED, but the in-plane lattice constant of
Pt islands could be precisely determined from the diffraction
patterns. After the second spontaneous deposition, the Pt-
and Ru-rods (±10) still overlap in the RHEED pattern (see
Figure 1(e)), indicating that the Pt lattice strain still remains;
that is, the Pt adlayer is still commensurated (1 × 1) with
the Ru(0001) substrate surface. Note that the additional
diffused spot depicted by the arrow develops between the
Pt (220) and (11-1) matrix spots along the (10)-substrate
reflection rod (refer to Figure 1(e)), the extra spots could not
be assigned straightforwardly from Figure 1(e), since their
locations are not resolvable with respect to the Pt matrix
spots, and it will become evident latter that they are due
to twinning derived from a well-defined diffraction pattern
of Figures 1(f) and 1(i) (see Section 4). We consider the
diffraction pattern from a deposit-film containing a fault
in terms of two reciprocal lattices: one “normal” pattern
corresponding to the matrix, and the other consisting of
the twins, superimposed. Since the fault plane is one of the
four (111) in fcc, and because the unique crystallographic
relations exist between the fcc (Pt) and hcp (Ru) lattices,
the rel-rods will lie along 〈0001〉 hcp parallel to 〈111〉 fcc
throughout the reciprocal lattice. A longer immersion time
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Figure 3: A reciprocal lattice intersected by a reflection sphere giving rise to a rel plane as shown by the inset (a); a (−110)∗ rel-plane of the
Pt matrix (b) and the corresponding (−110)∗ plane of the twin crystal (c); schematic diagram of an ordered Pt matrix (crystal I) besides the
twin (crystal II) grown on Ru(0001), where the [−110] deposit direction is parallel to the [11-20] Ru(0001) substrate direction.

∼3 minutes results in cluster formation, demonstrated by
3D-reflection spots superimposed on the streaky substrate
reflections in Figures 1(f) and 1(g), where pronounced extra
spots clearly develop besides the Pt matrix spots. From
the width of the spots an average cluster size of ∼3 nm
(with thickness of about 10 ML) is determined close to that
estimated by the STM study [5]. The streaked substrate
reflection characterizes a flat substrate surface so that the
Ru(0001) surface is not completely covered by the Pt deposit,
for that the Pt clusters cover about 30% of the Ru surface
detected by SEM (not shown) [4] close to the STM results

[5, 10]. With island thickness of ∼10 ML, Pt relaxes and
continues growing with its own lattice parameters confirmed
by the inset in Figure 1(h), where the spot-spacing of the Pt
cluster depicted by rsp is ∼2.5% smaller than the reflection
rod-spacing (rst) of the Ru substrate, in which rsp and
rst are the double spacing of the Pt (02-2)-reflection and
Ru (1-20)-reflection, respectively. This demonstrates that Pt
relaxes to its bulk lattice constant supported also by the
estimated spot spacing of 0.443 A−1 along the (00)-beam,
which is the reciprocal value of the (111) lattice spacing
of bulk Pt (1/2.26 A). These findings exhibit some analogy
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intensity modulation and satellite reflections besides the Pt substrate reflections; (e) the RHEED pattern ([−211]) obtained at another
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RHEED patterns (f) ([−110]) and (g) ([−211]) for an Ru-modified Pt(111) electrode surface with ∼1 ML coverage.
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to those observed for Pd electrodepositon onto Au(100)
at higher coverage (> 6 ML) [6]. This shows that the Pt
coverage and cluster formation are related to the time of
the Ru crystal immersion. In order to study the dependence
of the epitaxial growth upon the coverage and the depo-
sition process, the Pt deposition was done by 10 cycles of
potential sweeping between −0.2 to +0.3 V versus Ag/AgCl.
The RHEED patterns for the Pt-electrodeposited Ru(0001)
electrode show only 3D-reflection-spots in Figures 1(i) and
1(j), whereby the Ru electrode was completely covered by
2–8 nm-sized Pt-clusters confirmed by SEM [4] and STM
[5] images (not shown). As expected, its AES spectrum
shows a dominated Auger Pt-signal in Figure 2(c), while the
Ru-signal is strongly suppressed. At the [0110]Ru azimuth,
parallel to the [−211] direction of the Pt clusters, the spacing
between the spots at the (00)- and (11)-beams parallel to
the substrate surface is 0.72 A−1 (see Figure 1(g)) equal to
the 02-2 reflection of the fcc Pt crystallites (0.7209 A−1).
This demonstrates that Pt dynamically electrodeposited on
Ru(0001) relaxes to its bulk lattice constant at ∼5–10 ML
thick islands, in agreement with the former results obtained
from longer immersion (∼=3 min). The rel plane (−211)∗

including the 02-2 and 000 points lies in the zero-level with
respect to the [−211]Pt zone axis. Thus a bcc-reciprocal
lattice (body-centered cubic (bcc)) is derived from the rel-
planes obtained at two azimuths; that is, in real space
the fcc Pt nanloparticles are growing with (111) plane on
Ru(0001). Closer inspection of Figures 1(f) and 1(i) reveals
that besides the relps of the Pt matrix additional spots
appear at [11-20] azimuth in the RHEED, in which the

(−110)∗-plane of the Pt matrix (Figure 1(i)) is coincident
with the (−110)∗ plane of a fcc bulk crystal shown by
the inset in Figure 3(a). In principal, the stacking fault
(abab-growth instead of abcabc-growth for fcc growth)
could occur during the epitaxial growth, but no streaked
spots due to the stacking fault perpendicular to the sample
surface were observed by RHEED shown in Figure 1(f);
therefore the epitaxial growth with the hcp-stacking fault
could be excluded. However, no extra reflection spots appear
at [0110]Ru azimuth in the RHEED pattern (Figure 1(g));
the interpretation for that and the origin of the extra spots
appeared at [11-20] azimuth in Figure 1(f) will be elucidated
in Section 4 (discussion).

3.2. Spontaneous and Electrodeposition of Ru on Pt(111).
The LEED and RHEED patterns (Figures 4(a) and 4(b))
for Pt(111) covered with Ru (∼0.27 ML) by spontaneous
deposition show a (1 × 1) structure, which is entirely similar
to that obtained for a clean Pt(111) surface (not shown, refer
to [7]). But a pronounced Auger Ru-signal develops at 275 eV
in Figure 5(b) (compare with that of a clean surface 5(a)),
confirming the presence of Ru deposit on Pt(111). Moreover,
there is no intensity modulation along the streaked substrate
reflections in RHEED, differing from that found for Pt on
Ru(0001) (compare with Figures 1(c) and 1(d)), implying
that the Ru deposit forms monolayer islands on Pt(111),
in good agreement with that found by the in situ STM
investigations [25], in which the average diameter of the
two-dimensional Ru islands is in the range of 1–3 nm,
where the Ru spontaneous deposition was performed by
the Pt(111) electrode immersion in 1 mM RuCl3 + 0.1 M
HClO4 solution for 3 minutes. Similar results have been
found by Crown et al. [38, 39]; they found that the Ru
islands appear very uniformly distributed across the surface,
with an islands diameter ranging from 2 to 5 nm for Ru
deposition on Pt(111) immersed in 0.5 mM RuCl3 + 0.1 M
HClO4 solution for 20 seconds. The islands seem to nucleate
without preference of terrace or steps. The thickness of Ru
layers increases with the immersion time [40]. Since the 2D
reflection rods of Ru coincide with the Pt substrate (±10)
rods in RHEED, the [11-20] atomic row spacing of Ru
matches to the [−110] atomic row spacing of the Pt(111)
substrate. Thus the Ru deposit grows a (1× 1) commensurate
layer with +2.5% expansion with respect to the bulk Ru
on Pt(111). The 2D-islands are scattered in phase; it is
therefore difficult to obtain the size-distribution of the Ru
islands by RHEED [41]. However, the increased charge in
the double-layer region of the cyclic voltammogram may
indicate that the monolayer thick Ru islands cover about
20% of the Pt(111) substrate surface [7]. At 0.64 coverage
the intensity modulation develops along the Pt substrate
reflections (Figures 4(c) and 4(d)); Ru bilayer thick island
growth is found by analysis of the intensity-profile of the
substrate reflection rods [7]. Some population of third and
higher layers may also be present on Pt(111) as observed
by STM [25, 40]. An average domain size of about 4.4 nm
has been estimated from the spot width of the RHEED
pattern shown in Figure 4(d), and the height of the clusters
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is about 0.5 nm from the spot width in c-direction close
to two-layer height. Moreover, additional satellite reflections
depicted by arrows develop outside of the (±10) and (±11)
substrate reflections in RHEED (Figures 4(c) and 4(d)). In
order to determine precisely the spacing of satellite and of
Pt substrate reflections, we measure the spot spacing of the
Pt substrate denoted by arrows at the first Laue-zone in
Figure 4(e) and the satellite reflection spacing of Ru in the
zero Laue-zone (2D surface reflections) (refer to Figure 4(e)).
It is found that the spacing of satellite reflections is ∼=3%
larger than that of the Pt substrate, indicating that Ru
adlayer relaxes to its bulk lattice constant, consistent with
the detected spot spacing of 0.458 A−1 along the (00) rod in
Figure 4(d), that is the (002)-reciprocal lattice spacing of the
bulk Ru(0001) (0.467 A−1). These data reflect the fact that
the Ru deposit forms an incommensurate adlayer on Pt(111).
At higher coverage (∼1 ML) the Ru islands thicken rapidly,
leading to 3D cluster formation shown by RHEED (Figures
4(f) and 4(g)), having an average cluster size of ∼2 nm
(estimated from the spot width). The spot spacing along
the (00) reflection rod is also 0.458 A−1 (Figure 4(g)), equal
to that observed for the bilayer island growth; that is, both
2D-island and 3D-clusters of Ru are growing with (0001)
plane parallel to Pt(111). The corresponding AES spectrum
in Figure 5(c) shows that the Auger Ru-signal increases
significantly, in line with the RHEED observations (Figures
4(f) and 4(g)), whereby the pronounced Ru reflections
develop. On the other hand, the Ru deposited on Pt(111)
prepared by Ru vapor deposition in UHV shows 3D-islands
having a width of 5–10 nm and multilayer thick by STM [27].
The difference in the size distribution of the clusters from
that obtained by electrodeposition (∼2 nm) is apparently due
to the evaporation rate of Ru in UHV and the subsequent
annealing at 800 K. The subsequent annealing to 800 K leads
to these islands to collapse and induces a ripening process,
resulting in large, multilayer islands [27]. We are questioning
whether the 3D-spots in the RHEED (Figure 4(f)) are due to
the Pt or Ru nanoclusters. It is rather difficult to distinguish
the Pt clusters from that of Ru or Pt-Ru alloys grown on
Pt(111) by STM. For RHEED the answer lies in a comparison
of the rel-plane (−110)∗ of a fcc bulk Pt (refer to the
inset in Figures 3(a) and 1(f)) with that of a hcp bulk
Ru. Because at [−211] azimuth (Figure 4(g)), the reflection
spots are quite diffuse and broad, and the Pt (02-2)-spot
spacing (0.72 A−1) with respect to the (00) rod, which is
just below the 1–13 spot (refer to Figure 1(h)), is only ∼
1% smaller than that of the Ru (1-20)-spot (0.738 A−1) (see
Figure 4(g)), it is rather difficult to distinguish the Pt- from
Ru-spot at this azimuth. However, at [−110] azimuth the
(1-13) and (−113) spots in the (110)∗-plane of bulk Ru
have the same rel-distances coincident with those observed
in Figure 4(f), since the sum of the squares of their indices
are the same, while the rel-distance of the 220- and 113-
spots of fcc bulk Pt in the (−110)∗-plane are unequal
(refer to the inset in Figure 3(a)). From the comparison we
conclude that the observed RHEED pattern in Figure 4(f)
is a (110)∗-plane of hcp bulk Ru, so that the reflection
spots in Figure 4(f) are due to the Ru-nanoclusters rather
than Pt-clusters or Pt-Ru alloy grown on Pt(111). And

the close packed [11-20] direction of the Ru deposit is
parallel to the close packed [−110] direction of the Pt (111)
substrate.

4. Discussion

At ∼0.4 coverage pseudomorphic bilayer Pt islands were
preferably formed on Ru(0001), in which the lateral spacing
of the Pt layers was compressed by ∼2.5% with respect
to bulk Pt due to the mismatch of Pt and Ru. After
the second spontaneous deposition, twinning developed in
the 2-3 layer thick islands while the lattice strain induced
by pseudomorphic growth is fully present, since the Pt
twin spots coincide with the Ru substrate reflection streaks
indicating that the lateral spacing of the Pt clusters matches
to that of the Ru substrate. After identification of the well-
defined extra spots with respect to the Pt matrix spots in
Figure 1(j) by the twinning matrix as demonstrated below,
we are able to assign the extra spots depicted by arrow in
Figure 1(e) to twinning with the aid of Figure 1(k). Hence
we are able to detect the initial stage of the twin formation in
2-3 layer thick Pt film on Ru(0001) (Figures 1(c) and 1(e)).
At higher coverage (∼10 ML thickness) Pt relaxes to its bulk
lattice constant (3.92 A) in agreement with that observed in
UHV, for that the dislocation lines were observed in the STM
images for 8 ML Pt on Ru(0001), while the dislocation lines
were absent at 4 ML coverage [22]. The lattice strain relief
by increased layer thickness has also been observed for Co
on Pt(111) [28], Cu on Ru(0001) [30], and Pd on Au(100)
[6]; for instance at low coverage the lateral spacing of the Pd
layers is compressed with respect to bulk Pd to match with
the Au(100) substrate, but at higher coverage the Pd lattice
relaxes to that of the bulk Pd. We are questioning whether the
additional 3D-spots in the RHEED (Figures 1(f) and 1(i)) are
due to the Pt-clusters with a hcp phase grown on Ru(0001).
If the hcp Pt-clusters were present, they would favored grow
in (0001) orientation with respect to the Pt(111) surface to
minimize the surface strain as the (0001) Ru clusters grow on
Pt(111). As a consequence, the rel-spacing of a hcp (002) spot
(0.51 A−1) of the Pt clusters would be about 15% larger than
that of (111) (0.442 A−1) of a fcc phase (spacing of the 111-
matrix spot), and the location of the hcp reflection spots with
respect to the matrix spots would be not regularly positioned,
one third of the Pt matrix spots along the 〈111〉 directions as
that observed in Figures 1(f) and 1(i). Moreover, some of the
hcp spots would develop in the region between the (00) and
the (±10) substrate reflection rods, being contradictory to
the observed pattern in Figure 1(i). The coexistence of hcp
and fcc clusters grown on Ru(0001) can thus be excluded
in the present Pt/Ru(0001) system. As expected the Pt (111)
cluster adopts favored the fcc bulk phase grown on Ru(0001)
to minimize the surface strains. It is worthy to mention
that the intermixing of Pt and Ru is difficult to detect by
STM [21, 23, 27], since a clear assignment of a certain
brightness in the STM image to either Pt or Ru is difficult,
especially as the contrast found depends strongly on the
status of the tunneling tip [21, 42, 43]. On the other hand,
if the Pt-Ru alloy were formed after the Pt deposition on
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Ru(0001), the additional reflections due to the alloy would
appear in the RHEED patterns, like that known for the Hg-Pt
alloy formation on Pt(111) by Hg electrodeposition at room
temperature [44]. For that the estimated lattice constants of
PtHg2 and PtHg4 alloys by RHEED agree nicely with those of
X-ray measurements. Since no additional reflections of the
Pt-Ru alloy were observed by RHEED, we conclude that the
intermixing of Pt and Ru is absent at room temperature in
the Pt/Ru(0001) systems.

Now let us index the extra spots developed in the RHEED
patterns, for example, Figure 1(i), in which they are regularly
positioned, one third of the Pt matrix spots along the 〈111〉
directions, indicative of the presence of twinning. We will
demonstrate that the reciprocal lattice of the extra spots will
be related to that of the original crystal by the twinning
matrix [45, 46] as follows:

(PQR)T = Thkl ·
(
pqr
)
M =

1
3

⎛

⎜
⎜
⎝

−1 2hk 2hl

2hk −1 2kl

2hl 2kl −1

⎞

⎟
⎟
⎠ ·

(
pqr
)
M ,

(1)

where Thkl is the twinning matrix, and (PQR)T and (pqr)M
are the relps of the twin and the matrix, respectively.
The extra spots appear along the 〈111〉 directions (see
Figure 1(i)); hence there is twinning about the 〈111〉 axis
normal to the face. The operator T111 transforms (002)M
into 1/3·(44-2)T and (220)M into 1/3·(228)T (refer to
Figure 1(k)). The 1/3(44-2)T twin spot can be expressed
by vector addition, (11-1)M + 1/3(111), which means
that the twin spot is displaced from the (11-1)M matrix
point by the vector +1/3〈111〉 along the (10) beam (refer
to Figure 1(k)), in agreement with the observed RHEED
pattern in Figure 1(j). The same holds for the twin spot
1/3(228)T (refer to Figure 1(k)), which is displaced from
the (113)M point by −1/3〈111〉 along the (−10)-beam.
However, at the [−211]Pt, [0110] azimuth, the twin point (1-
13)T (see Figure 1(h)), obtained from the matrix point (13-
1)M (T111· (13-1)M = (1-13)T) at the (11)-beam, coincides
exactly with the matrix point (1-13)M at the (−1-1) beam
(refer to Figure 1(h)), since the sum of the squares of
their indices are the same and the Bragg angles are also
the same. The same holds for other twin points at this
azimuth; hence no extra spots are visible at this azimuth
in Figure 1(g). For clarity the reciprocal lattice of the Pt
parent matrix in Figure 1(j) is sketched in Figure 3(b). Since
the lattice orientation of the twins differs from that of the
parent matrix, they will give their own set of reflection
spots as shown by Figure 3(c), which is obtained by the
twinning transformation of Figure 3(b). Consequently, the
RHEED pattern in Figure 1(i) is a result of the super-
position of the reciprocal lattices of the matrix and the
twin. The additional reflection spots denoted by D1 and
D2 between the 111 and 222 reflections at the [11-20]
azimuth (refer to Figure 1(k)) are due to double diffractions
between the two crystals (matrix and twin), which are

illustrated with the aid of the inset in Figure 1(k) by vector-
addition:

D1 = g002(matrix) +
1
3
T111(002)M

= −→g 002(matrix) +
1
3
· (44− 2)T

= 1
3

(444) = (111)M +
1
3

(111).

(2)

Thus the RHEED patterns are completely indexed and
the extra spots are neither due to the stacking fault of the
Ru substrate nor the Pt-Ru alloys as observed for PtHg-
alloy formed by Hg electrodeposition on Pt(111) [44], but
rather are due to twinning. Note that the rel-plane (−110)∗

of the matrix (Figure 3(b)) coincides with that of the twin
(Figure 3(c)) by reflection about the (11-2) mirror plane. It
becomes evident that twins are formed by two orientations
nucleated side by side separated by an incoherent twin
boundary (11-2), illustrated by Figure 3(d), in which the Pt
deposit grown on the basal plane of Ru(0001) forms two
orientations, one orientation is stacked abA-bcabc. . . and the
other is abA-cbacb. . ., where A represents the atom position
in the Ru substrate surface (refer to Figure 3(d)).

For the Ru deposit on Pt(111), at low Ru coverage
(∼0.3), a (1 × 1) commensurate layer with monolayer thick
islands was observed nicely in agreement with the in situ
STM investigations, in which most of the islands (76%)
have monolayer height at 0.2 ML coverage, but a detectable
amount of the multilayer growth appears as well on Pt(111)
[25]. Due to the coincidence of the Pt- and Ru-rods in
RHEED, it is found that Ru adlayer is expanded by +2.5%
with respect to the bulk Ru to match with the Pt(111)
surface. At coverage ∼0.64, bilayer thick islands develop
consistent with STM investigations [25], where Ru islands
are predominantly formed on top of the previously adsorbed
islands. The remarkable behavior of 2D islands growth has
also been observed for Cu vapor-deposition onto ZnO at
room temperature and below [47]. Moreover, it is found
that adsorption of the second Ru layer leads to relief of
the strain in the first layer, giving rise to dislocations and
incommensurate bilayer islands demonstrated by the satellite
reflections; a similar behavior has also been found for Ag on
Pt(111) [29]. Higher Ru coverage >1 ML results in cluster
formation (see Figures 4(f) and 4(g)); thereby the Ru relaxes
to its bulk lattice constant, confirmed also by the detected
spot spacing of the (002) reflection along the (00) rod,
corresponding to the bulk Ru. Although the intensity of the
(−112) spot, which is located between the −113 and −111
spots, is around one fourth that of the (−111) spot (see
Figure 4(f)), it is not resolved and smeared, indicating that
the stacking fault is obviously present in the Ru deposit,
supported also by the streaked (−122) spot in Figure 4(g).
Both 2D islands and 3D clusters of Ru grow in the (0001)
orientation on Pt(111).

It is informative to compare our results with related
experiments. The spontaneous deposition of Pt on Ru(0001)
has been recently studied using the XPS technique [24], in
which the PtO species are mainly observed on Ru(0001)
based on the XPS data analyses, whilst amorphous Pt
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oxide surface layers have been observed by X-ray study for
a Pt/SiO2 sample oxidized under 1 bar at 300◦C [48]. If
both amorphous Pt oxide and the Pt(II)O oxide with a
cubic phase [49] or a tetragonal phase [50] were present,
additional reflections due to the Pt oxide would appear in
the RHEED, whereas only the reflections of the crystalline
Pt-clusters were observed by RHEED in agreement with the
in situ STM investigations [5], where the entire Ru(0001)
surface was covered with 2–6 nm sized Pt crystallites after
Pt spontaneous deposition on Ru(0001). Up to n = ∼3–
5 ML Pt grows pseudomorphically on Ru(0001) prepared
by electrodeposition nicely in agreement with the recently
reported work for Pt deposited on Ru(0001) under UHV
conditions [22, 23]; they find that the lattice strain still
remains on Ru(0001) up to at least n = 4 ML, and a rapid
increase of the CO bond strength and a reduction in CO
desorption energy is observed on the strained Pt layers
[22, 23]. This finding is in line with our previous results
[16], in which the strained Pt adlayer on the Ru(10-10)
surface leads to lowering of the CO oxidation potential and,
as a consequence, to an enhanced CO electrooxidation [51].
Similarly, a distinct lower desorption/oxidation energy of CO
on Pt/Ru(0001) with respect to pure Pt and Ru(0001) has
also been observed under UHV conditions [21], in which
the reduction in CO adsorption energy is attributed to the
electronic modification of the Pt deposit with Ru(0001).
Although numerous microtwins forming on the evaporated
fcc metal films on sodium chloride have been observed by
transmission electron microscopy [52], while twins growing
on massive metal substrates are seldom reported due to the
limitation of sample preparations. As far as we know, there
were no reports about the twin formation for Pt deposit
on Ru(0001) prepared in both electrochemical [4, 5, 24]
and UHV environments [21–23]. Several mechanisms for
the twin formation in evaporated films have been proposed.
Burbank and Heidenreich suggested that twins were formed
to accommodate the displacement between the lattices
of coalescing nuclei [52], while Matthews and Allinson [53]
proposed that twins are formed when two nuclei, which
happen to be approximately twins of one another, coalesce
and rotate into a precisely twin relationship. Perhaps the
best known of these is due to Menzer [54] and Pashley
[55]; they suggested that silver grew initially in the twin
orientations and that the final orientation of the nanoclusters
results from twinning of the initial ones. We find that Pt
twinning occurs in 2-3 ML thick islands on Ru(0001) which
is close to that found for Au deposits on NaCl [53], as they
found that Au twin coalescence occurred in 10 A (∼4 ML),
but more commonly in 20 A specimens. And we claim that
twin nuclei develop initially in Pt deposited film and they
are epitaxially growing up from twinning of the initial ones,
since the epitaxial growth of twinned Pt nanoparticles on
Ru(0001) is independent of the nucleation kinetics. The
growth features of twinned Pt particles on Ru(0001) are
significant because they have not been reported so far in
an electrochemical environment. Interestingly, in the inverse
system, no twinning occurs in the Ru deposit on Pt(111),
while a stacking fault in thicker Ru islands has been observed.
Moreover, twinned Pt clusters were absent in evaporated Pt

films on γ-Al2O3 oxide surface [56] and oxide film grown
on NiAl(100) [55] under UHV conditions, where randomly
oriented Pt clusters developed at 300 K as shown by the
Debye-Scherre rings in RHEED [57]. It is likely that the
random orientation of the Pt particles is due to the weak
interaction between clusters and oxide substrate surfaces.
Nevertheless, the Pt [57] and Co [58] clusters grow with
the (001) facets parallel to the (001) oxide film grown on
NiAl(100), while the Pt clusters grow with the (111) facet on
the γ-Al2O3 oxide surface [56] in order to reduce the lattice
mismatch. Similar trends have also been found for the Pt and
Ru clusters growing with the facets of hexagonal unit mesh
on the Ru(0001) and Pt(111) substrates, respectively.

5. Conclusion

Pt grows pseudomorphically on Ru(0001) up to at least 4 ML,
for which the lattice strain within the film still remains and
is completely released after cluster formation on Ru(0001).
We report here for the first time observing that the initial
stage of twin formation occurs in 2-3 ML thick Pt islands
on Ru(0001) in an electrochemical environment. There is
twinning about the 〈111〉 axis normal to the substrate
surface, and the parent matrix and twin are separated by
the (11-2) twin plane normal to Ru(0001), and no multiple
twinning is observed at any Pt coverage. It seems that the
twin nuclei develop initially in Pt deposited film, and with
increasing coverage they are epitaxially growing up from
twinning of the initial ones, since the epitaxial growth of
twinned Pt nanoparticles on Ru(0001) is independent of
nucleation kinetics, that is, deposition processes (sponta-
neous/electrodeposition). Furthermore, the coexistence of
the hcp and fcc clusters grown on Ru(0001) can be excluded
in the Pt/Ru(0001) system, since the reflection spots of
the hcp clusters would not be positioned, one third of the
matrix spots along the 〈111〉 direction as that observed by
RHEED. Also the intermixing of Pt and Ru is excluded, since
the additional reflections of the Pt-Ru alloy are absent in
RHEED.

For an Ru deposit on Pt(111), at low coverage (∼0.2),
monolayer thick islands with 2.5% lateral expansion with
respect to the bulk Ru are formed on Pt(111). Up to ∼0.64
coverage, the second layer is found to relieve the strain in the
first layer, giving rise to the incommensurate bilayer (0001)
islands on Pt(111). Whilst the Pt lattice strain releases at
multilayer islands (> 3 monolayers) on Ru(0001), yet, the
origin of the difference in layer dependence of the lattice
strain for Pt and Ru is not known. At coverages higher
than 1 ML, the (0001) Ru clusters are formed and aligned
with their [11-20] direction parallel to the [−110] substrate
direction, whereby the hcp stacking fault in the Ru deposit
apparently occurs on Pt(111).
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