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Abstract:

Bimetallic Pt-Ru clusters have been grown on highly ordered pyrolytic graphite (HOPG)
surfaces by vapor deposition and by electroless deposition. These studies help to bridge the
materials gap between well-characterized vapor deposited clusters and electrolessly deposited
clusters, which are better suited for industrial catalyst preparation. In the vapor deposition
experiments, bimetallic clusters were formed by the sequential deposition of Pt on Ru or Ru on
Pt. Seed clusters of the first metal were grown on HOPG surfaces that were sputtered with Ar"
to introduce defects, which act as nucleation sites for the Pt or Ru. On the unmodified HOPG
surface, both Pt and Ru clusters preferentially nucleated at the step edges, whereas on the
sputtered surface, clusters with relatively uniform size and spatial distributions were formed.
Low energy ion scattering experiments showed that the surface compositions of the bimetallic
clusters are Pt-rich, regardless of the order of deposition, indicating that the interdiffusion of
metals within the clusters is facile at room temperature. Bimetallic clusters on sputtered HOPG
were prepared by the electroless deposition of Pt on Ru seed clusters from a Pt™ solution using
dimethylamine borane as the reducing agent at pH 11 and 40 °C. After exposure to the
electroless deposition bath, Pt was selectively deposited on Ru, as demonstrated by: the detection
of Pt on the surface by XPS; and the increase in the average cluster height without an increase in

the number of clusters, indicating that Pt atoms are incorporated into the Ru seed clusters.
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Electroless deposition of Ru on Pt seed clusters was also achieved, but it should be noted this
deposition method is extremely sensitive to the presence of other metal ions in solution that have

a higher reduction potential than the metal ion targeted for deposition.

*Corresponding author

Keywords:  Electroless deposition; vapor deposition; bimetallic, catalysis; scanning tunneling

microscopy, X-ray photoelectron spectroscopy, low energy ion scattering,
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Introduction

Electrochemical fuel cells have provided an attractive option for portable energy sources that
do not rely on fossil fuels."” In particular, direct methanol fuel cells (DMFCs) have garnered
substantial attention due to their high energy density, ease of handling, low operation
temperature, and lack of polluting emissions."**'’ A major challenge for the DMFC is the
development of an anode catalyst for efficient electro-oxidation of methanol. Platinum catalysts
have been used for the DMFC, and although Pt catalyzes the oxidation of methanol to CO,, the

1,2,6,11-13
0.-=0

Pt active sites become poisoned by C However, bimetallic catalysts such as Pt-Ru

supported on carbon are reported to exhibit activity superior to Pt alone.' % ¢ 10121413 Tphe
origin of this resistance to poisoning has been explained by two well-established theories: the
bifunctional mechanism and ligand effect. According to the bifunctional mechanism, the oxides
of Ru provide sites for water dissociation to surface OH, which facilitates the oxidation of the
intermediates of methanol decomposition that poison the active Pt sites.'®*° The ligand
(electronic) effect proposes that electronic interactions between Pt and Ru lower the energy of

15,18, 21-25

the d band of Pt and cause CO to bind less strongly to Pt. In recent studies, the

bifunctional mechanism is reported to play the dominant role, with the ligand effect providing a

minor contribution to the reduced CO poisoning.” '*2°

The most active catalysts for methanol electro-oxidation are composed of highly dispersed,
nanosized Pt-Ru particles deposited on a carbon support, but small variations in preparation
conditions have a significant impact on activity." '* Conventional impregnation methods have
difficulty controlling the dispersion and surface compositions of the Pt-Ru catalysts." % " 262
Although colloidal and microemulsion preparation methods are known to deposit highly

28-35

dispersed, nanosized Pt-Ru clusters, these methods require complex preparation procedures

and expensive starting materials, making them ill-suited for commercial scale up."* %3
Therefore, practical preparation methods that produce active Pt-Ru catalysts are still being
sought. Monnier and coworkers have demonstrated that electroless deposition (ED) can be used
to prepare well-dispersed, exclusively bimetallic clusters in which the two metals are well

d.*** In this method, the secondary metal in the form of a metallic salt is selectively

mixe
deposited from solution on the surface of the primary metal, which has been activated by a
reducing agent, rather than on the catalyst support.®”****° Studies of methanol electro-

oxidation with Pt-Ru catalysts on carbon (XC-72) by Weidner and coworkers show that 50% Pt-
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50%Ru catalysts prepared by electroless deposition of Ru on commercial Pt/C have higher
activity than the commercial bimetallic catalysts (E-TEK) of the same composition.*® This
higher activity is attributed to better mixing of Pt and Ru on the atomic scale, given that the
commercial Pt-Ru catalysts are known to be poorly mixed, with particles of pure Ru and pure Pt
coexisting with bimetallic particles.*’**

In this work, the nucleation and growth of vapor deposited Pt, Ru and Pt-Ru clusters on
highly ordered pyrolytic graphite (HOPG) are investigated and compared with bimetallic cluster
growth via electroless deposition. Unlike vapor deposition, electroless deposition is a method
that can be readily adapted for industrial catalyst preparation, given that electroplating has been
used commercially for many years in the preparation of thin film coatings.*> HOPG provides an
atomically flat, crystalline surface to serve as a model carbon support for well-characterized
bimetallic Pt-Ru clusters, and HOPG is also sufficiently conductive for STM, XPS and LEIS
studies. Exclusively bimetallic clusters can be grown by either deposition of Pt on Ru (Ru+Pt)
or Ru on Pt (Pt+Ru), provided that the first metal generates a high enough cluster density to
serve as nucleation sites for the second metal. The HOPG surfaces are initially sputtered with
Ar" before metal deposition to introduce defects that serve as nucleation sites. The surfaces of
the bimetallic clusters are Pt-rich, regardless of the order of deposition, implying that the atoms
readily diffuse within the clusters to achieve the lowest energy surface. Electroless deposition of
Pt on Ru seed clusters on HOPG resulted in the formation of bimetallic clusters. Although
electroless deposition of Ru on Pt was also achieved, trace Ag contamination in the Ru(NHj3)¢Cls

salt caused the deposition of Ag in addition to Ru.

Experimental

Surface characterization and preparation were carried out in an ultrahigh vacuum (UHV)
chamber that has previously been described in detail.** This chamber has a base pressure below
1 x 10" Torr and is equipped with a variable-temperature STM (Omicron VT-25), a
hemispherical analyzer (Omicron EA125) for X-ray photoelectron spectroscopy and low energy
ion scattering experiments, and a load lock chamber for rapid introduction of new samples.

The HOPG support was purchased from SPI supplies (10 mm x 10mm x 1 mm, SPI 3). The
HOPG samples were mounted on a standard Omicron tantalum sample plate and heated via

electron bombardment using a tungsten filament positioned behind the sample plate.”® Before



Page 5 of 23

Physical Chemistry Chemical Physics

each experiment, a clean surface was prepared by cleaving the surface with adhesive tape in air
and reintroducing the sample into the UHV chamber. Approximate temperatures were measured
by a K-type thermocouple spot welded to the edge of the sample plate. In order to create
surfaces with more defects for metal nucleation, the HOPG was sputtered with Ar" at 500 eV at a
current of 0.1 pA and Ar pressure of 3 x 107 Torr for 30 seconds and 5 minutes. For
comparison, the more aggressive sputtering conditions used for cleaning TiO,(110) and Pt(111)
surfaces are 1 kV, 3-5 uA, and 1-5x107 Torr for 20 min. Following sputtering, the HOPG
surfaces were heated to 950-1000 K for 12 min to remove embedded Ar.

Metal deposition was achieved with an electron-beam evaporator (Oxford Applied Research,
EGCO4) using a Ru bar (Good Fellow, 99.9%, 2 mm x 2 mm x 25 mm) or a Pt rod (ESPIL,
99.99%, 2 mm diameter). During deposition, a +800 V bias was applied to the surface in order
to repel the positively charged metal ions that are known to create defect sites for metal
nucleation on HOPG.”' Metal coverages were determined using an independently calibrated
quartz crystal microbalance (Inficon, XTM-2),>* and one monolayer (ML) is defined as the
packing density of Pt(111) (1.50 x 10"° atoms/cm?) or Ru(0001) (1.58 x 10'° atoms/cm?).

Procedures for the electroless deposition of Pt and Ru were adapted from previous
experiments conducted on Pt and Ru catalysts supported on a powdered carbon support (XC-
72).% The general procedures for electroless deposition experiments have been described in
detail elsewhere.*®*>>® Concentrations of the metals in ppm are calculated from the mass of the
metal only divided by the total mass of the solution. For the deposition of Pt on 0.43 ML Ru
clusters on HOPG, the electroless deposition (ED) bath consisted of a 100 mL aqueous solution
of 20-60 ppm Pt (H,PtCls, Sigma-Aldrich) with dimethylamine borane (DMAB, Sigma-
Aldrich) as the reducing agent in a 5:1 molar ratio of DMAB:Pt"*. The total deposition time in
the Pt ED bath was 60 min, and an additional aliquot of DMAB was added after 30 min in order
to maintain the 5:1 molar ratio, assuming that all of the initial DMAB was consumed at this time.
The temperature of the ED bath was maintained at either 40 or 70 °C by immersion in a
temperature-controlled water bath. The pH was fixed at 11.0 + 0.2 through the addition of 1-2
drops of 10 M NaOH, followed by 1 M HCI and 1 M NaOH for fine adjustment, if necessary.
The bath for the electroless deposition of Ru on 0.50 ML Pt clusters on HOPG was a 120 mL
aqueous solution of 50 ppm Ru™ (Ru(NH;)eCls, Sigma-Aldrich) and formic acid (Fluka) as the

reducing agent in a molar ratio of formic acid:Ru" of 10:1. The total deposition time in the Ru
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ED bath was 90 min, and additional aliquots of formic acid solution were added after 30 and 60
min to maintain the 10:1 molar ratio. The temperature of the bath was set at 90 °C, and a pH of
3.5-4 was maintained through the addition of HCI and NaOH. After removal of the HOPG
sample from the ED bath, the surface was thoroughly washed with deionized water before
transferring into the UHV chamber for surface analysis. All aqueous solutions were prepared
with deionized water, experiments were carried out in single-use polypropylene cups, and the ED
baths were vigorously stirred during deposition.

STM experiments for clusters on HOPG were carried out with a constant tunneling current of
0.1-0.2 nA and a sample bias of +2-2.3 V with respect to the tip; the clean HOPG surface was
imaged with a 0.8 nA tunneling current and +1.0 V bias. STM tips consisted of 0.38 mm
diameter tungsten wire that was electrochemically etched in NaOH and conditioned by voltage
pulsing and sputtering with Ar".>* Cluster heights are reported as a measure of cluster size since

tip convolution effects are known to significantly overestimate diameters.”* >*°

The average
cluster heights and standard deviations were determined using an in-house program’”*® that
measured all clusters in a 100 x 100 nm” image. For the following surfaces, 50 clusters were
measured manually because the program was unable to accurately assess the heights of clusters:
0.50 ML of Pt and 0.43 ML of Ru on unmodified HOPG, and 0.43 ML Ru+Pt ED (20, 50 ppm
Pt™).

LEIS experiments were carried out with a 600 eV He" beam using a dwell time of 0.1 s, step
size of 0.2 eV and a current to the sample of 25 pA. Exposure to the ion beam was minimized to

prevent damage to the surface during the LEIS experiment. XPS studies were conducted with an

AlKa anode (1486.6 eV) using a dwell time of 0.2 s and step size of 0.02 eV.

Results

An STM image of the freshly cleaved HOPG surface shows that the surface consists of
atomically flat terraces that are as wide as 1000 A. The terraces are separated steps of 5-10 A in
height, which correspond ~1-3 atomic layers (Figure 1a). When 0.25 ML of Pt is deposited on
this freshly cleaved surface, three-dimensional clusters are formed with a cluster density of 0.12
x 10" cm™, and these clusters are preferentially found at the step edges, which are the favored
coordination sites (Figure 1b). The average height for the clusters at the step edge is 33.0 + 3.7

A while the larger clusters on the terraces have heights ranging from 40-50 A. Furthermore, it
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Figure 1: Scanning tunneling
microscopy images of: a) a freshly
cleaved HOPG surface; b) 0.25 ML
Pt on HOPG; ¢) modified HOPG

(m-HOPG) prepared by Ar+
sputtering for 30 s; and d) 0.25 ML
Pt on m-HOPG. All images are
4000 A x 4000 A.

was difficult to collect high quality images due to the relatively strong interactions between the
Pt clusters and the STM tip. These interactions are a consequence of the weak binding between
Pt and the HOPG support,” and the fact that the glitches often coincide with the appearance of
fully or partially imaged Pt clusters on the terraces suggests that the clusters are picked up or
dropped by the STM tip. The presence of the majority of the Pt clusters at the steps implies that
Pt atoms are mobile on the surface at room temperature and diffuse to the preferred step sites;
alternatively, it is possible that the STM tip sweeps the clusters across the terraces to the step
edges.

In order to systematically study nucleation and growth of bimetallic clusters via sequential
deposition, a more uniform cluster density over the surface is desirable. Therefore, the HOPG
surface was sputtered with Ar' to intentionally create surface defects that serve as nucleation
sites. After sputtering at 500 eV for 30 s with a 0.1 pA current to the sample, the resulting STM
image of the clean HOPG shows that the surface has become more heterogeneous with defect
sites appearing on the terraces (Figure 1c¢); this treatment creates the modified HOPG (m-HOPG)

surface. In contrast to growth on the unmodified surface, an STM image of 0.25 ML of Pt
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Figure 2: Scanning tunneling
microscopy images of: a) 0.25 ML
Pt on m-HOPG (sputtered 30 s); b)
0.50 ML Pt on m-HOPG; ¢) 0.50
ML Pt on hm-HOPG (sputtered 5
min); and d) 0.50 ML Pt + 0.43 ML
Ru on m-HOPG. All images are
1000 A x 1000 A.

deposited on m-HOPG shows that the nucleation density increases by a factor of ~20 (2.25 x

10" cm™), the average cluster height decreases to 14.6 + 2.7 A, and clusters are nucleated
uniformly over the surface (Figure 1d). Average cluster heights and densities for various
surfaces are summarized in Table 1. These results are consistent with previous studies reporting
that Ar" ion sputtering selectively creates nucleation sites for metals on HOPG.>" ®0-¢°

A comparison of 0.25 ML and 0.50 ML of Pt on m-HOPG for smaller 1000 A x 1000 A
images is presented in Figures 2a and b. The cluster density for 0.50 ML of Pt (2.68 x 10'* cm™?)
is nearly the same as for 0.25 ML, but the average cluster height increases to 16.0 + 3.5 A,
implying that the additional Pt atoms contribute to larger cluster sizes rather than nucleating new
clusters. Therefore, it appears that almost all of the nucleation sites already are occupied by Pt
clusters at a coverage of 0.25 ML. When the HOPG support was sputtered for 5 min to create
additional nucleation sites, the deposition of 0.50 ML of Pt on this highly modified surface (hm-
HOPG) resulted in the smallest clusters (11.3 +2.7A) with the highest nucleation density (6.69 x
10" cm™) (Figure 2¢).

Bimetallic Pt-Ru clusters are prepared by depositing 0.43 ML of Ru on the 0.50 ML Pt
clusters (Pt+Ru) on m-HOPG. A comparison of Figures 2b and 2d indicates that the addition of
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Figure 3: Scanning tunneling microscopy images of: 0.22 ML Ru on unmodified HOPG: a)
4000 Ax4000 A and b) 1000 A x 1000 A; c) 0.22 ML Ru on modified HOPG; d) 0.43 ML Ru
on m-HOPG; and e) 0.43 ML Ru + 0.50 ML Pt on m-HOPG. Images c-¢ are 1000 A x1000 A.

0.43 ML of Ru caused a decrease in cluster density from 2.68 to 2.46 x 10> cm™ due to cluster
coalescence at the higher coverage, while the average cluster size increased from 16.0 + 3.5 A to
22.8 + 6.0 A. Thus, exclusively bimetallic clusters are formed, given that the incoming Ru
atoms nucleate at the existing Pt clusters instead of forming new clusters of pure Ru. Histograms
of the cluster heights for all of the clusters imaged over a 1000 A x1000 A region on m-HOPG
are presented in Supplemental Figure 1. These histograms demonstrate that the cluster heights
increase with increasing coverage, and the addition of the second metal results in a shift in the
size distribution toward higher values.

The growth of pure Ru clusters on HOPG was also investigated in order to understand the
formation of bimetallic clusters via the sequential deposition of Pt on Ru. The deposition of 0.22
ML of Ru on the unmodified HOPG surface (Figure 3a,b) demonstrates that the relatively high
mobility of the Ru atoms allows the Ru clusters to fill all of the sites at the step edges. However,

two thirds of the clusters also reside on the terraces, in contrast to the behavior of Pt on
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unmodified HOPG; this implies that the interaction of the metal clusters with HOPG is weaker
in the case of Pt. The average height of clusters on the terraces is 15.8 + 3.0 A while the density
of all clusters is 0.19 x 10'2 cm™, which is 1.6 times higher than for Pt on HOPG. In general, the
clusters at the steps are slightly larger (18.7 + 2.0 A) than at the terraces. Furthermore, the Ru
clusters do not have symmetrical shapes but instead exist as clusters of smaller particles.

After modifying the HOPG surface by sputtering for 30 s (m-HOPG), the deposition of 0.22
ML of Ru results in smaller clusters with an average height of 11.7 + 2.3 A and a higher cluster
density of 2.95 x 10" cm™ (Table 1, Figure 3c). Increasing the Ru coverage to 0.43 ML m-
HOPG produces larger clusters (17.3 + 2.9 A), while the cluster density increases by only ~10%
compared to the 0.22 ML coverage (3.28 x 10'> cm™, Figure 3d). Both these values are similar
to those of 0.50 ML of Pt on m-HOPG, with heights within 10% and cluster densities within
20%. Furthermore, the Ru clusters have more distinctly facetted shapes than Pt, suggesting that
the Pt atoms are more mobile within the clusters than Ru such that the Pt atoms are not locked
into specific configurations at room temperature.

After the deposition of 0.50 ML of Pt on the 0.43 ML Ru clusters (Ru+Pt), the cluster density
decreases to 2.82 x 10> cm™ as a result of cluster coalescence, and the average cluster height
increases to 19.4 + 3.9 A (Figure 3e). The larger cluster heights and lower cluster density imply
that Pt atoms nucleate at Ru clusters to grow bimetallic clusters, rather than forming new
nucleation sites for pure Pt clusters. Notably, the cluster heights and densities are similar for the
two bimetallic surfaces although the Pt+Ru surface has a larger average cluster height and lower
density due to the initially higher cluster density for pure Ru compared to pure Pt.

LEIS experiments were carried out to evaluate the surface compositions of the Pt+Ru and
Ru+Pt bimetallic clusters (Figure 4). In order to calculate the surface compositions based on the
integrated LEIS peaks, the relative sensitivity factors for Pt and Ru were determined by growing
5 ML Ru and 5 ML Pt films on a Pt foil substrate. At this coverage, LEIS experiments showed
that the Ru completely covers the Pt foil, given that no Pt signal is detected. The sensitivity for
detection of Pt was found to be 1.74 times greater than for Ru, assuming identical surface areas
for the films. The surfaces of 0.50 ML Pt+0.43 ML Ru clusters were 80% Pt, whereas the 0.43
ML Ru+0.50 ML Pt clusters were 93% Pt. Furthermore, when the clusters were heated to 130

°C for 3 min, the surface compositions increased to 98-99% Pt for both surfaces. Thus, the

10
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bimetallic clusters are rich in Pt regardless of the order of deposition and reach ~100% Pt when

Figure 4. Low energy ion scattering data
for the following clusters on m-HOPG:

a) 0.50 ML Pt+0.43 ML Ru; b) 0.50 ML
Pt+0.43 ML Ru heated to 130 °C for 3 min;
¢) 0.43 ML Ru+0.50 ML Pt; and d) 0.43
ML Ru+0.50 ML Pt heated to 130 °C for 3
min.

Intensity (arb. units)

| | 1 | 1
460 480 500 520 540

Kinetic Energy (eV)
the clusters are heated to achieve equilibrium. These results are consistent with the higher
surface free energy for Ru (~2.7 J/m”) compared to Pt (~2.2 J/m?), which favors Pt at the
surface.®

Figures 5 and 6 show STM and Pt(4f) XPS data for the electroless deposition of Pt on 0.43
ML Ru clusters on m-HOPG under various conditions (see experimental section for details). No
Pt deposition occurs when the freshly cleaved HOPG substrate itself is exposed to the Pt ED
bath. All of the surfaces exposed to the ED baths are heated to ~130 °C for 3 min before STM
and XPS analysis in order to remove surface contamination that prevents imaging by STM.
Since the metal clusters increase in size after heating to 130 °C, the ED experiments are
compared with vapor deposition experiments in which the surfaces have also been heated to 130
°C. For example, when the vapor deposited 0.43 ML Ru+0.50 ML Pt clusters are heated to 130
°C, a 50% decrease in cluster density is accompanied by a ~15% increase in cluster height
(Supplemental Figure 1, Table 1).

In the first Pt ED experiment with 50 ppm Pt' at 70 °C, the STM image demonstrates that the
surface consists of large clusters with heights ranging from 15 to 65 A (34.5+10.9 A) and a
cluster density of 1.66 x 10'* cm™ (Figure 5a). The Pt(4f) region in the XPS data for this surface
confirms that Pt was deposited; based on a comparison of the Pt(4f) intensity with that of vapor
deposited 0.43 ML Ru+0.50 ML Pt, the Pt coverage in the ED experiment is well over 0.5 ML
(Figure 6). Due to the high coverage of Pt, it is not possible to determine if Pt deposits

selectivity on the Ru seed clusters. Therefore, in the second ED experiment, the Pt

11
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Figure 5. Scanning tunneling
microscopy images for 0.43 ML
Ru on m-HOPG after: a)
electroless deposition of Pt (50
+2
ppm of Pt at 70° C); b)
electroless deposition of Pt (20
+2
ppm of Pt at 70° C); ¢)
electroless deposition of Pt (60
+2
ppm of Pt at 40° C); and d)
exposure to the same electroless
deposition conditions in (c)
+
without Pt . All surfaces were
heated to 130 °C for 3 min, and
images are 1000 A x 1000 A.

concentration was decreased to 20 ppm, which resulted in a Pt coverage below 0.5 ML (Figure
6). The STM image of this surface (Figure 5b) shows clusters with nonuniform heights ranging
from 10 to 60 A (24.0 + 5.9 A average height, cluster density of 1.95 x 10" cm™), and the
surface is difficult to image without the tip crashing on the very large clusters. In the third ED

experiment, the temperature was reduced to 40 °C in order to decrease the rate of Pt deposition

12
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—W
Figure 6. X-ray photoelectron spectroscopy data for
= w— the Pt(4f) region for 0.43 ML Ru on m-HOPG after
= the following treatments: a) vapor deposition of
Z 0.50 ML Pt; b) Pt electroless deposition (50 ppm, 70
@ °C); c) Pt electroless deposition (20 ppm, 70 °C);
%‘ and d) Pt electroless deposition (60 ppm, 40 °C). All
S b of the surfaces exposed to the ED baths (b-d) were
£ annealed at 130 °C for 3 min.
a
T T T T T
85 80 75 70 65

Binding Energy (eV)
and promote more uniform cluster growth. At a Pt"* concentration of 20 ppm, no Pt was

detected by XPS, but a small amount of Pt was deposited from a 60 ppm Pt™* solution at the
same temperature (Figure 6); this coverage is estimated to be less than 0.1 ML based on the
integrated Pt intensity compared to that of the vapor-deposited 0.43 ML Ru+0.50 ML Pt clusters.
An STM image of this surface shows clusters with an average height 0f 22.8 + 4.6 A and a
cluster density of 1.53 x 10'? cm™ (Figure 5¢). In order to understand changes due to cluster
sintering in the ED bath, 0.43 ML of Ru on m-HOPG was exposed to ED conditions in the
absence of the Pt salt. XPS data from the resulting surface indicated that no Pt was deposited,
and the Ru clusters had an average height of 19.9 + 4.7 A with a cluster density of 1.58 x 10"
cm™. The nearly identical cluster densities and larger cluster sizes for the third Pt ED
experiment compared to this surface demonstrate that bimetallic clusters are formed via selective
deposition of Pt at the Ru seed clusters. The cluster size distributions for these two surfaces
confirm that there is a shift to larger sizes after ED of Pt (Supplemental Figure 1).

XPS data for the Ru(3d) region are presented in Figure 7, with the Ru(3ds,,) peak at 280 eV
and the Ru(3ds/;) and C(1s) peaks contributing to the feature at ~284.3 eV. For comparison to
the ED experiments, the spectrum of vapor deposited 0.43 ML Ru+0.50 ML Pt appears at the
bottom of the figure. The Ru (3ds,) peak is observed for all experiments, indicating that Ru
remains on the surface in the ED process. As expected, the intensity of the Ru(3ds/,) peak
decreases with increasing Pt coverage and is attenuated to 40-60% of the intensity of vapor

deposited 0.43 ML Ru clusters. Notably, the 0.43 ML Ru clusters exposed to the ED bath

13
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Figure 7. X-ray photoelectron spectroscopy data for the
Ru(3d)/C(1s) region for 0.43 ML Ru on m-HOPG after
the following treatments: a) vapor deposition of 0.50 ML
Pt; b) Pt electroless deposition (50 ppm, 70 °C); c) Pt
electroless deposition (20 ppm, 70 °C); d) Pt electroless
deposition (60 ppm, 40 °C); and e) exposure to the ED

2
bath in (d) without Pt+ . All of the surfaces exposed to the
ED baths (b-e) were annealed at 130 °C for 3 min.

T

Intensity (arb. units)

T T T T
292 288 284 280 276

Binding Energy (eV)
without Pt also exhibit a 40% decrease in Ru intensity compared to the freshly deposited 0.43

ML Ru clusters due to contamination of the Ru surface upon exposure to air.

Electroless deposition of Ru on Pt seed clusters on hm-HOPG was carried out for 0.50 ML Pt
clusters in an ED bath consisting of 50 ppm Ru" and formic acid (formic acid:Ru™=10:1) as the
reducing agent at a pH of 3.5-4 and temperature of 90 °C; the hm-HOPG was used to create
more nucleation sites for Ru deposition and ensure a detectable Ru XPS signal. The appearance
of'a Ru(3ds),) peak indicates that Ru was deposited on the surface, and the Pt(4f) spectrum after
deposition shows that Pt remains on the surface after Ru ED (Figure 8). However, Ag deposition
is also detected by XPS, and inductively coupled plasma emission spectroscopy experiments
confirm that there is trace Ag contamination in the Ru(NH;3)sCl; solution. Based on the relative
XPS sensitivities for Ag(3ds;,) and Ru (3ds)),%” the amounts of Ag and Ru deposited are
estimated to be roughly the same. LEIS experiments also establish the presence of Ag on the
surface. Given that Ag" is much more easily reduced than Ru™ based on their relative
electrochemical reduction potentials, the concentration of Ag' in solution can be extremely low
and still result in significant Ag deposition compared to Ru. Furthermore, the relatively small
number of surface sites on the vapor-deposited Pt clusters results in comparable coverages of Ru
and Ag because the Ag contaminant is preferentially deposited on the clusters before Ru

deposition can occur. Ru ED could not be carried out with other Ru salts because either Ru™

14
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&
Figure 8. X-ray photoelectron
360 3:55 370 275 380 spectroscopy data for the: a) Ru(3d)/C(1s);
@ b) Pt(4f); and c) Ag(3d) regions for 0.50
'g b ML Pt on hm-HOPG after exposure to the
a Ru ED bath. The surface was annealed at
8 130 °C for 3 min.
=
n
c
L
c T T T T T
85 80 75 70 65
a

- 1 111
292 288 284 280 276
Binding Energy (eV)
was unstable in solution under ED conditions (K;RuCls, RuCl;, Ru(NHj3)¢Cly), or the solution

was too thermally stable for the reduction of Ru™ (K4Ru(CN)g). All attempts to selectively

remove the Ag” contamination from the Ru™ solution were not successful (see Supplemental text

).

Discussion

On the unmodified HOPG surface, weak Pt substrate interactions result in high mobility of the
Pt atoms and nearly exclusive nucleation of clusters at the step edges. The small fraction of
clusters appearing on the terraces is likely due to interactions between the STM tip and Pt
clusters that cause cluster displacement. Similarly, other studies of metal clusters such as pt,”
Ru’! and Ag'>®*® on freshly cleaved HOPG have also shown that weak cluster-support
interactions coupled with stronger cluster-tip interactions lead to the tip-induced movement of
the clusters on the surface. In general, the mobility of metal atoms on the unmodified HOPG

surface is high at room temperature, and consequently the metal clusters are often found at the
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favored low-coordinated step sites.®’ - %% 77" However, Ru atoms interact more strongly with
HOPG and have decreased mobility, as demonstrated by the higher fraction of Ru clusters found
on the terraces and the 60% higher cluster density compared to Pt. Furthermore, the Ru clusters
exist on unmodified HOPG as aggregates of smaller particles, and the lack of coalescence of the
smaller particles is attributed to different rotational orientations of the crystalline particles with
respect to the surface, given that stacking faults preventing coalescence can be formed when
particles of two different orientations grow together. In fact, Ru is reported to grow epitaxially
on modified HOPG surfaces with two different growth orientations.”” In both cases, the (0001)
face of Ru is parallel to the graphite surface, but one orientation is the same as the graphite
lattice whereas the other is rotated by 30°. The aggregates of particles are not observed on m-
HOPG, where the Ru clusters have nearly facetted shaped. However, the sizes of the clusters on
m-HOPG are generally smaller than the uncoalesced particles on unmodified HOPG due to the
shorter Ru diffusion lengths on the more defective m-HOPG.

The nucleation densities of Pt and Ru clusters on HOPG are controlled by creating nucleation
sites via Ar” ion sputtering. For the same metal coverages, a more highly sputtered surface
results in a higher cluster density as well as smaller cluster sizes, and the clusters have a
relatively narrow size distribution. Even after sputtering to introduce nucleation sites, the
number of clusters for Ru is higher than for Pt, and this is attributed to the higher mobility of Pt
atoms on the surface and weaker metal-HOPG interaction for Pt. Furthermore, the difference in
cluster densities is greater on the unmodified surface; the Ru density is ~60% higher on the
unmodified surface but only 20-30% higher on m-HOPG for metal coverages of 0.22-0.43 ML.
Other literature studies also shown that metal particles with uniform size and spatial distributions
are observed after defect sites have been intentionally introduced to the HOPG surface either by

31,6065 or by sputtering followed by oxidation in air at temperatures

sputtering with an inert gas,
above 500 °C.'% % %72
Bimetallic clusters are formed from sequential vapor deposition of Ru on Pt or Pt on Ru for
0.4-0.5 ML coverages of both metals on m-HOPG. For bimetallic clusters growth on TiO,(110),
our group has shown that exclusively bimetallic clusters can be grown when the less mobile
metal is deposited first, followed by the more mobile metal.”>>*>" 73> Moreover, it is also

possible to form only bimetallic clusters through either order of sequential deposition as long as

the number of nucleation sites formed during the deposition of the first metal exceeds the
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number of nucleation sites required during the deposition of the second metal.”” In the case of Pt
and Ru on m-HOPG, a 0.4-0.5 ML coverage of either metal provides the requisite number of
nucleation sites for the 0.4-0.5 ML coverage of the second metal. Furthermore, on m-HOPG the
diffusion length is controlled primarily by the number of defect sites induced by sputtering rather
than by the intrinsic mobility of the metals. The surface compositions of the bimetallic clusters
are close to 100% Pt after heating to 130 °C, and this is consistent with predictions from bulk
thermodynamics, given that Pt has a lower surface free energy than Ru (2.2 J/m® vs. 2.7 J/m?).%
At room temperature, the deposition of Ru on Pt results in cluster surfaces that are only 80% Pt
because the atoms have insufficient energy to diffuse within the clusters and achieve the
equilibrium surface compositions. However, even at room temperature the diffusion of atoms
within a cluster is facile enough to reach an 80% Pt surface composition for Ru deposited on Pt.
Although the cluster sizes and densities are similar for the Pt+Ru and Ru+Pt surfaces, the Ru+Pt
surface has a slightly smaller average cluster height (19.4 +3.9 A vs. 22.8 + 6.0 A) and a 15%
higher cluster density because the initial deposition of the Ru seed clusters provides more
nucleation sites than the deposition of Pt seed clusters. Previous LEIS studies of Pt-Ru films on
HOPG also report a strong tendency for surface segregation of Pt; deposition of 30 A of Ru on
50 A of Pt resulted in both Pt and Ru at the surface, whereas 30 A of Pt on 50 A of Ru resulted in
a pure Pt surface.”® In addition, encapsulation of Ru and Pt by carbon from the support was
observed for 50 A films deposited on HOPG after heating to 700 °C,”” but no such cluster
encapsulation was observed at the lower temperature of 130 °C in this study.

Similar bimetallic Pt-Ru clusters are also grown on m-HOPG using the technique of
electroless deposition, which bridges the materials gap between vapor-deposited clusters on
model surfaces and the electroless deposition method that can be extended to industrial catalyst
preparation. Specifically, Pt is deposited from solution onto Ru seed clusters supported on m-
HOPG. To our knowledge, this is the first instance in which bimetallic clusters have been grown
by electroless deposition and characterized on an atomically flat model support such as graphite.
The bimetallic cluster densities are nearly identical to that of the monometallic seed clusters
exposed to the ED without Pt™ and heated to 130 °C, while the average cluster heights increase,
and the deposition of Pt is confirmed by XPS. The amount of Pt deposited can be controlled by
changing the Pt concentration in the ED bath, and the rate of metal deposition can be decreased

to form more uniformly-sized clusters by decreasing the temperature of the ED bath. Although

17



Physical Chemistry Chemical Physics

Ru deposition on Pt seed clusters could be achieved by electroless deposition, the presence of a
Ag contaminant in the Ru(NH3)¢Cls salt results in the codeposition of Ag. It should also be
noted that electroless deposition is extremely sensitive to trace contaminants of other metals,
particularly if the reduction potential for the contaminant metal is significantly higher, as is the
case for Ag and Ru. A Ag contamination level of only 2.5 x 10° g Ag/g Ru provides enough Ag
atoms to completely cover the 0.50 ML Pt clusters on m-HOPG in the Ru™ ED experiment
because these model surfaces have a relatively small number of surface sites compared to

conventional catalysts on powdered supports (see Supplemental text 2).

Conclusions

Bimetallic Pt-Ru clusters have been grown on HOPG via vapor deposition in UHV and
electroless deposition in solution. In contrast to cluster growth via vapor deposition in vacuum,
the technique of electroless deposition is one that is suitable for commercial catalyst preparation,
given that electroplating is already widely used in industry. Thus, the ability to grow bimetallic
clusters on model, atomically flat surfaces by electroless deposition allows the materials gap to
be bridged between fundamental investigations of clusters grown on single-crystal support
surfaces and studies of industrial catalysts. The first step in the growth of bimetallic clusters is
the deposition of seed clusters of pure Ru or Pt, which serve as nucleation sites for the deposition
of the second metal; the higher mobility of Pt on HOPG compared to Ru is attributed to weaker
metal-HOPG interactions for Pt. The number of seed clusters on HOPG can be controlled by
Ar' sputtering, which creates defects that serve as nucleation sites. For the same metal
coverages, the cluster density increases with Ar’ sputtering time, and the average cluster height
decreases. Bimetallic clusters can be grown through sequential vapor deposition of either Pt on
Ru (Ru+Pt) or Ru on Pt (Pt+Ru), provided that the initial deposition creates a sufficient number
of seed clusters for the nucleation of the second metal. The fact that the resulting cluster surfaces
are nearly 100% Pt after heating to 130 °C for both orders of deposition demonstrates that
diffusion of metal atoms within the clusters occurs readily at this temperature and is consistent
with the lower surface free energy of Pt compared to Ru. Electroless deposition of Pt on Ru seed
clusters was achieved using PtCls* with DMAB as a reducing agent, and STM images of the
resulting surface indicate that the Pt deposition occurred only at the Ru seed clusters. The

electroless deposition of Ru on Pt seed clusters was also carried out from a solution of
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Ru(NH3)6Cl; with formic acid as a reducing agent; these experiments show that electroless
deposition is exceptionally sensitive to trace contaminants of metal ions with a higher reduction
potential than the metal ion targeted for deposition, given that extremely low concentrations of

Ag" in the Ru salt solution resulted in the deposition of both Ag and Ru.
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Table 1. Average cluster heights and cluster densities for metals on HOPG. All of the surfaces

exposed to the Pt ED bath were heated to 130 °C.

Surface

Average Cluster

Cluster Density

Height (A) (x10'%/cm?)
0.25 ML Pt/HOPG 33.0+3.7 0.12
0.25 ML Pt/m-HOPG 14.6+2.7 2.25
0.50 ML Pt/m-HOPG 16.0+3.5 2.68
0.50 ML Pt/hm-HOPG 11.3+2.7 6.69
0.50 ML Pt+0.43 ML Ru/m-HOPG 22.8+6.0 2.46
0.22 ML RwHOPG 15.8+3.0 0.19
0.22 ML Ru/m-HOPG 11.742.3 2.95
0.43 ML Ru/m-HOPG 17.342.9 3.28
0.43 ML Ru+0.50 ML Pt/m-HOPG 19.4+3.9 2.82
0.43 ML Ru+0.50 ML Pt/m-HOPG, 130 °C | 22.5+4.7 1.36
0.43 ML Ru+Pt ED (50 ppm Pt', 70° C) | 34.5+10.9 1.66
0.43 ML Ru+Pt ED (20 ppm Pt', 70° C) | 24.0£5.9 1.95
0.43 ML Ru+Pt ED (60 ppm Pt'%, 40° C) | 22.8+4.6 1.53
0.43 ML Ru+ED bath 40° C, no Pt" 19.9+4.7 1.58
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