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Abstract

Single atom catalysts hold a great potential in heterogeneous catalysis. In this model study, we report on the observation of
Pt single atoms in low-melting-point Pt—Ga alloy prepared on modified highly oriented pyrolytic graphite (HOPG) under
ultrahigh vacuum (UHV) conditions. In the first part, we examined the growth of Pt nanoparticles (NP) on HOPG modified
by Ar* bombardment. In the second part, we used physical vapor co-deposition of Pt and Ga to prepare model systems for
supported catalytically active liquid metal solutions. We employed infrared reflection absorption spectroscopy with CO
as a probe molecule and atomic force microscopy to study the growth and adsorption properties of Pt—Ga aggregates in
comparison to Pt NPs. The presence of CO during Pt deposition leads to formation of ordered Pt particles mainly exposing
terrace sites. On Pt—Ga nanoalloys, CO induces Pt segregation to the surface. In contrast, Ga deposition onto Pt in UHV or
evaporation of small amounts of Pt onto Ga results in the formation of isolated Pt atoms on the surface of the alloy. Com-
paring alloys with different Pt concentrations, we show that the coordination environment around Pt influences the binding
energy of the adsorbed CO.

Keywords Platinum - Gallium - Highly oriented pyrolytic graphite (HOPG) - Infrared reflection absorption spectroscopy

(IRAS) - Atomic force microscopy (AFM) - Supported catalytically active liquid metal solutions (SCALMS)

1 Introduction

Single atom catalysts (SACs) have recently received a lot of
attention [1]. Ideally, they consist of active atoms bonded
to a support material, offering a uniform chemical environ-
ment. Consequently, SACs should provide very high noble
metal efficiency together with excellent control over their
selectivity [2]. Practically, however, the biggest challenge is
the stabilization of the active site under reaction conditions.
In addition, the active sites may not be uniform because the
strongest binding to the support usually occurs at defect sites
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or impurities of the support [1, 3]. The most commonly used
substrates for SACs are oxide materials, carbon, or other
metals. While binding on oxides is governed by metal-sup-
port interactions [1, 4], carbon supports and metals usually
require incorporation of the active metal directly into the
support structure [5, 6].

Bimetallic catalysts have already proven to be efficient for
dehydrogenation of alkanes [7-9] or methanol steam reform-
ing [10, 11]. Recently, the novel concept of so-called ‘sup-
ported catalytically active liquid metal solutions ‘(SCALMS)
was presented by Taccardi et al. [12]. Its principle relies on
dilution of an active metal (Pt, Pt, Rh, Ni) in a low-melting-
point metal matrix (Ga, In, Sn, Pb). The resulting alloy is
liquid under the reaction conditions, and, consequently,
the atoms of the active metal are very mobile. It has been
shown that site isolation can efficiently prevent coking of
the catalyst [12]. Simultaneously, the liquid matrix provides
a very uniform environment for the active metal centers.
It is believed that the active atoms occasionally appear at
the surface of the liquid alloy droplet in the form of sin-
gle atoms [13, 14]. In comparison to catalysts used to date,
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SCALMS showed improved stability and selectivity during
dehydrogenation of alkanes or pyrolysis of methane [12, 15].
While the basic functional principles of SCALMS have been
recently investigated, a deeper understanding of the interplay
between the active metal and the metal basis is still lacking.

In order to enable studies of SCALMS using the methods
of surface science, we aim in this work at the preparation
of a model system for Pt—Ga single atom catalysts under
ultrahigh vacuum (UHV) conditions. Because Ga readily
alloys with other metals and is prone to oxidation, we have
chosen carbon as a substrate. Carbon is among the most
versatile support materials in heterogeneous catalysis and
electrocatalysis [16, 17]. Carbon-based materials offer low
weight in combination with excellent thermal stability and
electrical conductivity. Moreover, their surface composition
is variable ranging from thin, flat graphene to high surface
area macroporous supports [5, 18].

As a model support in this work, we used highly oriented
pyrolytic graphite (HOPG). Even though HOPG has been
employed in many surface science studies [19-21], it has
been rarely used for infrared reflection absorption spectros-
copy (IRAS) [13, 22-28]. However, Heidberg et al. showed
almost 30 years ago that HOPG fulfills the metal surface
selection rule (MSSR) nearly perfectly [24]. The only disad-
vantage in comparison to metal substrates is a slightly lower
surface intensity function and slightly different optimum
angle of incidence (~75°). Still, we showed in our previous
paper that high quality spectra can be obtained using HOPG
as a substrate [13]. Regarding the growth of metal nanoparti-
cles (NPs) on HOPG, the biggest challenge is to control the
nucleation and sintering. As the interaction of atoms with
clean HOPG is very weak, the surface is usually roughened
before the deposition of the metal, for instance by ion bom-
bardment [19, 20, 28]. Such treatment leads to creation of
defects, which help to anchor the incoming metal atoms.
In our recent work, we investigated different pretreatment
procedures and their influence on the metal growth [28]. In
this work, we study the growth and adsorption properties of
Pt NPs and Pt—Ga nanoalloys on HOPG pretreated by Ar*
bombardment.

We used IRAS and atomic force microscopy (AFM) to
investigate the morphology and growth of Pt NPs on HOPG
modified by Art bombardment. Our results suggest that Pt
evaporation in a CO background leads to creation of well-
ordered NPs with larger terraces and less steps as compared
to growth in UHV. In the second part, we prepare a model
system for Pt—-Ga SCALMS on modified HOPG and explore
the changes upon alloying with Ga. In contrast to previous
work on Ga bimetallic systems [29, 30], we focus specifi-
cally on the regime of low noble metal concentration, which
is most relevant for the SCALMS concept. While Ga evapo-
ration on Pt in UHV leads to the appearance of Pt single
atoms, the presence of CO induces Pt segregation to the
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surface and results in the formation of larger Pt ensembles.
The dynamic changes observed on the alloy suggest that
such a system can serve as a model for studying the charac-
teristics of Pt—-Ga SCALMS.

2 Experimental

The IRAS measurements were carried out in an UHV sys-
tem with a base pressure of 1x 107!° mbar. The system is
equipped with a Fourier transform infrared (FTIR) spec-
trometer Bruker Vertex 80v along with other sample prepa-
ration and characterization tools (e.g. metal evaporators,
quadrupole mass spectrometer, low energy electron diffrac-
tion, ion gun, load lock chamber, gas inlet system, etc.). The
sample holder allows for heating/cooling of the sample in the
temperature range from 100 to 1300 K. The spectrometer is
connected to the UHV system via differentially pumped KBr
windows. Both Pt and Ga metal evaporators were installed in
a geometry that allowed metal deposition while performing
IR spectroscopy.

The HOPG samples (MikroMasch, ZYA, 0.4° mosaic
spread) were cleaved by using the ‘Scotch tape’ method
prior to insertion into the UHV chamber. In the UHV cham-
ber, HOPG was briefly heated to 800 K and subsequently
bombarded with Ar* ions (Linde, purity 5.0, 500 eV, ~0.5
uA/cm?) for 1 h at an angle of incidence of approx. 45° with
respect to the sample normal.

Pt was deposited using a commercial electron beam
evaporator (Focus EFM3) from a Pt wire (Alfa Aesar,
99.95% purity, 1 mm in diameter) onto the HOPG substrate,
which was kept at room temperature. Gallium (Alfa Aesar,
99.99999% purity) was evaporated from a pyrolytic boron
nitride crucible in a second electron beam evaporator (Focus
EFM3) at an angle of approx. 45° with respect to the sample
normal. The evaporation rates, as determined by a quartz
crystal microbalance, were 0.15-0.3 A/min for Pt and 0.5
A/min for Ga. For the adsorption experiments, CO (Linde,
3.7) was purified with a combination of a home-built liquid
nitrogen cold trap and a commercial filter assembly (Pall
Gaskleen II) before dosing.

The AFM measurements were performed ex situ after
the sample preparation and IRAS measurements. We used a
combined AFM/STM system (Keysight Technologies, Series
5500 AFM/SPM) equipped with a combination of active
and passive noise damping. For AFM experiments, silicon
cantilevers were used (Pointprobe-Plus Silicon SPM Sensor
PPP-NCHR, nominal spring constant of 10-130 Nm™!, reso-
nance frequency of 204-497 kHz), and the experiments were
performed in non-contact mode. AFM images were post-
processed (row-aligning, data leveling) using the Gwyddion
software (version 2.49) [31].
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3 Results and Discussion
3.1 Ptgrowth on Modified HOPG

As a first step, we studied the growth of Pt on modified
HOPG. Prior to any metal deposition, the surface of HOPG
was modified by Ar" bombardment. Surface modification
of HOPG roughens the surface and creates anchoring points
necessary for stabilizing the deposited metal against sinter-
ing. The details of this procedure can be found in the Experi-
mental section and in our previous publication [28]. After
the Ar* bombardment, the HOPG sample was analyzed ex
situ by AFM. Figure 1a and b shows the AFM images of the
surface of HOPG after the modification. The images show
roughened planes terminated by plane edges and steps. The
very large surface defects observable in Fig. 1b are most
probably the remnants of the ‘Scotch tape’ cleaving pro-
cedure, which leaves some parts of the graphite pointing
upwards. Our previous STM analysis of the Art-bombarded
HOPG showed that the structure of the planes consists of
small graphene flakes of approximately 10 nm in diameter
with height difference between 0.35 and 2.5 nm [28].

Figure 1c and d shows the morphology of the
Ar*-bombarded HOPG surface after the deposition of
1.5 nm of Pt in UHV. In general, the overall morphology
of the surface remains unchanged and no bigger islands are
observed. This leads us to the conclusion that the surface
of the Ar*-bombarded HOPG is covered with nanometer
sized Pt islands which are too small to be clearly resolved
by AFM. This implies that the Pt NPs are comparable in
size or smaller than the graphite flakes (< 10 nm). This
agrees well with our previous findings on Pd deposi-
tion, which showed that deposition of 4.5 nm of Pd on
Ar*-bombarded HOPG leads to the formation of Pd NPs
of approximately 6 nm in diameter [28].

The images in Fig. le and f show the surface of
Ar*-bombarded HOPG after the deposition of 4.5 nm of
Ga followed by evaporation of 0.225 nm of Pt. Obviously,
the morphology is dramatically changed in comparison to
Fig. la—d. We observe approximately 15 nm wide islands
with height between 1 and 5 nm. The islands appear
clearly separated, and the surface is homogeneously cov-
ered by islands. The particle size can be estimated from
the Ga loading and the particle density as derived from
AFM. The particle density determined from the image in
Fig. le is 6 x 10''/cm?. For the nominal Ga loading of
4.5 nm, we obtain average number of 38,000 Ga atoms per
particle. Assuming half-spherical shape, this corresponds
to an average particle diameter of approximately 14 nm, in
good agreement with the AFM image in Fig. le.

In the next step, we studied the growth of Pt on
Ar*-bombarded HOPG by IRAS. To this aim, we applied

a background pressure of CO and used the stretching fre-
quency of adsorbed CO to examine the growth of NPs. CO
is commonly used as a probe molecule to study the sur-
face structure of metal NPs [32—35]. Figure 2a shows the
characteristic CO stretching region of IR spectra measured
during and after physical vapor deposition (PVD) of Pt in
1 % 107 mbar CO. We see that directly after the start of the
Pt evaporation, two bands at 2108 and 2077 cm™' emerge.
The band at 2077 cm™! continues to grow and gradually
blue-shifts to 2093 cm™~! with increasing Pt loading, while
the band at 2108 cm™' does not shift and its intensity
remains unchanged. An additional weak band appears at
1853 cm™! after deposition of 2.25 A Tts intensity peaks at
a Pt loading of 6 10%, and the band does not show any shift
with Pt coverage.

The results can be understood on the basis of previous
studies on Pt single crystals and NPs [32—40]. The band at
2077 cm™! corresponds to on-top CO on the Pt NPs [33,
34]. The weak band at 2108 cm™' is attributed to on-top
CO adsorbed on Pt atoms modified by co-adsorption of
carbon. The interaction of Pt atoms with Ar*-bombarded
HOPG was demonstrated by Yang et al. [41], and the find-
ings are also in line with our previous study of Pd growth
on Art-bombarded HOPG [28]. Noteworthy, this band at
2108 cm™! lies above the frequency of CO on (111) terraces
(2093 cm™") and below the band of CO coadsorbed with O
(~2120 cm™Y) [35, 42, 43]. Moreover, the band disappears
with further Pt deposition, i.e., when the carbon-anchored
Pt atoms get covered by additional Pt. With increasing Pt
loading, the NPs get larger and their surface becomes domi-
nated by (111) planes which feature both on-top and bridge-
bonded (1853 cm™!) CO [36]. Concurrently, the dipole cou-
pling gradually shifts the on-top band to 2093 cm™' [37,
38, 44].

In the next experiment, 15 A of Pt was evaporated onto
Ar*-bombarded HOPG in UHV and subsequently exposed
in several steps to CO (see Fig. 2b). IR spectra were recorded
after each step. One spectrum was recorded at a CO pressure
of 1x 10~° mbar as well. Finally, we performed a tempera-
ture programmed IRAS (TP-IRAS) measurement between
303 and 663 K in 1x 107% mbar CO (2 K/min, see Fig. 2¢).
We observe that the on-top CO band appears initially at
2058 cm™! and blue-shifts with CO exposure. No specific
features are observed in the on-top CO region, which often
appear on facetted Pt NPs [45, 46]. The band from bridge-
bonded CO remains at 1871 cm™' and red-shifts only at
higher coverages. In 1x 107® mbar of CO, the on-top peak
is observed at 2084 cm™'. In comparison to Pt deposition in
CO (Fig. 2a), the band from bridge-bonded CO at 1853 cm™!
appears much broader. During the following TP-IRAS
measurement, the intensity of the CO on-top band slowly
decreases, the band red-shifts to 2044 cm™! and disappears
around 560 K.
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Fig. 1 AFM images of a, b HOPG modified by Ar* bombardment; ¢, d 1.5 nm Pt on Ar*-bombarded HOPG; e, f 0.225 nm Pt on 4.5 nm Ga pre-
deposited on Art-bombarded HOPG

During the CO adsorption steps (Fig. 2b), the appear-  The lower initial wavenumber is attributed to reduced
ance of the CO on-top band prior to CO exposure is caused  dipole—dipole coupling at low CO coverage and to prefer-
by adsorption traces of residual CO from the background.  ential occupation of low-coordinated defect sites [44]. The
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Fig.2 a IR spectra taken at 300 K in CO (I1x 10™° mbar) dur-
ing Pt deposition (maximum nominal Pt coverage 1.5 nm) onto
Ar*-bombarded HOPG. b IR spectra recorded at 300 K during step-
wise CO adsorption on Pt NPs (nominal Pt coverage 1.5 nm) depos-
ited on Ar*-bombarded HOPG. ¢ Temperature programmed IR spec-
tra recorded during annealing of the sample from b in 1x 10~ mbar
CO. Inset shows integrated area of the peak in ¢ as a function of tem-
perature

differences observed between Pt growth in CO atmosphere
and in UHV (Fig. 2a vs. Fig. 2b) suggest that Pt growth in
UHYV leads to the formation of defect-rich particles. As a
result, a broad range of step, edge and defect sites leads to
broadening of the CO band [47]. Simultaneously, the lack
of long range coupling on terraces leads to a weaker blue
shift as compared to Pt(111), as also observed for supported
Pt NPs on SiO, or Al,O5 [44, 47, 48]. During the following
TP-IRAS, the red shift and decrease in intensity between 340
and 560 K is ascribed to CO desorption. The broad range of
desorption temperatures and the presence of CO up to high
temperatures corroborates the heterogeneity of the Pt NPs.

3.2 Ga/Pt and Pt/Ga on Art Bombarded HOPG

In the next step, we studied the growth of Ga on Pt NPs pre-
deposited on Art-bombarded HOPG. First, 15 A of Pt were
deposited in 1x 107® mbar CO on Ar*-bombarded HOPG.
Next, Ga was deposited in a CO background pressure of
1 x 1078 mbar while continuously recording IR spectra (see
Fig. 3a and b). Initially, the IR spectrum of CO on the Pt
NPs shows an on-top band at 2092 cm™" and a bridge band at
1855 cm™!. Immediately after starting the Ga deposition, the
bridge band disappears completely. Surprisingly, the overall
area of the CO on-top band increases and the band becomes
narrower. At a Ga/Pt ratio of 0.5, the area of the CO on-top
band reaches a maximum, and, simultaneously, the width of
the band is minimal. Upon further Ga deposition, the band
broadens and red-shifts to 2059 cm™!. After switching the
CO off, the area of the CO on-top band remains unchanged.

As discussed above, the initial spectrum of the Pt NPs
grown in CO indicates the formation of ordered Pt NPs pre-
dominantly terminated by (111) facets (compare Fig. 2a).
The sudden disappearance of the bridge bonded CO can be
explained by Ga adsorption on steps and terraces, disrupting
the ensembles of Pt surface atoms. Disappearance of bridge
bonded CO was previously observed on Pd—Ga and Pd—Zn
alloys as well [10, 11, 13, 30]. Most probably, Ga preferen-
tially fills defect sites and readily forms a relatively uniform
surface alloy. As the surface becomes more homogeneous,
the band becomes narrower and the peak intensity increases.

An increase in CO intensity upon annealing was previ-
ously observed on Pt NPs as well [49, 50]. While Barth
et al. suggested that the effects may be caused by conversion
of bridge bonded to linear bonded CO [49], Bourane et al.
attributed the effect to a reconstruction of the Pt surface in
the presence of CO [50]. In our case, the effect is induced
by Ga deposition. This is not surprising, taking into account
that the CO saturation coverage of Pt(111) is around 0.5
[40, 51]. Ga deposition leads to a decreasing number of Pt
surface sites, but, simultaneously, to an increasing overall
particle size. At low Ga loading, the increasing surface
area can give rise to an increasing number of adsorbed CO

@ Springer
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Fig.3 a IR spectra of CO recorded during deposition of Ga (maxi-
mum nominal Ga coverage 45 A) onto Pt NPs (15 A) predeposited on
Ar*-bombarded HOPG (300 K, in 1% 107® mbar CO). b Analysis of
the CO on-top band from a as a function of the Ga loading. ¢ Sche-
matic representation of Ga deposition on Pt NPs in CO. d IR spec-
tra acquired during exposure of a Ga-Pt nanoalloy to CO. The Pt-Ga
nanoalloy was prepared in UHV by deposition of 45 A Gaonto 15 A

molecules, assuming that on the nanoalloy a larger fraction
of the surface Pt atoms binds to CO molecules.

With increasing Ga loading, the environment around Pt
atoms changes, and the number of neighboring Pt drops.
As a result, the CO on-top band shows a gradual red shift.
The red shift arises from a combination of electronic ligand
effects and the loss of dipole coupling. A similar deposition
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F  Model of Ga growth on Pt in UHV

Pt pre-deposited onto Ar*-bombarded HOPG at 300 K. e Tempera-
ture programmed IRAS data of CO adsorbed on the sample from d
obtained during annealing of the sample in 1x 107% mbar CO. The
inset shows the integrated area of the CO band from e. f Schematic
representation of Ga growth on Pt NPs in UHV and subsequent CO
exposure

experiment for Pd led to a red shift of only~ 15 cm™" [13].
This difference is attributed to the weaker dipole coupling of
on-top CO on Pd, where on-top sites are less favorable, and,
consequently, the initial density of on-top CO is lower. The
band position in the limit of high Pt dilution agrees well with
recent experiments on real SCALMS. Bauer et al. showed
that upon annealing of a Ga;,Pt SCALMS to 673 K, the CO
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on-top peak appeared at 2056 cm™! in excellent agreement
with the present data [52].

Next, we investigated a sample prepared by deposition of
Ga (45 1&) onto Pt (15 A) in UHV. In Fig. 3d, IR spectra of
the CO on-top region are shown recorded after subsequent
CO exposure. Immediately after Ga deposition, we observe a
weak CO band which we attribute to CO adsorption from the
background atmosphere during Pt and Ga deposition (both
deposition steps require approximately 3 h). After CO expo-
sure (20 L), the peak intensity remains almost unchanged,
showing that the few residual Pt surface sites are already
covered by CO. After raising the pressure to 1x 10~® mbar
CO (exposure time approximately 10 min), however, we
observe a drastic increase in CO intensity. The intensity
drops only slightly after switching the CO off and pump-
ing to UHV. After repeated exposure to CO (approximate
exposure time 10 min, 1 X 107° mbar), the band intensity
increases further and also remains higher after switch-
ing off the CO. The band position is perfectly constant at
2048 cm™'.

This behavior is very similar to that observed on Pd—-Ga
model SCALMS [13]. Here we proposed that, initially, the
surface of Pd—Ga NPs is Pd-free and that CO adsorption
occurs at Pd atoms which appear occasionally at the surface
because of diffusion. Calculations showed that the surface
of Pd—Ga particles is depleted from Pd, while Pd preferen-
tially resides in the second layer [12, 14]. Our present data
suggest a very similar behavior for the Pt—Ga nanoalloys.
Therefore, we ascribe the CO on-top band at 2048 cm™! to
CO adsorbed on Pt single atoms in a Ga environment. This
assignment is corroborated by the observation that the CO
stretching band shows no shifts. The absence of a coverage
dependent shift suggests that the density of the adsorbed CO
is so low that dipole coupling effects are negligible. At low
temperature, the dynamics of the Pt—Ga nanoalloy is still
relatively slow, explaining why a prolonged CO exposure is
required to induce the appearance of the band.

The dynamics of the Pt—Ga nanoalloy can also explain
the differences observed for the samples prepared in CO
and in UHV (compare Fig. 3a and d). Because of the high
binding energy of on-top CO, Pt is held at the surface dur-
ing Ga deposition if sufficient amounts of CO are present.
Noteworthy, no such peak was observed for Pd—Ga after the
deposition of Ga, where adsorption of on-top CO is weaker
[13]. Consequently, Ga deposition on Pt in the presence of
CO results in a higher stabilization of Pt in the surface layer
as compared to Pd.

The stretching frequency of CO is also influenced by the
coordination environment. In general, the CO frequency
decreases with decreasing coordination number, and, for
isolated species, the on-top band is strongly red-shifted in
comparison to bulk Pt [53-56]. Still, the wavenumbers differ
for different substrates. As shown for Pd—Ga [21], a higher

concentration of noble metal atoms in the vicinity of the Pd
surface atoms lead to a higher binding energy and a higher
CO stretching frequency.

For the experiments in which Ga was deposited as a sec-
ond metal in UHV (Fig. 3d), there is no driving force that
keeps Pt at the surface, which results in a small amount of
widely separated Pt single atoms with mainly Ga atoms in
their vicinity. Schematic models illustrating the growth and
composition of the Pt—-Ga nanoalloys are depicted in Fig. 3c
and f.

Next, we recorded a TP-IRAS experiment after annealing
of the Pt-Ga sample in 1x 107 mbar CO. The results are
shown in Fig. 3e. We observe a single band at 2048 cm™!,
which steadily decreases in intensity between 310 and
390 K. The intensity decreases to 50% of its original value
at a temperature of 350 K. Using the Redhead equation [57]
and assuming a prefactor of 10'3 s™!, we estimate an aver-
age desorption activation energy of approximately 1.1 eV
for the isolated Pt species. The sizable range of desorption
temperatures is attributed to the residual heterogeneity of
the system, i.e., differences in particle size and coordination
environment.

In the last step, we studied the growth of Pt on Ga (nomi-
nal coverage of 45 10\) pre-deposited on Ar*-bombarded
HOPG. By reversing the order of the metal deposition, we
could also follow the dependence of the CO adsorption prop-
erties on the Pt surface coverage. For Pt post-deposition,
the concentration of Pt at the surface is naturally higher
than in the bulk. The evolution of the CO adsorption band
during the Pt evaporation in 1x 10~ mbar CO is depicted
in Fig. 4a. The CO on-top band appears at 2053 cm™! and
increases in intensity up to a Pt/Ga ratio of 0.04 (1.8 A of
Pt/45 A Ga). After that, the band further grows and gradu-
ally blue-shifts to 2063 cm™'.

The absence of any shift in the initial stage of Pt deposi-
tion can be explained if we assume the formation of iso-
lated Pt atoms in a Ga matrix. At low concentration the Pt
atoms do not interact, and adsorbed CO shows hardly any
dipole coupling. As the Pt surface concentration increases,
the distance between Pt atoms decreases, and dipole cou-
pling effects between adjacent CO become more prominent.
Also, the coordination environment of the surface Pt atoms
gradually changes. Both these effects result in the observed
blue shift.

For the corresponding TP-IRAS measurements, we pre-
pared a new sample in UHV with a final Pt/Ga ratio of 0.1
and nominal coverage of 1.5 A of Pt and 15 A of Ga. In
order to stabilize the sample against morphological changes
or gradual Pt dilution, the sample was briefly preheated to
473 K in UHV. Thereafter, the TP-IRAS spectra were col-
lected in 1% 107® mbar CO (see Fig. 4b). The observed
CO on-top band is located at 2051 cm™! and does not shift
with increasing temperature. In comparison to the previous
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Fig.4 a IR spectra recorded during deposition of Pt in CO
(300 K, 1x107® mbar) onto Ga NPs (45 /0%) pre-deposited onto
Ar*-bombarded HOPG. b Temperature programmed IRAS experi-
ment in 1x 107% mbar CO for a pre-annealed Pt-Ga nanoalloy sam-
ple. The Pt-Ga nanoalloy was prepared by deposition of 1.5 A Pt
onto 15 A Ga pre-deposited on Ar*-bombarded HOPG and subse-
quent annealing to 473 K

TP-IRAS experiment (Fig. 3e), the intensity is approxi-
mately ten times smaller. We observe that the CO band
gradually decreases between 300 and 360 K. An estimate
of the desorption activation energy based on the Redhead
formula [57] yields a value of 1.0 eV +0.1 eV (for a desorp-
tion temperature of 330+ 30 K and a heating rate of 1 K/s).
The value is slightly lower than for the experiment discussed
above (see Fig. 3). We attribute the differences to the differ-
ent degree of Pt dilution that results from the two prepara-
tion methods. The value calculated from the data shown in
Fig. 4 is considered to correspond to the limit of high Pt
dilution. The adsorption energy of CO on single Pt atoms
in Ga is very similar to the adsorption energy reported for

@ Springer

Pd single atoms in Ga [13]. This is brought about by the
isolation of Pt atoms and the related modification of the elec-
tronic structure of Pt atoms as demonstrated by the red shift
of the CO on-top band upon alloying with Ga (see Fig. 3).

4 Conclusion

We have studied the growth and the CO adsorption proper-
ties of Pt NPs and Pt—Ga nanoalloys on HOPG modified by
Ar* bombardment. The results from in situ IRAS studies in
UHYV and ex situ AFM can be summarized as follows:

1. Pt NPs grown at 300 K in the presence of 1x 10™® mbar
CO are mainly terminated by ordered (111) terraces. In
contrast, Pt NPs grown in UHV reveal a less ordered
surface and a higher density of defect sites. The cor-
responding IR spectra show a single CO on-top band
blue-shifting with increasing Pt loading.

2. Ga deposition in CO atmosphere (10~% mbar) onto pre-
deposited Pt NPs leads to the formation of a homoge-
neously modified surface, on which the adsorption in
bridging sites is suppressed. At higher Ga loading, the
dilution of surface Pt results in a suppression of dipole
coupling and in a modification of the electronic structure
of surface Pt, giving rise to a pronounced red shift of the
stretching band of on-top CO. The Pt—Ga nanoalloy is
dynamic already at room temperature. Exposure to CO
during Ga evaporation results in an increased concentra-
tion of Pt at the surface.

3. Gadeposition onto Pt in UHV leads to the formation of
nanoalloys the surface of which is fully covered by Ga.
Subsequent exposure to CO leads to slow segregation of
isolated Pt atoms to the surface of the nanoalloy. On-top
CO on isolated surface Pt atoms is characterized by a
CO stretching band at 2050 cm™!.

4. Pt deposition onto Ga NPs at 300 K and in CO atmos-
phere (107 mbar) leads initially to the formation of iso-
lated Pt atoms in a Ga matrix. Again, the isolated Pt spe-
cies can be identified by an on-top band at 2050 cm™".
At higher Pt loading, a blue-shifted CO band indicates
the formation of interacting CO species and larger Pt
ensembles.

5. Temperature programmed IR experiments show that CO
desorbs from isolated surface Pt in a Ga—Pt nanoalloy
in a temperature range from 300 to 360 K. From the
spectroscopic data, we estimate a desorption activation
energy of 1.0+0.1 eV for highly diluted Pt in Ga.

Our results suggest that the high activity and selectivity
of Pt—Ga dehydrogenation catalysts [7-9] is caused by the
isolation of the surface Pt atoms and the associated modifi-
cation of the electronic structure of Pt atoms as evidenced by
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the red shift of the CO on-top band and the lower adsorption
energy of CO. The resistance towards coking is a conse-
quence of the structural dynamics of the Pt—Ga nanoalloy
which is already observed at room temperature.
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