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P
olydisperse metal particles randomly
distributed on a porous ceramic sup-
port are widely used as industrial

catalysts.1 Their favorable behavior stems
both from exceptional surface-to-volume
ratios, such that a large fraction of a cluster's
atoms are exposed to reactants,2 and in
certain cases also from an electronic struc-
turemodifiedbyquantumsize effects.3 A key
problem in catalyst development, accord-
ingly, is stability at elevated temperatures
and in the presence of reactants (i.e., under
reaction conditions). Sintering, a decrease in
particle number and corresponding increase
of particle size, degrades catalysts.4�6 It is the
subject of the present work.
Case studies have shed light on sintering

mechanisms at the atomic level. An impor-
tant one7�15 is that under reaction condi-
tions clusters are disrupted and formmobile
metal reactant species which cause mass
transport and associated ripening. For ex-
ample, disruption into single adatoms and
formation of mobile surface carbonyls [such
as, e.g., Ir(CO)2] have been observed for
clusters of Pt,7,8 Ir,9�11 and Rh12 grown on

TiO2. Decay of epitaxial Cu islands on

Cu(111) and Co islands on Au(111) was found

to be promoted in the presence of S through

formation of mobile Cu3S3 and Co3S4 co-

mplexes.13,16,17 The lower sublimation en-

ergy of Pd�H compared to Pd was pro-

posed to explain the Ostwald ripening of

Pd clusters deposited on SiO2 in a hydrogen

atmosphere.14 Lastly, mobile PtxOy species

were identified as the source of Oswald

ripening of Pt particles on Al2O3.
15

Here we present findings of an in situ

scanning tunneling microscopy (STM) and
X-ray photoelectron spectroscopy (XPS) sin-
tering study, complemented by ab initio

density functional theory (DFT) calculations.
Tomake amolecular and atomic scale under-
standing of sintering possible, we have
chosen an unusually well-defined cluster-
support system: vapor-deposited Pt clusters
ona graphene/Ir(111)moiré.18,19 The clusters
in this system are monodisperse, and each
resides in an identical environment. The
graphene (henceforth Gr) covers Ir(111) en-
tirely and thereby serves as a chemically inert
substrate.
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ABSTRACT Regular Pt cluster arrays grown on the moiré

template formed by graphene on Ir(111) were tested for their

stability with respect to CO gas exposure. Cluster stability and

adsorption-induced processes were analyzed as a function of cluster

size, with in situ scanning tunneling microscopy and X-ray photo-

electron spectroscopy. Small clusters containing fewer than 10

atoms were unstable upon CO adsorption. They sintered through

Smoluchowski ripening;cluster diffusion and coalescence;rather

than the frequently reported Ostwald ripening mediated by metal�adsorbate complexes. Larger clusters remained immobile upon CO adsorption but

became more three-dimensional. Careful analysis of the experimental data complemented by ab initio density functional theory calculations provides

insight into the origin of the CO-induced Pt cluster ripening and shape transformations.
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Our experiments reveal a mechanism of cluster
sintering in gas atmosphere, which, to the best of our
knowledge, has not yet been reported. Upon CO
exposure, Pt clusters detach from the substrate and
become mobile without being disrupted. Sintering
takes place not by Ostwald ripening via volatile species
formed under reaction conditions but by Smoluchows-
ki ripening, that is, by diffusion and coalescence of the
intact clusters themselves.
The “skyhook” effect on surface diffusion is a con-

cept with a long history;16,17,20�22 promotion of diffu-
sion by atop adsorption of hydrogen on a metal
adatom is the classic example.21,22 However, the sky-
hook effect is also known in the diffusion of clusters. For
example, Cu transport onCu(111) speeds updramatically
in the presence of small surface concentrations of S. The
reason is that Cu3S3 adclusters have a low formation
energy and are mobile because their strong internal
binding weakens their attachment to the substrate.16,17

It seems plausible that adsorbed CO molecules act
similarly as a skyhook for a Pt cluster on a graphene-
covered Ir(111) surface. Our working hypothesis is that
CO adsorption raises the cluster to a height where the
potential of the underlying graphene is relatively weakly
corrugated. Thus, diffusion should be facile and the
observed Smoluchowski ripening a consequence.

RESULTS AND DISCUSSION

The formation of cluster arrays, like those visible in
Figure 1 with a pitch of 2.53 nm, results from the
template effect of the moiré formed through the
mismatch of the Gr and Ir(111) surface lattices. The
incommensurate C(10.32 � 10.32)/Ir(9.32 � 9.32) unit
cell contains 213 C atoms bound by van der Waals
forces to Am = 87 Ir atoms. Cluster pinning occurs
within the moiré cell (hcp areas, compare refs 18 and
23) where metal d3z2�r2 and carbon 2pz orbitals over-
lap. In these binding regions, 3 of the 6 C atoms in a
carbon ring bind to Ir substrate atoms lying directly
below and the other 3 C atoms bind to Pt cluster
atoms directly above. Rehybridization of graphene to
diamond-like sp3 carbon, and thus cluster binding,
relies on the presence of metal on both sides of Gr.
Consequently, small Pt clusters, stable at room tem-
perature, cannot be realized onmultilayer graphene or
graphite. There, Pt clusters are highly mobile unless
pinned to the substrate at defects by unsaturated
carbon bonds.24,25 The clusters on the graphene moiré
grow in a regular lateral arrangement (one per cell) in
epitaxy with respect to the Ir(111) substrate, with their
(111) planes and [110] directions parallel those of the Ir
substrate. For deposited Pt amounts θ > 0.5 ML [1 ML
(monolayer) corresponds to the surface atomic density of
Ir(111)], the sizes of the clusters are close to a Poisson
distribution,18 while for smallerθ, the cluster size distribu-
tion is broader, mainly because of the intercell mobility of
monomers and dimers during cluster growth.

Figure 1a,c,e displays STM topographs after deposi-
tion of 0.05, 0.20, and 0.44 ML Pt with average cluster
sizes sav = 5, 19, and 39 atoms, respectively. The
average cluster size sav is obtained from the known
deposited amount θ (see Methods section), the
fraction n of moiré cells occupied by a cluster (the
filling factor), and Am via sav = θAm/n.

18 With CO ex-
posure the cluster arrays are transformed to the ones
shown in the topographs to the right (Figure 1b,d,f).
Full time lapse sequences of the three situations are
available in the Supporting Information (movies 1�3).
For clarity, locations of cluster disappearance are
marked in each of the related topographs by thinwhite
circles. Table 1 summarizes the changes by listing
before and after CO exposure: the average cluster
height hh, the fraction of moiré cells occupied n (the
filling factor), as well as partial filling factors of the
moiré n1, n2, and n3 with one-, two-, and three-layered
clusters, respectively. The data represented in Table 1
after CO exposure were obtained from STM topo-
graphs at late times when cluster sintering had termi-
nated and a stationary state was reached.
Analysis of Figure 1 together with Table 1 yields the

following conclusions: (i) CO exposure causes substan-
tial sintering of small clusters (compare Figure 1a,b),
while the effect is negligible for large clusters (compare
Figure 1e,f). With increasing initial cluster size sav, the
reduction ofn diminishes until cluster sintering vanishes
for sav > 50 atoms (data not shown). (ii) Cluster disap-
pearance is primarily due to one-layered clusters, that is,
the smallest clusters in the size distribution. Note that
the few clusters that disappear for sav = 44 (white circles
in Figure 1e,f) are all one-layered ones. (iii) While for sav =
5 atoms the decrease of n1 is primarily due to cluster
disappearance, for sav = 39, the decrease is almost
exclusively by transformation of one-layer to multilayer
clusters without affecting n. (iv) As a consequence of the
substantial decrease of n1, the average cluster height
increases upon CO exposure. Note that for sav = 19 and
39, the cluster height distribution narrows upon CO
exposure; that is, the clusters become more uniform in
height.
Time lapse sequences of STM images taken during

CO exposure provide insight into the mechanisms of
cluster disappearance and transformation. Figure 2a,b
shows two consecutive topographs during 1� 10�9mbar
CO exposure of a 0.05 ML Pt cluster array (full sequence is
provided asmovie 4 in the Supporting Information). Event
(i) is amovementof a cluster toaneighboring emptymoiré
unit cell. Event (ii) is amovementof a cluster to anadjacent
occupiedmoiré unit cell. The one-layered clusters coalesce
and form a two-layered cluster. While with adsorbed CO
such cluster motion to empty and occupied neighboring
moiré unit cells takes place at 300 K, substantially higher
temperatures are required for cluster motion with-
out CO.19 The obvious conclusion from these observations
is that CO exposure causes Smoluchowski ripening
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(diffusion and coalescence) of clusters and thereby the
reduction of n.
Figure 2c,d shows two consecutive STM topographs

during 1� 10�8 mbar CO exposure of a 0.20ML Pt cluster
array (full sequence is provided as movie 2 in the Support-
ing Information). The twoencircled clusters transform from
one-layered to two-layered clusters without any other
changes in their environment. We name such a change
toward amore three-dimensional shapewithout supply of
material from other moiré cells a shape transformation.

CO-induced cluster mobility and CO-induced shape
transformations are two distinct, essentially unrelated
effects. It is obvious from event (i) in Figure 2b that
small clusters are set in motion without a shape
transformation. Also, the 0.05 ML data in Table 1 make
plain that coalescence of two small one-layered clusters
mostly results in a one-layered coalesced cluster. For
clusters with more than 10 atoms, CO-induced cluster
mobility dies off and shape transformations become the
more frequent, the larger the clusters are. This can be

Figure 1. STM topographs of Pt cluster arrays on Gr/Ir(111) taken at the same sample location before and after exposure to
CO. (a) Deposited amount θ = 0.05 ML Pt; (b) as in (a) but after additional exposure to 1.1 L CO at pCO = 1� 10�9 mbar; (c) θ =
0.20ML Pt; (d) as in (c) but after CO exposure to 16 L, pCO = 1� 10�8 mbar; (e) θ = 0.44ML Pt; (f) as in (e) but after CO exposure
to 20 L,pCO = 1� 10�8mbar. Clusterswhichdisappear duringCOexposure and their former location aremarkedwith circles in
(a,c,e) and (b,d,f), respectively. Image size is always 290 Å � 290 Å.
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inferred from Figure 2c,d, Table 1, and the movies of the
0.20 and 0.44 ML cluster arrays (Supporting Information).
Figure 2e displays the analysis of the filling factor n

versus time t based on STMmovies of 0.05ML Pt cluster
arrays (movies 4 and 1 in the Supporting Information).
In the top panel, initially n (open squares) is constant
with time within the limits of error (error primarily from
STM drift). Start of exposure to 1 � 10�9 mbar CO,
indicated by the gray shading, causes only a slight
gradual decrease of n. It is caused by rare coalescence
events. About 1500 s after the start of CO exposure
(after 1.1 L CO dosed), a sharp decrease of n signifies
onset of high cluster mobility and a large number of
coalescence events. Then, 2000 s later the cluster
density stabilizes at about half of its initial value.
In the bottom panel, a similar experiment is analyzed,

where dosing of CO was performed in two parts. After a
first dose of 0.4 L, only a slight decrease of n is observed.
Continued imaging after pumping out CO reveals no
further change in the cluster array. Reopening theCOvalve
and dosing of CO also displays no significant changes in n

until the second dose reaches 0.7 L (the integral dose
reaches 1.1 L). Closing the CO valve immediately after the
onset of clustermobility and coalescencedoes not impede
the ripening process. Instead, n continues to decreasewith
the same time behavior and to a similar level, as observed
in the top panel in the presence of CO.
It must be concluded that after a threshold exposure

of about 1.1 L the properties of the Pt clusters are
changed to an extent that they aremobile, irrespective
of the continued presence of gas. As CO is known to
adsorb on Pt at 300 K and to desorb only with
negligible rates, we conclude that the threshold dose
is related to a threshold coverage. Moreover, our
experiment makes clear that the heat of CO adsorption
on the Pt clusters is irrelevant for cluster mobility.
Donner and Jakob26 investigated tip-induced cluster

manipulation in some detail and pointed out that high
tunneling resistances, R ≈ 2 � 109 Ω, are necessary to
avoid Pt cluster pick-up and lateral displacement on
graphene on Ru(0001). Early on, we used an STM tip

similarly, as a tool for Ir cluster removal from graphene
on Ir(111).18 Thus, it is natural to ask how significantly
the results we present in Figure 1 and Figure 2 were
affected by tip�cluster interaction. Indeed, we found
as well that the probability for tip�cluster interaction
decreases monotonically with R and therefore used
R g 2 � 1010 Ω throughout. Under these conditions,
cluster manipulation by the STM tip is a very rare event.
Indeed, close inspection of movies 1�4 provided as
Supporting Information reveals that occasional tip�
cluster interaction events were present, specifically
once the clusters are mobilized by CO. Areas scanned
only twice, before CO exposure and after sintering had
terminated, show only slight differences for n and theni
compared to areas thatwere continuously scannedmore
than 150 times during CO exposure (compare Figure 1 of
the Supporting Information for a quantitative analysis).
Thereby, it can be ruled out that the Smoluchowski

TABLE 1. Deposited Pt Amounts θ, Average Cluster Size

sav, Average Cluster Height hh, Filling Factors n1, n2, and n3
of the Moiré Lattice with Pt Clusters of One, Two, and

Three Layers High, Respectively, as Well as Their Sum n

Before and After CO Exposurea

θ (ML) sav (atoms) hh (ML) n1 n2 n3 n

0.05 ML 5 1.09 0.75 0.07 0.00 0.82
0.05 ML þ CO 10 1.24 0.34 0.11 0.00 0.45
0.20 ML 19 1.54 0.43 0.51 0.00 0.94
0.20 ML þ CO 21 1.85 0.08 0.74 0.00 0.82
0.44 ML 39 1.99 0.25 0.50 0.24 0.99
0.44 ML þ CO 39 2.38 0.00 0.61 0.37 0.98

a Analysis based on sample areas containing more than 600 moiré cells of the
experiments visualized by Figure 1. Data after CO exposure were obtained when
sintering had terminated.

Figure 2. (a,b) Consecutive STM topographs after deposi-
tion of 0.05 ML Pt during CO exposure at 1 � 10�9 mbar.
Time between images Δt = 53 s. Stills from movie 4 in the
Supporting Information. (c,d) Consecutive STM topographs
after deposition of 0.20 ML Pt during 1 � 10�8 mbar CO
exposure. Time between imagesΔt = 53 s. Stills frommovie
2 in the Supporting Information. (e) Filling factor n (black
open squares) as a function of time t for cluster arrays
formed by deposition of 0.05 ML Pt. Times of exposure by
1� 10�9 mbar CO are indicated by gray shading. Full black
lines are model fits (see text). Data for top and bottom panel
were taken frommovie 4 andmovie 1, respectively. In the top
panel, additionally the relative XPS intensity I of the C 1s
component related to cluster binding (right axis, red upward
triangles) and the core level shift of the main C 1s peak (right
axis, blue full dots) are plotted versus t for a 0.05 ML Pt cluster
array. Data shifted on t-axis such that the start of 1 � 10�9

mbar CO exposure matches with the one from STM movie in
the same panel. In the bottom panel, additionally fractions nm
ofmobile (green line) andni of immobile (orange line) clusters
according to model fit are plotted (see text).
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ripening observed dynamically in the STM movies was
caused by tip�cluster interactions. The quantitative anal-
ysis provided in Table 1 was conducted on areas that
were at most scanned twice, before CO exposure and
after sintering had terminated. Thereby, tip effects are
eliminated. All general features derived from Table 1 are
present in all experiments conducted. However, specifi-
cally for 0.05ML cluster arrays, somevariation in the initial
filling factors n and ni was observed from experiment to
experiment, depending on the graphene quality and the
deposition conditions (see below).
To summarize, our experiments provide unambig-

uous evidence that cluster sintering proceeded by
Smoluchowski ripening only. In the entire data taken,
not a single event of a gradual disappearance of a cluster
was observed. Clusters always moved and disappeared
as integral entities as shown in Figure 2. The observation
that clustering sintering ceases, irrespective of whether
CO is supplied continuously or not, is consistent with this
view. If Smoluchowski ripening prevails, cluster sintering
stops once the clusters have become too large to detach
from the substrate to move (see below for a more
detailed discussion), as observed. If Ostwald ripening
would prevail, it would be hard to understand why the
formation of mobile carbonyl species abruptly stops if
clusters have reached a certain size.
In previous work, we described19 cluster hopping

with a rate ν as a thermally activated process: ν= ν0e
Ea/kBT.

Here kB, T, Ea, and ν0 are the Boltzmann constant,
temperature, activation energy, and attempt frequency
for amove, respectively. With the simplifying assumption
of identical diffusion properties for the entire cluster
ensemble, we were able to obtain quantitative estimates
for Ea and ν0 using the temperature dependence of ν as
obtained from isochronal annealing sequences. Here we
extend this approach to describe adsorption-induced
cluster mobility. After the threshold exposure of CO, we
assume a cluster to be within one of the two classes: it
belongs either to the fraction nm of mobile clusters or to
the fraction ni of clusters that could not be mobilized by

CO. The decrease of nm with time is then

dnm
dt

¼ �νnmni � ν2nmnm

The first term describes the decrease of nm by
coalescence of a mobile cluster with an immobile
cluster; the second term is the decrease by coalescence
of two mobile clusters. In the latter term, the factor 2
takes into account that the formation of one immobile
cluster consumes two mobile clusters.27 Similarly, the
increase of ni is then

dni
dt

¼ νnmnm

This system of nonlinear differential equations is
solved numerically. The sum of the starting values
ni(0) þ nm(0) equals the initial filling factor n(0) obtained
from the experimental data. The ratio nm(0)/ni(0) as well
as ν are fitting parameters.
The black lines in Figure 2e are excellent fits to the

experimental n(t). The fit parameters are ν = 4� 10�3 Hz
and nm(0)/ni(0) = 6.2 for the top panel as well as ν =
4 � 10�3 Hz and nm(0)/ni(0) = 2.12 for the bottom
panel. The fact that the same hopping rate fits both
experiments lends credence to our description. In the

bottom panel, the solution n(t) is also separated into its

constituents nm(t) (green) and ni(t) (orange). The ratio

nm(0)/ni(0) differs between the top and the bottom

panel fit. Inhomogeneities in the initial cluster size

distribution or the fact that CO was pumped out after

reaching the threshold dose in the bottom panel

experiment might cause this difference.
To relate the CO exposure-induced Pt cluster dy-

namics to adsorption properties and cluster binding,
we conducted high-resolution XPS experiments and
measured O 1s spectra of the O atoms in CO and C 1s
spectra of the C atoms in CO and in Gr. No O 1s peak
intensity was detected on pristine Gr/Ir(111) after CO
exposure, consistent with the absence of CO adsorp-
tion on Gr/Ir(111). The lowest spectrum in Figure 3a

Figure 3. (a) O 1s spectra of 0.5 L COadsorbedon 0.05ML (open red) and 10 L COadsorbedon 0.05ML (red), 0.20ML (orange),
and 0.44 ML (purple) Pt cluster arrays. Core level binding energies for CO adsorbed in terrace atop, terrace bridge, and step
atop sites on Pt(355)28 as well as for oxygen adsorbed on Pt(111)29 are indicated. Spectra are shifted vertically for clarity. (b) C
1s fingerprint region region of C atoms in CO after exposure of 0.05, 0.20, and 0.44 ML Pt cluster arrays to 10 L CO. Binding
energies for CO adsorbed in terrace atop, terrace bridge, and step atop sites on Pt(332)30 are indicated. Spectra are shifted
vertically for clarity. (c) C 1s spectra of pristine Gr/Ir(111) (black), Gr/Ir(111) with 0.05 ML Pt cluster array (blue), and Gr/Ir(111)
with 0.05 ML cluster array after exposure to 10 L CO at 300 K (red). All 10 L CO exposures were done at pCO = 1� 10�7 mbar,
and 0.5 L CO was dosed at pCO = 1 � 10�9 mbar.
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(open red triangles) displays the O 1s region of the
photoelectron spectrum measured after exposure of a
0.05 ML cluster array to 0.5 L CO. It corresponds to the
situation before cluster coalescence, which sets in only
after exposure to the threshold dose of 1.1 L. The three
other spectra weremeasured after 10 L CO exposure of
0.05, 0.20, and 0.44 ML Pt cluster arrays. They corre-
spond to situations where cluster coalescence had
already taken place (right column of Figure 1). With
increased Pt deposition, the O 1s peak area and thus
the amount of adsorbed CO increases, as might be
expected. The O 1s peak position is independent of
whether cluster coalescence had taken place or not
(0.05 ML array, bottom two spectra) and of the depos-
ited amount (top three spectra). This suggests an
identical CO adsorption site for all situations. We
indicate the O 1s binding energies for CO adsorbed
in terrace atop, terrace bridge, and step atop sites on
Pt(355)28 by vertical lines in Figure 3a.31 Since the O 1s
photoelectron binding energies are rather sensitive to
the adsorption geometry of CO, the comparison with
our measured value suggests that the CO molecules
are adsorbed atop at the cluster edge atoms. Adsorp-
tion of oxygen (and thus dissociation of the CO
molecule) can be ruled out by absence of a feature at
529.4 eV29 (vertical line “O hollow” in Figure 3a), which
would be present for O adsorbed in the 3-fold hollow
sites on Pt. Note that when clusters start to develop
larger terraces, owing to their size and by coalescence,
a shoulder at the terrace bridge bonded position starts
to develop in the O 1s spectrum.We observed this for a
0.75 ML cluster array (data not shown). Since bridge
bonding is present on Pt(111) terraces after saturation
with CO, this could have been anticipated. Figure 3b
displays the C 1s fingerprint region of C atoms in
CO after exposing 0.05, 0.20, and 0.44 ML Pt cluster
arrays to 10 L CO. The strongly asymmetric shape of
the background is due to the C 1s peak of graphene
located at 284.1 eV to be discussed later (compare
Figure 3c). Consistent with the O 1s spectra, also for
the C 1s spectra, the peak position is independent of the
deposited amount and confirms identical adsorption
sites for all three cases. The comparison between our C
1s spectra and those measured for CO adsorbed in
terrace atop, step atop, and bridge sites on Pt(332)30

indicates that CO adsorbs on step atop Pt sites, con-
sistent with our inferences based on the O 1s spectra.
However, adsorption on terrace atop sites cannot be
excluded entirely.
In conclusion, our photoelectron spectra provide

evidence that for cluster arrays with sizes sav < 40 atoms
CO adsorbs atop. This finding is consistent with the
adsorption behavior of CO on small, free Pt clusters in a
beam with sizes up to 22 atoms. Gruene et al. demon-
strated that for such Pt clusters the CO adsorption is
exclusively atop.33 Also the work of Tränkenschuh
et al.28,32 provides unambiguous evidence that the atop

site is the preferred adsorption site of CO molecules at
steps and on terraces.
An estimate for the average number of adsorbed CO

molecules per cluster after saturation was obtained
from O 1s intensities calibrated to the O 1s signal
originating from a CO (

√
3 � √

3)R30� layer on bare
Ir(111) with a coverage of 0.33 ML.34 We obtain 8, 15,
and 27 CO molecules per Pt cluster for the 0.05, 0.20,
and 0.44 ML arrays, respectively. According to Table 1,
we find 8 COmolecules adsorbed to a cluster with sav =
10 atoms, 15 CO molecules to one with sav = 21 atoms,
and 27 CO molecules to one with sav = 39 atoms. Ball
models for representative clusters of average or close
to average size after CO exposure are shown in Figure
4. For all three cases, the number of edge atoms
(yellow) coincides verywell with the estimated number
of adsorbed COmolecules. We conclude that at satura-
tion to good approximation each cluster edge atom
accommodates one CO molecule.
Figure 3c displays the C 1s region of Gr/Ir(111) before

(black) and after (blue line) room temperature deposi-
tion of 0.05 ML Pt. For Gr/Ir(111), the spectrum is fitted
with a single C 1s peak located at 284.1 eV with a full
width at half-maximum (FWHM) of 0.22 eV.35 The Pt
deposition is associatedwith the development of a broad
shoulder in the binding energy range of 284.3�285 eV.
Previously, we found this shoulder component to be
due to C atoms under and in the vicinity of the Pt
clusters. As a consequence of cluster binding, these C
atoms are sp3-hybridized and close to Ir(111) at che-
mical rather than van der Waals binding distance. For
these atoms, we demonstrated a linear relationship
between their core level shift and their height above
Ir(111). In addition, we observe a þ50 meV shift of the
main peak which we assign to doping by the Pt
clusters.35 The C 1s spectrum after exposing the 0.05
ML cluster array to 10 L CO is displayed in Figure 3c as
red upward triangles. The rehybridization shoulder
largely disappeared, and the main peak shifts back to
the position of Gr/Ir(111) without Pt clusters. Similar
data are provided in the Supporting Information for
0.20 and 0.44 ML Pt cluster arrays.
The diminished rehybridization shoulder and the

backshift of the Gr main peak are not a consequence
of cluster mobility; that is, they do not originate from
the decrease of n and the ensuing reduced contact
area of the clusters with Gr. The time-dependent

Figure 4. Ball models for Pt clusters containing 10, 22, and
38 atoms. Edge atoms are colored yellow, terrace atoms
orange.

A
RTIC

LE



GERBER ET AL. VOL. 7 ’ NO. 3 ’ 2020–2031 ’ 2013

www.acsnano.org

2026

analysis of the integral intensity of the C 1s rehybridi-
zation shoulder (red triangles in Figure 2e, top panel;
see Supporting Information for details of fitting) and
the binding energy shift of the C 1s Gr main peak (blue
dots in Figure 2e) show that both quantities decrease
immediately after the start of the CO exposure, while n
is still nearly constant. When cluster mobility sets in,
both quantities are already reduced bymore than 50%.
Thus, our experiments show that the adsorption of

CO molecules on Pt cluster edge atoms largely undoes
graphene rehybridization beneath the cluster before
sintering starts. What can be the origin of this effect?
Consistent with studies on vicinals to Pt(111) and Pt

clusters, where CO prefers to reside in 1-fold edge
sites,28,32,33 our XPS experiments say that CO binds
atop Pt cluster edge atoms. In such sites, one can
expect that a graphene C atom, the cluster Pt atom,
and the CO molecule will be almost collinear. Accord-
ing to Blyholder, CO�Pt bond formation then occurs as
a result of charge donation from theσmolecular orbital
of CO to Pt sp-bands and back-donation of Pt d-electrons
into the 2π* CO orbital.36,37

Such bonding cannot lead to a skyhook effect. The
problem, as Föhlisch et al.'s elaboration of the Blyholder
model makes clear, is that CO adsorption in a 1-fold site
does not imply a competition for Pt(5d3z2�r2) electr-
ons.38,39 The Pt(5d3z2�r2) orbital is involved in binding
thePt to theunderlyinggraphene. So, aweakeningof the
interaction of the Pt(5d3z2�r2)�C(2pz) mightwell lead to a
mobilization of a Pt island, but on the basis of our current
understanding of CO binding to Pt atop sites, such
weakening does not occur.
The reason is that “back-donation” into the CO 2π*

orbital is the result of hybridization with Pt(5dxz) and
Pt(5dyz) electrons, that is, 5dπ electrons, not Pt(5d3z2�r2)
electrons. They have thewrong (5σ) azimuthal symmetry
for forming hybridswith the CO2π*. In fact, Föhlisch et al.
showed that the interaction between the CO σ and the
Pt(5d3z2�r2) orbital is repulsive. Thus, it is not conducive to
a competition that would weaken the Pt bond to the
graphene below.
First-principles calculations based on the local den-

sity approximation confirm this picture but, as we will
explain, do not yet permit a definitive interpretation
of the Smoluchowski coarsening we have observed,
given available experimental information and the the-
oretical state-of-the-art.
Previously, we have used DFT calculations success-

fully to gain insight into cluster binding on graphene
on Ir(111) and were even able to reproduce core level
shifts of graphene atoms due to Pt cluster binding with
good accuracy.23,35 Therefore, despite experience sug-
gesting that DFT will not show a preference for CO
bonding in the observed 1-fold edge sites on the Pt/Gr/
Ir(111) clusters,40 we undertook ab initio calculations to
see whether they might nevertheless help to explain
how COmobilized our Pt islands. The particulars of our

VASP41,42/PAW43,44/LDA45,46 calculations were just as
reported by Knudsen et al.,35 except that six CO
molecules were added to an island comprising 7 Pt
atoms in the Gr/Ir(111)-(9 � 9) moiré unit cell.
Figure 5a displays the geometry resulting from aDFT

optimization of a pristine Pt heptamer. Note that the
graphene beneath the cluster is buckled. Directly
below each Pt atom is a relatively yellow (i.e., high-
lying) C atom, to which it is bound at a distance of
about 2.16 Å, the sum of the covalent radius of C and
the metallic radius of Pt. Between the raised C atoms
are relatively brown (i.e., lower-lying) ones. They are
bound to Ir atoms below them and lie at chemical

Figure 5. Geometries of a planar Pt heptamer adsorbed to
thehcp areaof grapheneon Ir(111). (a) Pristine Pt heptamer;
(b) Pt heptamer decorated by CO molecules in 1-fold (atop)
sites; (c) Pt heptamer decorated by CO molecules in 2-fold
(bridge) sites. Gray and blue spheres represent C and O
atoms of the COmolecules. White spheres are Pt atoms, and
small, yellow to brown ones are the C atoms of the Gr layer.
Browner means closer to the underlying Ir(111) substrate,
and yellower means higher above it. The numbers are
computed distances, in Å, of each Pt atom from the nearest
C atom below it.
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bonding distances from them. The buckling implies
that underneath the cluster the graphene has locally
rehybridized from sp2 to diamond-like sp3 carbon.23

In Figure 5b, we show the results of optimizing a Pt
cluster with COmolecules 1-fold bound to cluster edge
atoms, the coordination required for correspondence
with our XPS data. The molecules did not shift away
from the 1-fold sites in the course of structural relaxa-
tion, indicating a relative minimum in the energy, but
CO adsorption only caused distances between Pt
atoms and C atoms to increase marginally, by less than
0.07 Å on average, and left the Pt�C chemical bonds
intact for all seven Pt atoms. Correspondingly, the
underlying Gr remained buckled, locally, with C atoms
alternately yellowish because they have moved up to
bind to Pt atoms and brown because they havemoved
down to bind to underlying Ir atoms. Thus, if the
pristine cluster is immobile, then the cluster decorated
by CO molecules in 1-fold edge sites is equally so,
according to DFT. This result is entirely consistent with
the conclusions we have drawn from the study of CO
binding in 1-fold sites on Pt(111) by Föhlisch et al.,38,39

although, regrettably, the weight of the experimental
evidence implies that atop CO is what undoes the
binding of Pt to C, mobilizing the Pt clusters.
Despite the experimental evidence for 1-fold CO

adsorption on the edges of our Pt clusters, we also
investigated CO in edge bridge sites, which, based on
DFT studies of CO on vicinals to Pt(111), we expected to
provide stronger bonding.40 As expected, the bridging
geometry was energetically preferred over 1-fold clus-
ter decoration, the preference amounting to 81 meV
per CO, or 0.49 eV/island. Surprisingly, however, the
bonding within the graphene and between graphene
and the Pt cluster as shown in Figure 5c changed
remarkably compared to Figure 5a,b. Upon bridging CO
adsorption, distances between Pt atoms and C atoms
increased substantially, by more than 0.90 Å on average.
Four of the Pt atoms moved too far from the nearest C
atoms to be chemically bound to them, and correspond-
ingly, the underlying graphene unbuckled. Only two
edge Pt atoms remained at a chemical binding distance
(still about 0.25 Å higher than for the pristine case), for
instance, in Figure 5c, the one at the front of the cluster
labeled “2.28”. The unbuckling of the underlying gra-
phene implies diminished rehybridizationof graphene, in
line with our experimental observations (compare
Figure 3c), and, likely, with facile cluster mobilization.
Incidentally, despite the dramatically increased

bond distances between the Pt and the underlying C
atoms, the effect of adsorption on the bond lengths
within the Pt cluster is marginal. The average Pt�Pt
distance increased upon CO adsorption by just 2%,
from 2.62 to 2.67 Å. Apparently, the cluster integrity
was not affected by CO adsorption.
Thus, the DFT calculation for what appears to be

the experimentally wrong 2-fold adsorption site is

consistent with a skyhook effect, whereas that for the
observed 1-fold adsorption geometry offers no expla-
nation for CO-induced cluster mobilization. In the DFT
optimization, bridging CO adsorption caused (i) sub-
stantially weakened and lengthened bonds between
Pt atoms and the underlying C atoms, (ii) a lifting of the
rehybridization or an unbuckling of the graphene, and
(iii) an only negligible effect on the bond strength
within the cluster itself. These three observations imply
cluster mobility, as observed. The Pt atoms moved
away from the graphene. At the same time, the under-
lying substrate potential presumably became less cor-
rugated and lateral diffusion more facile.
This discussion underlines a need for technical im-

provements in theory and further experiments. The, by
now, well-known deficiency of approximate density
functionals has once again manifested itself in our
prediction that CO will prefer to bind in a higher rather
than a lower coordination geometry on a metallic
substrate, in this case a 7 atom Pt island. On the other
hand, the calculated preference for the 2-fold bonding
geometry is small, and there is no reason to assume
that the nature of the CO bonds would be appreciably
different in an improvement over current DFT more
faithful to observed binding energies. Assuming that
DFT does describe the nature of the CO�Pt bonds in a
qualitatively correct way, and assuming that the edge-
saturated 7 Pt atom islands are representative, then it
seems necessary to conclude that island mobilization
occurs when CO transiently resides in edge bridge sites.
On the other hand, we have no experimental evidence
for transient, bridge-bonded CO. Further experiments,
perhaps in the nature of IR spectroscopy, would be
helpful in this regard. They might reveal a population of
CO in bridge sites or rule that possibility out.
Before leaving the DFT results, we wish to remark on

the locality of the unbinding effect and its likely
relation to the cluster size dependence of CO-induced
mobility. The key observation is that only Pt atoms on
which CO is adsorbed lose their coordination to the
underlying graphene.
Given this locality of the unbinding effect, let us

revisit Table 1. It says that after CO exposure sintering
terminates and clusters are immobile once they
reached a size of s = 10 atoms. As shown in Figure 4,
a compact 10 atom cluster has 8 edge atoms. In
agreement with our XPS coverage analysis, these 8
edge atoms possess 8 adsorbed CO molecules, either
atop bonded (as found in experiment) or bridge
bonded (as predicted by DFT). Now we postulate that
the effect of the adsorbed CO molecules is localized to
their Pt atom counterparts, which unbind from the
graphene. This means a 10 Pt atom cluster, whose
edges are saturated by CO, is immobilized by its two
terrace atoms. From that, we deduce that a cluster of as
few as two Pt atoms will not diffuse, and that one
should expect the initial CO-free system, with an
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average cluster size of sav = 5 atoms for the 0.05 ML
cluster array, to be stable. By contrast, after enough CO
has been deposited that there are decorated clusters
with just one undecorated Pt atom, or none, then these
decorated clusters will be mobilized. Smoluchowski
ripening will proceed, accordingly, until their coales-
cence creates larger clusters with at least two CO-free
Pt atoms. At that point, ripening will cease.
A 38 atom 2-layered Pt cluster, characteristic for the

0.44 ML Pt cluster arrays with sav = 39, possesses 9
atoms in the first layer, which are buried by second
layer Pt atoms (compare Figure 4). These atoms are
protected against CO adsorption, and thus the stability
of the 0.44 ML cluster array is understandable. In the
0.20 ML cluster array, still some CO-induced mobility is
observable for sav = 19 atoms initially. We attribute this
to the tail of the cluster size distribution extending
below 10 atoms. The observation that most of the
clusters that become mobile upon CO adsorption in
the 0.20 ML case are 1-layered clusters is at least
consistent with the assumption that these are the
smallest ones in the distribution.
Whereas lateral motion is the most relevant CO-

induced process for small clusters, for those with more
than 20 Pt atoms, shape transformations to more
three-dimensional arrangements dominate and pro-
ceed without mass exchange between clusters. Gen-
erally, the shape of a supported cluster is determined
by the balance of substrate surface, cluster surface, and
interface energy.47 The substrate surface energy can be
neglected here, as the surface free energy of graphene
is very low owing to its inertness. Even without CO
adsorbed, upon cluster growth, initially 1-layered clus-
ters transform to 2-layered clusters.19,48 As the rehy-
bridization area of graphene is limited in size, at some
point in the growth process, the increase of the inter-
face area is disfavored compared to an increase of
cluster cohesion (lowering of total surface energy).
Therefore, arriving Pt atoms do not stay at the cluster
edge in contact with graphene but prefer to increase
their coordination with other Pt atoms by forming a
second layer.48 Consider now a cluster somewhat
below the critical size sc, which is around 19 atoms
for a Pt cluster on Gr/Ir(111) (compare Table 1). CO
adsorption will change its shape because the binding
of the edge atoms to their underlying C atom counter-
parts is substantially weakened. Therefore, interface
formation is disfavored compared to an increase of Pt
cohesion. Thus, a 2-layered configuration will already
be preferred for a smaller size sc

0 < sc. Note that CO
adsorption will also affect Pt�Pt bonding. However,
since in Pt�Pt bonding all valence electrons are al-
ready involved, the effect of an adsorbed CO will be
much smaller than for the Pt�C bonding.
The preferential adsorption of CO to low coordi-

nated atoms has an additional effect on cluster ener-
getics and also tends to favor more three-dimensional

shapes. Consider a 19 atom planar cluster with CO-
saturated edges and a surplus of a few less strongly
bound terrace CO molecules. Transformation of the
1-layered cluster into a 2-layered cluster increases the
number of strongly binding edge atoms. Through this
shape transformation, the terrace surplus CO mol-
ecules can bind more strongly to the newly formed
edge atoms, which in turn reduces the cluster surface
energy. The cluster thus reshapes to provide as many
favorable adsorption sites as possible.
Reshaping of stepped Pt surfaces into nanometer-

sized Pt clusters was found under an applied CO pres-
sure in the millibar range.49 This reshaping was inter-
preted to be driven by a reduction of the repulsion of
adjacent CO molecules. While we cannot entirely rule
out a contribution of this effect, the CO-induced Pt�C
bond weakening and the enhanced CO binding by
cluster reshaping appear to be a straightforward expla-
nation for the similar phenomenon we observe here.
We also exposed 0.05 ML Pt cluster arrays on Gr/

Ir(111) toH2 andO2. Even large exposures of the order of
1000 L did not induce clustermobility. A problem for the
near future is to rationalize the different behavior of the
Pt clusters with respect to these gases, likely in terms of
different O and H atom bonding geometries.50,51

Lastly, we consider why the majority of Pt clusters in
the 0.05ML arrays are set inmotion after awell-defined
threshold exposure (compare Figure 2e). Above we
argued that clusters begin to move when fewer than
2 atoms are left without a CO molecule atop. This
requires a larger cluster (e.g., a flat 8 atom cluster) to
collect more CO molecules than a smaller one needs
(e.g., a 5 atom cluster). The larger CO capture efficiency
of a larger cluster, most likely in proportion to its area,
helps to synchronize the moment when larger and
smaller clusters become mobile. However, it is ques-
tionable whether this compensation effect is fully able
to explain the observed synchronization for the onset
of cluster motion. One possibility is that the local
graphene strain field associated with a moving cluster
might slightly affect clusters in its vicinity and thereby
help to synchronize cluster mobility.
An implication of the CO-induced cluster mobility is

the sensitivity of Pt cluster array growth to the CO
background pressure. Small clusters of a few Pt atoms
are abundant during growth and becomemoremobile
by CO adsorption. As a consequence, in a poor vacuum
with residual CO, arrays that are less regular form, with
a smaller filling factor.
Figure 6a displays an STM topograph after deposi-

tion of 0.10 ML Pt under ultrahigh vacuum conditions
with the total background pressure during deposition
below 2� 10�10 mbar. Here graphene was prepared by
room temperature ethylene adsorption until saturation,
followed by thermal decomposition at 1450 K, but with-
out additional exposure to ethylene at elevated tempera-
tures. This results in graphene flakes covering a fractional
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surface area of about 20%.52 The inset shows the cluster
array with a filling factor n = 0.92 and with predominantly
1-layered clusters, as expected under these conditions.19

On thebare Ir surface, fractal dendritic Pt islands are visible.
Figure 6b displays an STM topograph of the same

experiment, except that during Pt growth a CO pres-
sure of pCO = 5 � 10�9 mbar was applied. The inset
highlights the poor filling of the moiré with n = 0.42
and with a larger relative fraction of 2-layered clusters.
The Pt islands on the bare Ir surface are smaller and
display a significantly higher island number density.
This is expected for epitaxial growth of Pt in the
presence of CO.53

CONCLUSIONS

We have shown that CO-induced sintering of small
Pt clusters on Gr/Ir(111) may be traced back to
Smoluchowski ripening. Even if clusters stay immobile
upon adsorption, they often transform to a more

three-dimensional shape. In photoelectron spectroscopy,
the CO adsorption on the Pt clusters is signaled by a
pronounced decrease of a shoulder in the C 1s peak,
characteristic for graphene rehybridization. CO is found
to be adsorbed atop on Pt cluster edge atoms. We had
hoped that DFT calculations would help to interpret our
discovery of islandmobility, but instead, they have left us
in a quandary. Eitherwe disbelieve theDFT result that CO
in 1-fold island edge sites has little effect on the bonding
of the Pt to the graphene below, or wemust assume that
a CO-decorated island can adopt a transient structure in
which Pt�graphene bonds are broken and the island is
mobilized. In thefirst case,we lack theoretical evidence to
justify the disbelief. In the latter, we lack experimental
confirmation of transient configurations. Evidently, a
result of the work reported here is to establish directions
for future research efforts. The possible payoff in the form
of novel catalytic systems makes that seem more than
worthwhile.

METHODS
STM experiments were carried out in the TUMA-III Laboratory

in Cologne, and XPS experiments were conducted at Beamline
I311 at the MAX-IV Laboratory54 in Lund using identical sample
preparation procedures. The base pressure in both ultrahigh
vacuumsystems is below1� 10�10mbar. The samplewas cleaned
by repeated cycles of sputtering at 300 K and annealing to
1400�1500 K. Graphene was prepared by room temperature
ethylene (C2H4) adsorption until saturation, thermal decomposi-
tion at 1450 K, and subsequent 1200 s exposure to 1� 10�7 mbar
ethylene at 1170 K resulting in a well-oriented, perfectly closed,
single layer of graphene.55 Low-energy electron diffraction of the
graphene layer confirms the excellent orientation order of Gr: the
densepacked rowsof Ir(111) andGr arealigned. Rotational variants
of Grwere absent.56 Pt cluster growth onGr/Ir(111) was conducted
at 300 K by e-beam sublimation of degassed high-purity Pt. The
deposition rate was 3 � 10�2 ML/s, where 1 ML (one monolayer)
corresponds to the surface atomic density of Ir(111). During
deposition, the pressure remained in the low 10�10 mbar range.
In the variable-temperature STM system, the Pt evaporator was

calibrated by determination of the fractional area of monolayer Pt
islands resulting from deposition onto clean Ir(111). STM imaging

was conducted at room temperature. STM topographs were
postprocessed using the WSxM software.57 Tunneling resistances
of ≈2 � 1010 Ω are used to avoid tip�cluster interaction. More-
over, owing to the convolution of the tip shape with the clusters,
multilayered clusters tend to display a larger base area compared
to 1-layered ones.
The XPS spectra were collected in normal emission with an

angular acceptance of (5�. For C 1s and O 1s spectra, we used
photon energies of 390 and 650 eV, respectively. All spectra are
normalized to the background, and core binding energies,
defined to have positive values, are referenced to the Fermi
edge. Accordingly, a positive core level shift corresponds to a
binding energy increase. At the I311 beamline, the same Pt
evaporator as in the TUMA-III Lab with identical settings and
distance to the sample was used. The STM rate calibration was
confirmed using the Ir 4f surface peak, which vanishes at 1 ML
coverage. Both calibrations agree within 10%.
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