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Abstract: We studied the structural and morphological evolution of Rh clusters on an ordered ultrathin
alumina film grown on NiAl(100) in annealing processes, under ultrahigh vacuum conditions and
with various surface probe techniques. The Rh clusters, prepared on vapor deposition of Rh onto the
alumina film at 300 K, had an fcc phase and grew in the (100) orientation; the annealing altered the
cluster structure little—the lattice parameter decreased by a factor <2%—but the cluster morphology
significantly. With elevated temperature, small clusters (diameter <1.5 nm) decreased little in size;
in contrast, large clusters (diameter >2.0 nm) varied in a complex manner—their mean diameter
decreased to about 1.5 nm on annealing to 450 K, despite their similar height, while it increased to
above 2.0 nm at temperature >570 K. This atypical decrease in size was governed predominantly by
energetics. Such a reduced size enhanced the total surface area as well as the reactivity of the clusters
toward methanol decomposition, so increased the production of D, (Hy) and CO from decomposed
methanol-d4 (or methanol). The result implies a higher temperature tolerance for Rh clusters on the
alumina film and a practical approach to prepare small Rh clusters with high reactivity.

Keywords: Rh nanoclusters; Al,Os; size effect; methanol decomposition

1. Introduction

As the reactivity of catalysts is largely associated with their structures [1-5] and as catalyzed
reactions could proceed at elevated temperature, a knowledge of thermal stability of such structures and
how they evolve with elevated temperature becomes desirable. Preceding work showed that elevated
temperature can alter the morphologies, sizes and structures of oxide-supported metal nanoclusters,
typical catalysts [1-14]; it can also induce mass transport and thus encapsulation and oxidation of the
oxide-supported nanoclusters [1-5,11,15-20]. The objective of the present work is to study the effect of
elevated temperature on the structure and morphology of oxide-supported rhodium (Rh) clusters and
examine the effect with catalyzed decomposition of methanol (methanol-dy), which is the principal
reaction applied in direct methanol fuel cells (DMFC) [21-25] and also serving as a source of hydrogen.
Rh-based catalysts have been extensively used; Rh is alloyed with platinum (Pt, the primary catalyst
for methanol reactions) catalysts to improve catalytic properties; adsorption and decomposition of
methanol on Rh single crystal surfaces [26-29] have hence been extensively studied but the methanol
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reactions on oxide-supported Rh clusters [30,31], a realistic model system and how they are affected by
thermally-induced structural changes are little investigated. The present work aims to remedy this
lack and to acquire insight into the effect.

We investigated the structural and morphological evolution of Rh clusters supported on an ordered
ultrathin alumina film with temperature and its effect on the decomposition of methanol (CH3;0OH)
and methanol-d4 (CD3;0D). The alumina film was grown on oxidation of NiAl(100) (denoted as
Al,O3/NiAl(100)) and the experiments were performed under ultrahigh vacuum (UHV) conditions and
with various techniques to probe the surface. The Rh clusters were prepared by depositing a vapor onto
Al,O3/NiAl(100) at 300 K and annealing to selected temperatures. We characterized the morphology
and structure of the Rh clusters with scanning tunneling microscopy (STM) and reflection high-energy
electron diffraction (RHEED) and monitored the catalyzed reactions with temperature-programmed
desorption (TPD) and synchrotron-based photoelectron spectroscopy (PES). The morphological results
were complemented with Monte Carlo simulation, for which the relative rates of kinetic processes
were justified with their activation energies derived from density-functional-theory (DFT) calculations,
to explore the thermal effect on the structuring of the Rh clusters.

The Rh clusters, as prepared, were at nanoscale; they were structurally ordered, exhibiting an
fcc phase and growing in the (100) orientation (denoted as Rh(100) clusters). The annealing altered
little their structures but dramatically their morphologies. We found that the diameter of large clusters
(diameter > 2.0 nm) decreased to a preferential one about 1.5 nm on annealing to 450 K, despite the height
remained similar. Although the morphological evolution is governed by both kinetics and energetics,
this atypically decreased size is predominated by the latter [10,32]. The reduced size increased the
total surface area and also promoted the reactivity of the clusters toward methanol decomposition [31].
The size-dependent reactivity has been found for varied transition metal catalysts and reactions,
such as Au clusters toward various reactions (oxidation of CO, oxidation and hydrochlorination of
hydrocarbons, water-gas shift and NO reduction) [33-36], Rh toward CO dissociation [37,38], Ni
toward ethane hydrogenolysis [39,40] and Cu toward N, formation from NO [5,41]. The control over
the cluster size thus becomes essential in manipulating catalytic properties of catalysts. The present
result implies a facile approach to prepare small Rh clusters with high reactivity and also an advantage
for the Rh clusters on Al;O3/NiAl(100) that they can tolerate an elevated reaction temperature to a
certain extent, with no decreased reactivity.

2. Results and Discussion

2.1. Morphology and Density of the Supported Rh Clusters

The morphology and density of the Rh clusters, grown from the deposition of Rh vapor onto
Al,O3/NiAl(100) at 300 K, were characterized with STM. Their response to elevated temperature was
shown to depend on the cluster size. Figure 1a—d exemplify the evolution of the size and density of
smaller Rh clusters/Al,O3/NiAl(100) with annealing temperature; the insets in the figures show, for
each temperature, the characteristic histograms of height and diameter of the clusters; a Gaussian
fit to the size distribution is also shown in each histogram. At 300 K, the 0.5 monolayer equivalent
(MLe) Rh clusters had a mean diameter about 1.4 nm and height about 0.6 nm (Figure 1a); the clusters
were largely aligned as the protrusions stripes, arising from a lattice mismatch between the Al,O3
film and NiAl(100) [42—44], are preferential nucleation sites, as observed earlier for other deposited
transition metals [44-46]. With the temperature increased to 450 K, both the mean diameter and height
altered little (Figure 1b); the cluster density also remained similar (1.66 X 103 cm™2). On increasing
the temperature further to 570 K, the mean diameter decreased slightly to 1.2 nm whereas the height
increased to 0.67 nm (Figure 1c); the cluster density decreased to 1.44 X 1013 cm™2 and the total
amount of Rh also decreased to about 0.4 MLe. The increased temperature facilitated the interlayer
transportation in the clusters so the clusters became more three-dimensional; concomitantly, the
diffusion of Rh into the substrate also started. Continuing the annealing to 800 K, both the diameter
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and height decreased and the cluster density decreased notably to 1.03 X 10'3 cm™2—only 0.17 MLe
remained on the surface. At such a high temperature, the Rh atoms were readily dissociated from the
clusters and diffused rapidly on the surface. The Ostwald ripening or conventional sintering did not
occur because a great proportion of Rh atoms (dissociated from the clusters) diffused into the substrate,
rather than joining an existing clusters or nucleating into a new cluster.
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Figure 1. STM images for 0.5-MLe Rh deposited on a thin film of Al,O3/NiAl(100) at (a) 300 K and
annealed stepwise to (b) 450, (c) 570 and (d) 800 K. The insets in (a—d) show characteristic histograms
of height and diameter for each temperature; the curves are the best Gaussian fits to the distributions.

The larger clusters show a disparate response to the increased temperature. Figure 2a—d exemplify
their morphological and density evolution with the annealing temperature. The 1.35-MLe Rh clusters,
as prepared, had a mean diameter about 2.1 nm and height about 0.77 nm (Figure 2a), evidently larger
than those at 0.5 MLe, but their density resembled that at 0.5 MLe (1.65 x 10'3 cm~2). The clusters’
density was saturated at 0.5 MLe, so further deposited Rh did not nucleate into new clusters but
joined existing ones and hence increased the cluster size significantly. On increasing the temperature
to 450 K, the mean height remained similar (0.79 nm) whereas the diameter decreased evidently to
1.65 nm (Figure 2b); correspondingly, the cluster density increased to 2.26 x 10'> cm~2. As the total
amount of Rh remained nearly the same, the diffusion of Rh into the substrate played no role in this
morphological change. Increasing the temperature further, the clusters enlarged, the cluster density
decreased and the total amount of Rh also decreased (Figure 2¢,d). At 800K, a typical Ostwald ripening
was observed; both the mean diameter (2.4 nm) and height (0.88 nm) became greater than those of
as-prepared clusters and the size distribution became broader—the numbers of both larger and smaller
clusters were enhanced (Figure 2d). The diffusion of Rh into the substrate also became active; the total
quantity of Rh decreased to about 0.64 MLe.
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Figure 2. STM images for 1.35-MLe Rh deposited on a thin film of Al,O3/NiAl(100) at (a) 300 K and
annealed stepwise to (b) 450, (c) 570 and (d) 800 K. The insets in (a—d) show characteristic histograms
of height and diameter for each temperature; the curves are the best Gaussian fits to the distributions.

Figure 3a,b summarize the annealing-driven evolution of the diameter and height of Rh clusters
at varied coverages; the error bars in the figures indicate the full width at half maximum of the best
Gaussian fits to the distributions of diameter and height of the clusters for each temperature. Two
trends are obviously shown for varied Rh coverages (sizes). For 0.5 MLe, the mean diameter continued
to decrease from 1.4 nm to 1.1 nm and the mean height varied little below or at 570 K (0.6-0.67 nm)
and decreased slightly to 0.5 nm at even higher temperatures (700 or 800 K). For 1.35- and 1.6-MLe Rh,
the mean height altered only moderately with the temperature (mean height 0.77~0.88 nm), but the
diameter decreased dramatically first at 450 K (from 2.1-2.2 nm to 1.5-1.6 nm) and then continued to
increase with further elevated temperatures (2.2-2.4 nm). Figure 3c,d plot the corresponding variation
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of the Rh quantity and cluster density with temperature. The quantity decreased evidently with
temperature above 570 K (Figure 3c); at 800 K, the quantity decreased to below 50% of the original.
The decrease reflects that Rh atoms from dissociated clusters diffused into the substrate, likely through
surface defects [4,42—44]. Like the cluster diameter, the cluster density exhibited atypical behaviors.
The cluster density for 0.5-MLe Rh decreased at all temperatures above 450 K whereas those for
1.35- and 1.6-MLe Rh increased unusually at 450 K and decreased at further elevated temperatures
(Figure 3d). The increased cluster densities of 1.35- and 1.6-MLe Rh at 450 K imply that clusters became
dissociated and new clusters formed, consistent with the concomitantly decreased cluster diameter
(Figure 3a). Above 450 K, the clusters ripened but more Rh diffused into the substrate, so the diameter
increased (Figure 3a) and the cluster density decreased (Figure 3d).
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Figure 3. (a—d) Plot in order the evolution of the mean diameter, mean height, quantity and density of
Rh clusters with temperature. Three Rh coverages, 0.5 (back square), 1.35 (red circle) and 1.6 MLe (blue
triangle), are demonstrated. The errors bars in (a,b) indicate the full width at half maximum of the
Gaussian curves which fit best the histograms of diameter and height of Rh clusters. The quantities in
(c) were calculated with cluster densities and mean volumes of individual clusters for each Rh coverage;
they were normalized to the quantities derived for clusters as prepared.

The atypical alteration of cluster size and density could result solely from a kinetic effect or
involve an energetic one. The former argues an Ostwald ripening constrained by the channel of Rh
diffusion to the substrate and facile formation of new clusters due to abundant preferential nucleation
sites, the linear protrusions, on the Al,O3/NiAl(100) [10,44—46]. For 0.5-MLe Rh, the Rh atoms from
dissociated Rh clusters diffused largely into the substrate above 570 K (instead of joining existing
clusters) because of its small cluster density, so the cluster size decreased and no typical sintering
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occurred. For 1.35- and 1.6-MLe Rh, as the linear protrusions limited the diffusion of Rh atoms (small
diffusion length) and assisted the formation of new clusters (a small critical size for nucleation), due
to a stronger interaction between the oxide defects and Rh [42-44,47,48], the Rh atoms detaching
from Rh clusters nucleated readily into new clusters at 450 K, leading to the increased cluster density.
At further elevated temperatures, the diffusion limitation was relieved and the critical size for nucleation
increased—nucleation into new clusters became difficult, so more Rh atoms joined existing clusters,
the clusters grew and cluster density decreased. The second possibility involves, in addition to the
kinetic effect, an energetically preferential cluster size. We noted that the cluster diameter of 1.35- and
1.6-MLe Rh was decreased to a value (~1.5 nm) near that of 0.5-MLe Rh (Figure 3a) on annealing to
450 K; moreover, the cluster size at 0.5 MLe altered only a little with temperature, despite the cluster
density and total amount evidently decreasing. The clusters with such a preferential diameter might
be energetically more stable, as observed for Co clusters [10,32], so were not dissociated at 450 K.
Our Monte Carlo modelling below verifies the involvement of the energetic effect.

2.2. Atomic Structures of the Supported Rh Clusters

The structural ordering of the Rh clusters is reflected in the RHEED patterns. Figure 4a—d exemplify
the effect of elevated temperature on the structures of the clusters. The reflection rods of the RHEED
patterns in the figures are ascribed to the oxide and to the NiAl(100) substrate; the half-order reflections
in Figure 4a,c indicate the (2 X 1) structure of the ordered 0-Al,03(100) [42,43,49,50]. The diffraction
spots additionally superimposed on the reflection rods at azimuths [0-10] and [0-11] were attributed
to structurally ordered Rh clusters. The patterns were observed at and above 1.0 MLe (Figure 4a,b),
and became sharper when the temperature increased (Figure 4c,d). The variation implies that with
annealing the content of the ordered structures was increased. Above 570 K, the patterns remained
sharp but their intensities attenuated a little (Figure 4e-h), as the number of clusters decreased. The
structurally ordered clusters grew in an fcc phase and had their (100) facets parallel to the surface
of 8-Al,03(100); besides, their [110] axes were parallel to direction [010] of the alumina surface, so
Rh(100)[110]//Al,03(100)[010]. The corresponding reciprocal lattice points at the two azimuths are
drawn in Figure 4a,b. This orientation is favorable because the cluster’s (100) facet matches better,
structurally, the square oxygen lattice of the 6-Al,O3(100) surface [11,51,52]. The lattice parameter
of the Rh clusters also increased to match the oxide surface. The mean lattice parameter of 1.0-MLe
Rh clusters (mean diameter 1.8 nm and height 0.7 nm) was about 4.04 A, increased by nearly 6%
relative to bulk Rh (3.80 A). The expansion decreased when the size or coverage was increased
(Figure 4i), because the substrate effect diminished on the top few layers of the growing clusters.
At 4.0 and 6.0 MLe, the Rh clusters already covered the whole alumina surface and their lower
parts became merged. The annealing did not alter the cluster orientation but affected the lattice
parameter a little. The annealed clusters have a trend of lattice parameters decreasing with increased
temperature, in a scale < 2% (Figure 4i). Such a decreased lattice parameter was typically ascribed
to an attenuating substrate effect resulting from increased cluster sizes; nevertheless, the cluster size
in the present case did not continue to increase (Figure 3). The result implies that when the clusters
became more structurally ordered—the content of the ordered structures increased—with annealing,
their average Rh-Rh distance decreased, toward their bulk value. Earlier studies observed negative
thermal expansion for Pt nanocluster/y-Al,O3 [53,54], while this effect is expected to be negligible in
the present observation. Even if this negative thermal expansion could persist after the sample was
cooled down to 300 K, the reported scale of the altered atom-atom distance is smaller (<1%) than the
present one (Figure 4i).
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Figure 4. RHEED patterns for 1.6-MLe Rh clusters on Al,O3/NiAl(100) at (a,b) 300 K and annealed
stepwise to (¢,d) 450 K, (e,f) 570 K and (g,h) 800 K. (a,c,e,g) show patterns obtained at azimuth [0-10] of
NiAl substrate, and (b,d,f,h) at azimuth [0-11]. Blue circles in (a,b) denote reciprocal-lattice points for
the clusters of Rh(001)[110]//Al,O3(100)[010]. (i) plot of the lattice parameter of Rh clusters of varied
sizes (coverages 1.0, 1.6, 4.0 and 6.0 MLe) as a function of temperature. The lattice parameters were
derived by fitting the reciprocal-lattice nets to the diffraction spots. The errors bars were obtained based
on the reproducibility and the size of the diffraction spots (the brightest areas, with top 2% in intensity).
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2.3. Modelling of Annealing-Induced Morphological Alteration of Supported Rh Clusters

We conducted Monte Carlo simulation to illuminate whether or not the morphological change
of the Rh clusters was solely attributed to thermally facilitated kinetic processes. An example of the
modeled annealing-induced alteration is shown in Figure 5a. The lattice has 100 x 100 sites for each
layer and the bonding energy e is set as e/*T = 0.01 for 300 K; the step count between each added
atom is M = 10, the substrate defect binding parameter & = 3 (binding energy 3 €) and the coverage is
1.0 MLe. The figure exhibits the stable configurations of clusters, seen from top view, grown at 300 K
and annealed to 570 and 800 K. We observed only minor changes when the temperature was raised,
through 450 K, to 570 K; when increasing the temperature to 800 K, the cluster density decreased and
size increased significantly—a ripening process. This trend (average diameter and height) is plotted
against temperature in Figure 5b. The cluster size altered little below 700 K but increased remarkably
at 800 K; the average diameter decreased slightly between 300 and 570 K as more atoms migrated from
the bottom to upper layers, resulting in a concomitant increase of cluster height. Consistently, the
cluster density also remained similar (60-70 in the lattice) below 700 K and decreased dramatically
(to 30) at 800 K. The ripening proceeded evidently at 800 K under these kinetic conditions.

F%$@$@%@%
¥4

lhs e il . s
0 20 40 60

570 K

(b)

~—

= 10 T T T 1
oo Diameter m

o 9 Height @ m
z | |
< S = .

Ay B i
g - -

S 6f -
g ([ J
& 5 —
= ° o

w 4r L .
Y [

S8 ]
Y ! | | ! !

< 300 400 500 600 700 800

Temperature/K

Figure 5. (a) Top view of the simulated configurations of Rh islands grown at 300 K and annealed to
570 and 800 K, as indicated. The lattice has 100 x 100 sites for each layer and the bonding energy e
is set as ¢~¢/*T = (.01 for 300 K; the step count between each added atom is M = 10, the substrate
defect binding parameter & = 3 and the coverage is 1.0 MLe. (b) plot of average diameter and height of
simulated Rh islands as a function of temperature. The Rh islands were grown at 300 K and annealed
to the temperatures as indicated.
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Varied kinetic parameters, including the hopping rate, deposition rate, defect densities and bonding
strength at the defects, have been attempted to simulate the alteration in the cluster morphology and
density after annealing. Nevertheless, all the results show an Ostwald ripening despite the ripening
starts at separate temperature. The kinetic processes alone do not yield a comparable alteration as
observed in Figure 3; the results exhibit neither a decreased size nor an increased cluster density at
elevated temperature. Figure 5 demonstrates the most similar size evolution with temperature whereas
the decreased size of clusters at 450 K did not appear as in the experiments. The above kinetic model, a
constrained Ostwald ripening, does not account exclusively for the present observation. We therefore
argue that the atypical alteration of cluster size and density is associated with an energetics effect;
an energetically preferential size might exist, although it could not be determined properly in the
present study.

2.4. The Effect of Annealing-Induced Morphological Alteration on Catalytic Reactions

The thermally induced alteration in the morphology of Rh clusters on Al,O3/NiAl(100) can
be applied in promoting catalytic reactions. Through appropriate annealing, we may reduce the
cluster size to enhance the surface area and reactivity (the production per surface Rh site) of the
clusters. Earlier studies have shown that the reactivity of supported Rh clusters toward methanol
decomposition depends on the cluster size; when the cluster diameter becomes similar to or smaller
than 1.5 nm, the reactivity becomes enhanced [31]. We therefore examined the present effect with
methanol decomposition. Methanol-d4 was used for the series of TPD experiments, because adsorbed
methanol and methanol-d4 showed similar desorption behavior, but the latter gave D, signals clearer
than H; ones. As the decomposition of methanol-d4 on either as-prepared or annealed Rh clusters
proceeded only through dehydrogenation, we monitored the reactivity with TPD spectra of D,.

Figure 6a compares the D, TPD spectra from 2.0-L methanol-d4 (CD30D) adsorbed on 0.5-MLe
Rh clusters/Al,O3/NiAl(100) as prepared and annealed to 450 K. Both the line shape and integrated
intensities, corresponding to the production of D, molecules, are resembling. As the cluster size and
density altered little for 0.5-MLe clusters (mean diameter about 1.4 nm) annealed to 450 K, shown in
Figures 1 and 3, it is rational that the production from decomposed methanol-d4 differed little for the
clusters of both kinds. Figure 6b shows a contrast—the D; spectra from 1.6-MLe Rh clusters. Their
line shapes are similar but the integrated intensity for annealed clusters exceeds that for as-prepared
clusters by about 40%, indicating that 40% more D, were produced. The production was enhanced by
two factors—first, an increased total Rh surface area and second, an enhanced reactivity due to the
decreased size. The annealing to 450 K altered little the mean height (about 0.76 nm) but decreased the
mean diameter from 2.3 nm to 1.5 nm (Figure 3a); the decreased size increased the surface/volume ratio
and also the cluster density (Figure 3d), which increased the total Rh surface area so the production.
Additionally, as indicated in earlier works, the clusters with diameter <1.5 nm have an enhanced
reactivity, because the concentration of reactive Rh corner sites increases in smaller clusters [31].
A considerable fraction of these annealed clusters must have a diameter <1.5 nm (Figure 3a); they had
an enhanced reactivity so increased the production of D,.
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Figure 6. Temperature programmed desorption (TPD) spectra of D, (m/z = 4 u) from 2.0-L CD;0D
adsorbed on (a) 0.5- and (b) 1.6-MLe Rh clusters/Al,O3/NiAl(100) as prepared at 300 K (lower panels)
and annealed to 450 K (upper panels).

Our PES spectra of C 1s core level provide additional evidence for the promoted production. The
spectral features for methanol on Rh clusters as prepared and annealed (450 K) are similar. Figure 7a
exemplifies the C 1s spectra with those from 5.0-L methanol adsorbed on annealed (450 K) 1.0-MLe Rh
clusters (mean diameter about 1.8 nm) on the alumina at 125 K and annealed to selected temperatures.
As most multilayer methanol already desorbed at 125 K [31,55,56], monolayer methanol became
predominant on the surface. The line initially about binding energy (BE) 287.4 eV is assigned to C 1s of
methanol adsorbed on both the Rh clusters and alumina film; the feature about 285.0 eV is contributed
by the C 1s signals of contaminative elemental carbon, according to earlier measurements for CO
dissociation. With PES, we have measured the dissociation of CO into elementary carbon and oxygen
on the Rh clusters. The dissociation rate depends on the cluster size and resembles earlier studies,
showing that the rate varied between 0.25 and 0.5 [38]. Elevating the sample temperature to 175 or 225
K, adsorbed methanol either decomposed or desorbed; the remaining methanol, methoxy and CO
from decomposed methanol (CO;;) on the Rh clusters gave a diminished C 1s feature about BE 287.4
eV. These species are indistinguishable in the PES spectra as their C 1s signals are at near BE [37,38,57].
Above 300 K, the C 1s line at 287.4 eV attenuated continuously and shifted positively to 287.6 eV.
The BE shift is attributable to CO,;, which coexisted with atomic oxygen (O) or hydroxyl (OH)—the
former came from dissociated CO,;, and the latter from O combining with H from dehydrogenated
methanol [58-60]. The dissociation of CO,, occurred actively above 300 K, indicated by enhanced C
1s signals for elemental carbon (285.0 eV) [37,38]. The C 1s signals of CO,, disappeared near 500 K
via dissociation or desorption of CO;,, which agrees with the above TPD spectra [31,56]. Although
similar features were observed for Rh clusters as prepared, their evolution of C 1s intensities with
temperature differed. Figure 7b compares the integrated intensities of C 1s of methanol/methoxy/CO,;,
as a function of temperature from 1.0-MLe Rh clusters as prepared and annealed (450 K). The C 1s
intensity at 125 K arose primarily from monolayer methanol but that above 250 K mostly from CO,;,,
according to earlier studies with infrared reflection absorption spectroscopy [31]; the decreasing rate
with temperature of C 1s signals at 125-250 K (largely from absorbed methanol) is greater than that at
250-500 K (primarily from COy;), because of a greater activation energy for CO desorption (>350 K) [31]
or dissociation [37,38]. The ratio of the C 1s intensities at 300 and 125 K thus reflects that of CO,;, and
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adsorbed methanol quantities. It is notable that the ratio (CO,; vs. adsorbed methanol) increased
on the annealed clusters: about 40% on the clusters as prepared whereas about 55% on the clusters
annealed to 450 K. The increased ratio indicates an increased reaction probability of adsorbed methanol.
The result corroborates that the clusters with diameter >1.5 nm have a decrease in size, as described

above, after annealing to 450 K so an enhanced production of COy,.

Intensity

Figure 7. (a) C 1s photoelectron spectra from 5.0-L CH30H adsorbed on 1.0-MLe Rh clusters on
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This property implies a facile approach, though appropriate annealing, to prepare small Rh
clusters; such small Rh clusters have a greater surface/volume ratio and could also be more reactive
toward catalytic reactions. Moreover, the result implies also that such supported Rh clusters can
tolerate an elevated reaction temperature to a certain extent: the Rh clusters can resist sintering about
450 K.

3. Materials and Methods

3.1. Experimental Details

We conducted the experiments in UHV chambers with a base pressure near 1071 Torr.
The NiAl(100) single crystal was purchased from MaTeck GmbH, Jiilich, Germany; it had a roughness
less than 30 nm and an orientation accuracy better than 0.1°. We performed alternative cycles of
sputtering and subsequent annealing to clean the sample surface before each experiment. The cleanliness
of the sample was examined with surface probe techniques such as STM, low-energy electron diffraction
and Auger electron spectroscopy. The ultrathin alumina film was formed on oxidation of the NiAI(100)
surface at 1000 K. To have a homogeneous crystalline oxide surface, we conducted post-oxidation
annealing for the sample. The grown alumina film had thickness 0.5-1.0 nm [42,50]. The sample was
then cooled down to 300 K for deposition of Rh vapor produced from a Rh rod heated in an evaporator
(Omicron EFM 3). The deposition rate of Rh was fixed near 0.15 ML/min, estimated in accordance
with the Rh coverage prepared at 300 K. The Rh coverage was calculated with the volumes of the Rh
clusters measured with STM; 1.0 monolayer equivalent (MLe) amounts to a density of 1.39 x 10!°> Rh
atoms/cm? (fcc Rh(100) surface atoms). After the growth of Rh clusters, the sample was quenched
to 100 K (unless specified) for adsorption of methanol-d4 (methanol). Methanol-d4 (methanol) gas
was dosed with a background pressure of 2-5 x 10~ Torr and by a doser pointing toward the sample.
The methanol-d4 and methanol (Merck, Darmstadt, Germany, 99.8%) were further purified by several
freeze-pump-thaw cycles. Their exposures are reported in Langmuir (1 L = 107° Torrs).

The STM measurements were performed with an RHK UHV 300 unit (RHK Technology, Troy, MI,
US). The images (constant-current topographies) were typically obtained at 100 K with a sample bias
voltage of 2.2-2.8 V and a tunneling current of 0.7-1.2 nA. The STM tip was made of a tungsten wire
etched electrochemically. RHEED was conducted by using an incident electron beam (40 keV) at a
grazing angle (2-3°) relative to the surface. TPD spectra were taken with a quadruple mass spectrometer
(Hiden) to monitor various masses and by ramping the sample at a rate of 3 K/s; the spectrometer
was shielded and placed near the sample (about 2 mm). We performed our PES experiments with the
BL 09A2 spectroscopy beamline at National Synchrotron Radiation Research Center in Taiwan [61].
The beam, with a photon energy at 383 eV, was incident normal to the surface, whereas photoelectrons
were collected at an angle 58° off from the surface normal. The energy resolution in the measurements
was about 0.1 eV. All PES spectra presented in the current work were normalized to their photon flux.
The BE is referred to Al 2p core-level at 72.9 eV of NiAl bulk [62-64].

3.2. Modelling Method

Monte Carlo simulations that model the kinetic processes of surface Rh were performed on a
three dimensional cubic lattice. Rh atoms at the bottom layer were assumed to have bonding with the
substrate. The cubic lattice was initially empty; atoms were gradually added into the lattice sites by
randomly choosing an empty one either at the bottom layer or on top of the existing islands formed by
nucleating atoms. Each Monte Carlo step involved random hopping for one of the atoms in the lattice.

Each Rh atom in the lattice had a total binding energy from two contributions ne; + €. The first
nep was the binding energy with neighboring atoms, with n the count of neighboring occupied sites.
The neighboring sites for a particular site were defined as the eight surrounding sites at the same layer
and night close-by sites at the above and also underlying layers (except the bottom layer). This stacking
is not exactly like the observed fcc structure but is convenient for the modelling to proceed and yield
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comparable evolution of island morphology and density. The second term e, was the binding energy
with the substrate, applicable to Rh atoms at the bottom layer. To model the substrate with linear
defects which had greater binding energy for adsorbed atoms, as seen in the experiments, for the
100 x 100 bottom layer of our simulations, the lattice sites of index (10m, k) with m = 0,1---9 and
k=10,1---99, had a larger substrate binding energy he, and the others just ;. For simplicity, we set €
and €, at the same value € for our simulation.

A Monte Carlo step was defined as every atom being considered to undergo random hopping
into neighboring empty sites. For each possible hopping, the difference AE between the binding
energy of the new and old sites was calculated. The probability of making the hop was governed
by the Boltzmann factor e~*E/kT if AE > 0, and the probability was one (making the hop) if AE < 0.
The adsorption process was similar to the experiments. An atom was added for every M Monte
Carlo steps, at an initial fixed temperature. Once the desired number of atoms was added, indexed
as the monolayer (ML), more Monte Carlo steps were performed to reach a stable configuration.
The temperature was then raised to a higher one for next cycle of Monte Carlo steps to attain a new
stable state. The temperature could then be raised again and the process repeated.

The DFT calculations were performed to derive the activation energies (E,) for the Rh hopping
processes. The calculated E, allowed us to confirm that the relative rates of the various hopping processes
used in the Monte Carlo simulation are reasonable. Details can be found in the Supplementary Materials.

4. Conclusions

In this work, STM, RHEED, TPD, PES and Monte Carlo simulations were used to investigate the
thermally induced evolution of morphology, structure and reactivity of Rh nanoclusters on ultrathin
alumina (6-Al,03(100)) film formed on NiAl(100) single crystal. The Rh clusters were grown by
deposition of Rh vapors onto the alumina film at 300 K and annealed to selected temperatures up to
800 K. The mean diameter of the Rh clusters as grown evolved from 1.4 to 2.3 nm and their height from
0.6 to 0.8 nm when the coverage increased; they grew in an fcc phase and had their facets (100) parallel
to the alumina surface. Relative to bulk Rh, their lattice expanded up to 6%, with decreased size of the
clusters. After the annealing, the cluster orientation remained and the lattice parameter decreased only
a little (< 2%). In contrast, the cluster morphology responded in a dramatic manner to the elevated
temperature. The size of small clusters (diameter <1.5 nm) altered little with the annealing, whereas
that of the large ones (diameter > 2.0 nm) changed remarkably—the mean diameter decreased to about
1.5 nm on annealing to 450 K, despite the height being sustained, but increased to above 2.0 nm at
temperatures >570 K. An evident Ostwald ripening occurred only for large clusters annealed to 800 K.
The atypical decrease in cluster size at 450 K results largely from an energetic effect. The decreased size
enhanced the surface/volume ratio and also the reactivity of the clusters toward methanol reactions, so
increased the production of D; (H;) and CO from decomposed methanol-d4 (methanol).

Supplementary Materials: The following are available online at http://www.mdpi.com/2073-4344/9/11/971/s1,
Figure S1: the computed activation barriers (E;) for a Rh single atom which diffuses on 8-Al,03(100) surface,
dissociates from and wags along (diffusion along a cluster edge) from the clusters on 8-Al,O3(100) surface.

Author Contributions: Conceptualization, M.-EL. and P.C.; methodology, M.-FL., PC. and J.-H.-W.; formal
analysis, Z.-H.L., P.-W.H., T-C.H. and Z.-Y.C,; investigation, Z.-H.L., P.-W.H., T.-C.H., G.-J.L.,, Z-Y.C, Y.-L.L.
and L.-C.Y.; writing—original draft preparation, Z.-H.L., P-W.H., M.-FL., P.C. and ].-H.W.; writing—review and
editing, M.-EL., G.-].L., J.-H.W. and Y.-]. H.; supervision, M.-EL., ] -H.W. and Y.-]. H.; funding acquisition, M.-F.L.

Funding: This research was funded by Ministry of Science and Technology in Taiwan, grant number
MOST-103-2112-M-008-014-MY2.

Acknowledgments: The CPU time at Taiwan’s National Center for High-performance Computing is
greatly appreciated.

Conflicts of Interest: The authors declare no conflict of interest.


http://www.mdpi.com/2073-4344/9/11/971/s1

Catalysts 2019, 9, 971 15 0f 17

References

1. Campbell, C.T. Ultrathin metal films and particles on oxide surfaces: Structural, electronic and chemisorptive
properties. Surf. Sci. Rep. 1997, 27, 1-111. [CrossRef]

2. Henry, C.R. Surface studies of supported model catalysts. Surf. Sci. Rep. 1998, 31, 231-325. [CrossRef]

3.  Lai, X;; Clair, T.P.S.; Valden, M.; Goodman, D.W. Scanning tunneling microscopy studies of metal clusters
supported on TiO, (110): Morphology and electronic structure. Prog. Surf. Sci. 1998, 59, 25-52. [CrossRef]

4. Bdumer, M.; Freund, H.-J. Metal deposits on well-ordered oxide films. Prog. Surf. Sci. 1999, 61, 127-198.
[CrossRef]

5. Santra, A.K,; Goodman, D.W. Oxide-Supported Metal Clusters: Models for Heterogeneous Catalysts. ]. Phys.
Condens. Matter 2002, 14, R31-R62.

6. Lykhach, Y.; Pesicka, J.; Nehasil, V. Electron spectroscopy study of metal particle-gas molecule interaction.
Vacuum 2001, 63, 283-289. [CrossRef]

7. Shaikhutdinov, S.K.; Meyer, R.; Naschitzki, M.; Baumer, M.; Freund, H.-J. Size and Support Effects for CO
Adsorption on Gold Model Catalysts. Catal. Lett. 2003, 86, 211-219. [CrossRef]

8.  Lemire, C.; Meyer, R.; Shaikhutdinov, S.K.; Freund, H.-J. CO adsorption on oxide supported gold: From small
clusters to monolayer islands and three-dimensional nanoparticles. Surf. Sci. 2004, 552, 27-34. [CrossRef]

9. Meyer, R.; Lahav, D.; Schalow, T.; Laurin, M.; Brandt, B.; Schauermann, S.; Guimond, S.; Kliiner, T,;
Kuhlenbeck, H.; Libuda, J.; et al. CO adsorption and thermal stability of Pd deposited on a thin FeO(111)
film. Surf. Sci. 2005, 586, 174-182. [CrossRef]

10. Luo, M.E; Chiang, C.I; Shiu, H.W.; Sartale, S.D.; Wang, T.Y.; Chen, P.L.; Kuo, C.C. Growth of Co clusters on
thin films Al,O3/NiAl(100). J. Chem. Phys. 2006, 124, 164709. [CrossRef]

11. Luo, M.-E; Ten, M.-H.; Wang, C.-C.; Lin, W.-R; Ho, C.-Y.; Chang, B.-W.; Wang, C.-T.; Lin, Y.-C.; Hsu, Y.-J.
Temperature-Dependent Oxidation of Pt Nanoclusters on a Thin Film of Al,O3 on NiAl(100). J. Phys. Chem. C
2009, 113, 12419-12426. [CrossRef]

12.  Lei, Y,; Uhl, A; Becker, C.; Wandelt, K.; Gates, B.C.; Meyer, R.; Trenary, M. Adsorption and reaction of
Rh(CO);,(acac) on Al,O3/NizAl(111). Phys. Chem. Chem. Phys. 2010, 12, 1264-1270. [CrossRef] [PubMed]

13. Luo, M.-F; Wang, C.-C.; Chao, C.-S.; Ho, C.-Y,; Wang, C.-T.; Lin, W.-R.; Lin, Y.-C.; Lai, Y.-L.; Hsu, Y.-].
Temperature-dependent structuring of Au-Pt bimetallic nano cluster on a thin film of Al,O3/NiAl(100).
Phys. Chem. Chem. Phys. 2011, 13, 1531-1541. [CrossRef] [PubMed]

14. Khosravian, H.; Lei, Y,; Uhl, A.; Trenary, M.; Meyer, R.]J. Nucleation behavior of supported Rh nanoparticles
fabricated from Rh(CO),(acac) on Al,O3/Ni3Al(111). Chem. Phys. Lett. 2013, 555, 7-11. [CrossRef]

15. Ozensoy, E.; Peden, C.H.F,; Szanyi, ]. Ba Deposition and Oxidation on 6-Al,O3/NiAl(100) Ultrathin Films.
Part I: Anaerobic Deposition Conditions. |. Phys. Chem. B 2006, 110, 17001-17008. [CrossRef] [PubMed]

16. Croy, J.R.;; Mostafa, S.; Hickman, L.; Heinrich, H.; Cuenya, B.R. Bimetallic Pt-Metal catalysts for the
decomposition of methanol: Effect of secondary metal on the oxidation state, activity, and selectivity of Pt.
Appl. Catal. A 2008, 350, 207-216. [CrossRef]

17. Iwai, H.; Umeki, T.; Yokomatsu, M.; Egawa, C. Methanol partial oxidation on Cu-Zn thin films grown on
Ni(1 0 0) surface. Surf. Sci. 2008, 602, 2541-2546. [CrossRef]

18. Vayssilov, G.N.; Lykhach, Y.; Migani, A.; Staudt, T.; Petrova, G.P; Tsud, N.; Skala, T.; Bruix, A.; Illas, E;
Prince, K.C,; et al. Support nanostructure boosts oxygen transfer to catalytically active platinum nanoparticles.
Nat. Mater. 2011, 10, 310-315. [CrossRef]

19. Happel, M.; Myslivecek, J.; Johdnek, V.; Dvorak, F,; Stetsovych, O.; Lykhach, Y.; Matolin, V.; Libuda, J.
Adsorption sites, metal-support interactions, and oxygen spillover identified by vibrational spectroscopy of
adsorbed CO: A model study on Pt/ceria catalysts. J. Catal. 2012, 289, 118-126. [CrossRef]

20. Chao, CS.; Li, Y.D.; Liao, TW,; Hung, T.C; Luo, M.E. Decomposition of methanol on partially
alumina-encapsulated Pt nanoclusters supported on thin film Al,Os/NiAl(100). Appl. Surf. Sci. 2014, 311,
763-769. [CrossRef]

21. Beden, B.; Léger, J.-M.; Lamy, C. Electrocatalytic Oxidation of Oxygenated Aliphatic Organic Compounds at Noble
Metal Electrodes; Bockris, ].O.M., Conway, B.E., White, R.E., Eds.; Plenum Publishers: New York, NY, USA,
1992; Volume 22, p. 566.

22. Burstein, G.T.; Barnett, C.J.; Kucernak, A.R.; Williams, K.R. Aspects of the anodic oxidation of methanol.

Catal. Today 1997, 38, 425-437. [CrossRef]


http://dx.doi.org/10.1016/S0167-5729(96)00011-8
http://dx.doi.org/10.1016/S0167-5729(98)00002-8
http://dx.doi.org/10.1016/S0079-6816(98)00034-3
http://dx.doi.org/10.1016/S0079-6816(99)00012-X
http://dx.doi.org/10.1016/S0042-207X(01)00203-2
http://dx.doi.org/10.1023/A:1022616102162
http://dx.doi.org/10.1016/j.susc.2004.01.029
http://dx.doi.org/10.1016/j.susc.2005.05.011
http://dx.doi.org/10.1063/1.2186315
http://dx.doi.org/10.1021/jp9023102
http://dx.doi.org/10.1039/B914323H
http://www.ncbi.nlm.nih.gov/pubmed/20119604
http://dx.doi.org/10.1039/C0CP00954G
http://www.ncbi.nlm.nih.gov/pubmed/21116540
http://dx.doi.org/10.1016/j.cplett.2012.10.086
http://dx.doi.org/10.1021/jp060668l
http://www.ncbi.nlm.nih.gov/pubmed/16927993
http://dx.doi.org/10.1016/j.apcata.2008.08.013
http://dx.doi.org/10.1016/j.susc.2008.06.001
http://dx.doi.org/10.1038/nmat2976
http://dx.doi.org/10.1016/j.jcat.2012.01.022
http://dx.doi.org/10.1016/j.apsusc.2014.05.159
http://dx.doi.org/10.1016/S0920-5861(97)00107-7

Catalysts 2019, 9, 971 16 of 17

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.
35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Hamnett, A. Mechanism and electrocatalysis in the direct methanol fuel cell. Catal. Today 1997, 38, 445-457.
[CrossRef]

Williams, K.R.; Burstein, G.T. Low temperature fuel cells: Interactions between catalysts and engineering
design. Catal. Today 1997, 38, 401-410. [CrossRef]

Rostrup-Nielsen, J.R. Fuels and Energy for the Future: The Role of Catalysis. Catal. Rev. 2004, 46, 247-270.
[CrossRef]

Solymosi, F; Berko, A.; Tarnoczi, T.I. Adsorption and decomposition of methanol on Rh(111) studied by
electron energy loss and thermal desorption spectroscopy. Surf. Sci. 1984, 141, 533-548. [CrossRef]
Houtman, C.; Barteau, M.A. Reactions of Methanol on Rh(111) and Rh(111)-(2 x 2)O Surfaces: Spectroscopic
Identification of Adsorbed Methoxide and nl—Formaldehyd. Langmuir 1990, 6, 1558-1566. [CrossRef]
Parmeter, ].E.; Xudong, J.; Goodman, D.W. The adsorption and decomposition of methanol on the Rh(100)
surface. Surf. Sci. 1990, 240, 85-100. [CrossRef]

Jiang, R.; Guo, W.; Li, M.; Zhu, H.; Zhao, L.; Lu, X.; Shan, H. Methanol dehydrogenation on Rh(111): A density
functional and microkinetic modeling study. J. Mol. Catal. A 2011, 344, 99-110. [CrossRef]

Zhou, J.; Mullins, D.R. Rh-Promoted Methanol Decomposition on Cerium Oxide Thin Films. J. Phys. Chem.
B 2006, 110, 15994-16002. [CrossRef]

Hung, T.-C.; Liao, T.-W,; Liao, Z.-H.; Hsu, P-W.; Cai, P-Y.; Lee, H.; Lai, Y.-L.; Hsu, Y.-].; Chen, H.-Y;;
Wang, J.-H.; et al. Dependence on Size of Supported Rh Nanoclusters in the Decomposition of Methanol.
ACS Catal. 2015, 5, 4276-4287. [CrossRef]

Gwo, S.; Chou, C.-P; Wu, C.-L.; Ye, Y.-J.; Tsai, S.-J.; Lin, W.-C.; Lin, M.-T. Self-Limiting Size Distribution
of Supported Cobalt Nanoclusters at Room Temperature. Phys. Rev. Lett. 2003, 90, 185506. [CrossRef]
[PubMed]

Haruta, M.; Yamada, N.; Kobayashi, T.; Iijima, S. Gold catalysts prepared by coprecipitation for
low-temperature oxidation of hydrogen and of carbon monoxide. J. Catal. 1989, 115, 301-309. [CrossRef]
Haruta, M. Size- and support-dependency in the catalysis of gold. Catal. Today 1997, 36, 153-166. [CrossRef]
Valden, M.; Lai, X.; Goodman, D.W. Onset of Catalytic Activity of Gold Clusters on Titania with the
Appearance of Nonmetallic Properties. Science 1998, 281, 1647. [CrossRef]

Bond, G.C.; Thompson, D.T. Catalysis by Gold. Catal. Rev. 1999, 41, 319-388. [CrossRef]

Frank, M.; Andersson, S.; Libuda, J.; Stempel, S.; Sandell, A.; Brena, B.; Giertz, A.; Brithwiler, PA.; Biumer, M.;
Martensson, N.; et al. Particle size dependent CO dissociation on alumina-supported Rh: A model study.
Chem. Phys. Lett. 1997, 279, 92-99. [CrossRef]

Andersson, S.; Frank, M.; Sandell, A.; Giertz, A.; Brena, B.; Brithwiler, P.A.; Martensson, N.; Libuda, J.;
Batimer, M.; Freund, H.J. CO dissociation characteristics on size-distributed rhodium islands on alumina
model substrates. J. Chem. Phys. 1998, 108, 2967-2974. [CrossRef]

Coulter, K.; Xu, X.; Goodman, D.W. Structural and Catalytic Properties of Model Supported Nickel Catalysts.
J. Phys. Chem. 1994, 98, 1245-1249. [CrossRef]

Rainer, D.R.; Goodman, D.W. Metal clusters on ultrathin oxide films: Model catalysts for Surf. Sci. studies.
J. Mol. Catal. A Chem. 1998, 131, 259-283. [CrossRef]

Wu, M.-C.; Goodman, D.W. Particulate Cu on Ordered AlI203: Reactions with Nitric Oxide and Carbon
Monoxide. J. Phys. Chem. 1994, 98, 9874-9881. [CrossRef]

Gassmann, P.; Franchy, R.; Ibach, H. Investigations on phase transitions within thin Al,O3 layers on
NiAl(001)—HREELS on aluminum oxide films. Surf. Sci. 1994, 319, 95-109. [CrossRef]

Blum, R.-P.; Ahlbehrendt, D.; Niehus, H. Growth of Al,Oj3 stripes in NiA(001). Surf. Sci. 1998, 396, 176-188.
[CrossRef]

Luo, M.E; Huang, ].Y.; Chiang, C.I.; Hu, G.R.; Wang, C.C.; Wang, C.T,; Lin, C.W. Aligning one-dimensional
arrays of nanoclusters on a thin film of Al,O3 grown on vicinal NiAl surfaces. Surf. Sci. 2009, 603, 558-565.
[CrossRef]

Lin, W.-C.; Kuo, C.-C; Luo, M.-E; Song, K.-J.; Lin, M.-T. Self-aligned Co nanoparticle chains supported by
single-crystalline Al;O3/NiAl(100) template. Appl. Phys. Lett. 2005, 86, 043105. [CrossRef]

Luo, M.-E,; Chiang, C.-I; Shiu, H.-W.,; Sartale, S.D.; Kuo, C.-C. Patterning Co nanoclusters on thin-film
Al,O3/NiAl(100). Nanotechnology 2006, 17, 360-366. [CrossRef]


http://dx.doi.org/10.1016/S0920-5861(97)00054-0
http://dx.doi.org/10.1016/S0920-5861(97)00051-5
http://dx.doi.org/10.1081/CR-200036716
http://dx.doi.org/10.1016/0039-6028(84)90147-X
http://dx.doi.org/10.1021/la00100a006
http://dx.doi.org/10.1016/0039-6028(90)90733-O
http://dx.doi.org/10.1016/j.molcata.2011.05.007
http://dx.doi.org/10.1021/jp061985v
http://dx.doi.org/10.1021/acscatal.5b00579
http://dx.doi.org/10.1103/PhysRevLett.90.185506
http://www.ncbi.nlm.nih.gov/pubmed/12786023
http://dx.doi.org/10.1016/0021-9517(89)90034-1
http://dx.doi.org/10.1016/S0920-5861(96)00208-8
http://dx.doi.org/10.1126/science.281.5383.1647
http://dx.doi.org/10.1081/CR-100101171
http://dx.doi.org/10.1016/S0009-2614(97)01114-7
http://dx.doi.org/10.1063/1.475684
http://dx.doi.org/10.1021/j100055a033
http://dx.doi.org/10.1016/S1381-1169(97)00270-7
http://dx.doi.org/10.1021/j100090a023
http://dx.doi.org/10.1016/0039-6028(94)90572-X
http://dx.doi.org/10.1016/S0039-6028(97)00667-5
http://dx.doi.org/10.1016/j.susc.2008.12.017
http://dx.doi.org/10.1063/1.1855410
http://dx.doi.org/10.1088/0957-4484/17/2/003

Catalysts 2019, 9, 971 17 of 17

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Schmid, M.; Shishkin, M.; Kresse, G.; Napetschnig, E.; Varga, P.; Kulawik, M.; Nilius, N.; Rust, H.P;
Freund, H.J. Oxygen-Deficient Line Defects in an Ultrathin Aluminum Oxide Film. Phys. Rev. Lett. 2006, 97,
046101. [CrossRef] [PubMed]

Heinke, L.; Lichtenstein, L.; Simon, G.H.; Konig, T.; Heyde, M.; Freund, H.-J. Local Work Function Differences
at Line Defects in Aluminium Oxide on NiAl(110). ChemPhysChem 2010, 11, 2085-2087. [CrossRef]

Frémy, N.; Maurice, V.; Marcus, P. Initial Stages of Growth of Alumina on NiAl(001) at 1025 K. J. Am.
Ceram. Soc. 2003, 86, 669—-675. [CrossRef]

Zei, M.S,; Lin, C.S.; Wen, W.H.; Chiang, C.I,; Luo, M.E. Growth of Al,O3 thin films on NiAl(100) by gas-phase
oxidation and electro-oxidation. Surf. Sci. 2006, 600, 1942-1951. [CrossRef]

Luo, M.E; Wen, WH,; Lin, C.S.; Chiang, C.I; Sartale, S.D.; Zei, M..S. Structures of Co and Pt nanoclusters
on a thin film of Al,O3/NiAl(100) from reflection high-energy electron diffraction and scanning-tunnelling
microscopy. Surf. Sci. 2007, 601, 2139-2146. [CrossRef]

Luo, M.-F; Wang, C.-C.; Hu, G-R; Lin, W.-R.; Ho, C.-Y;; Lin, Y.-C; Hsu, Y.-J. Active Alloying of Au with Pt in
Nanoclusters Supported on a Thin Film of Al;O3/NiAl(100). . Phys. Chem. C 2009, 113, 21054-21062. [CrossRef]
Kang, ]. H.; Menard, L.D.; Nuzzo, R.G; Frenkel, A.I. Unusual Non-Bulk Properties in Nanoscale Materials:
Thermal Metal-Metal Bond Contraction of y-Alumina-Supported Pt Catalysts. J. Am. Chem. Soc. 2006, 128,
12068-12069. [CrossRef] [PubMed]

Sanchez, S.I.; Menard, L.D.; Bram, A.; Kang, ].H.; Small, M.W.; Nuzzo, R.G.; Frenkel, A.I. The Emergence of
Nonbulk Properties in Supported Metal Clusters: Negative Thermal Expansion and Atomic Disorder in Pt
Nanoclusters Supported on y-Al,Os. J. Am. Chem. Soc. 2009, 131, 7040-7054. [CrossRef]

Chao, C.-S,; Li, Y.-D.; Hsu, B.-W.,; Lin, W.-R.; Hsu, H.-C.; Hung, T.-C.; Wang, C.-C.; Luo, M.-F. Two-Channel
Decomposition of Methanol on Pt Nanoclusters Supported on a Thin Film of Al,O3/NiAl(100). J. Phys.
Chem. C 2013, 117, 5667-5677. [CrossRef]

Lee, H.; Liao, Z.-H.; Hsu, P-W.; Wu, Y.-C.; Cheng, M.-C.; Wang, ]J.-H.; Luo, M.-FE. Decomposition of
methanol-d4 on Au-Rh bimetallic nanoclusters on a thin film of Al,O3/NiAl(100). Phys. Chem. Chem. Phys.
2018, 20, 11260-11272. [CrossRef] [PubMed]

Matolinova, I; Johanek, V.; Myslivecek, J.; Prince, K.C.; Skala, T.; Skoda, M.; Tsud, N.; Vorokhta, M.; Matolin, V.
CO and methanol adsorption on (2 x 1)Pt(110) and ion-eroded Pt(111) model catalysts. Surf. Interface Anal.
2011, 43, 1325-1331. [CrossRef]

Lee, S.H.; Ishizaki, T.; Saito, N.; Takai, O. Electrochemical soft lithography of an 1,7-octadiene monolayer
covalently linked to hydrogen-terminated silicon using scanning probe microscopy. Surf. Sci. 2007, 601,
4206-4211. [CrossRef]

Kim, M.K,; Baik, J.; Jeon, C.; Song, I.; Nam, ].H.; Hwang, H.-N.; Hwang, C.C.; Woo, S.H.; Park, C.-Y,;
Ahn, J.R. Biological functionalization of the amine-terminated Si(100) surface by glycine. Surf. Sci. 2010, 604,
1598-1602. [CrossRef]

Makowski, M.S.; Zemlyanov, D.Y,; Lindsey, ].A.; Bernhard, J.C.; Hagen, E.M.; Chan, B.K.; Petersohn, A.A.;
Medow, M.R.; Wendel, L.E.; Chen, D,; et al. Covalent attachment of a peptide to the surface of gallium
nitride. Surf. Sci. 2011, 605, 1466-1475. [CrossRef]

Hong, L.H.; Lee, TH.; Yin, G.C.; Wei, D.H.; Juang, ] M.; Dann, T.E.; Klauser, R.; Chuang, T.]J.; Chen, C.T,;
Tsang, K.L. Performance of the SRRC scanning photoelectron microscope. Nucl. Instrum. Methods Phys. Res.
Sect. A Accel. Spectrometers Detect. Assoc. Equip. 2001, 467-468 Pt 2, 905-908. [CrossRef]

Moulder, J.E; Stickle, W.E;; Sobol, P.E.; Bomben, K.D. Handbook of X-ray Photoelectron Spectroscopy: A Reference
Book of Standard Spectra for Identification and Interpretation of XPS Data; Physical Electronics: Chanhassen, MN,
USA, 1995.

Maurice, V.; Frémy, N.; Marcus, P. Hydroxylation-induced modifications of the Al,O3/NiAl(001) surface at
low water vapour pressure. Surf. Sci. 2005, 581, 88-104. [CrossRef]

Sartale, S.D.; Shiu, H.-W.; Ten, M.-H.; Lin, W.-R,; Luo, M.-F; Lin, Y.-C.; Hsu, Y.-J. Adsorption and
Decomposition of Methanol on Gold Nanoclusters Supported on a Thin Film of Al,O3/NiAl(100). J. Phys.
Chem. C 2008, 112, 2066-2073. [CrossRef]

@ © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1103/PhysRevLett.97.046101
http://www.ncbi.nlm.nih.gov/pubmed/16907593
http://dx.doi.org/10.1002/cphc.201000060
http://dx.doi.org/10.1111/j.1151-2916.2003.tb03356.x
http://dx.doi.org/10.1016/j.susc.2006.02.036
http://dx.doi.org/10.1016/j.susc.2007.03.016
http://dx.doi.org/10.1021/jp907439c
http://dx.doi.org/10.1021/ja064207p
http://www.ncbi.nlm.nih.gov/pubmed/16967947
http://dx.doi.org/10.1021/ja809182v
http://dx.doi.org/10.1021/jp3080282
http://dx.doi.org/10.1039/C8CP01714J
http://www.ncbi.nlm.nih.gov/pubmed/29634059
http://dx.doi.org/10.1002/sia.3717
http://dx.doi.org/10.1016/j.susc.2007.04.094
http://dx.doi.org/10.1016/j.susc.2010.05.031
http://dx.doi.org/10.1016/j.susc.2011.05.015
http://dx.doi.org/10.1016/S0168-9002(01)00516-2
http://dx.doi.org/10.1016/j.susc.2005.02.034
http://dx.doi.org/10.1021/jp0767011
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Results and Discussion 
	Morphology and Density of the Supported Rh Clusters 
	Atomic Structures of the Supported Rh Clusters 
	Modelling of Annealing-Induced Morphological Alteration of Supported Rh Clusters 
	The Effect of Annealing-Induced Morphological Alteration on Catalytic Reactions 

	Materials and Methods 
	Experimental Details 
	Modelling Method 

	Conclusions 
	References

