
Surface Science xxx (2016) xxx–xxx

SUSC-20851; No of Pages 8 April 14, 2016; Model: Gulliver 5

Contents lists available at ScienceDirect

Surface Science

j ourna l homepage: www.e lsev ie r .com/ locate /susc
Ceria nanoclusters on graphene/Ru(0001): A new model catalyst system
Z. Novotny a, F.P. Netzer b,⁎, Z. Dohnálek a,⁎
a Physical and Computational Sciences Directorate and Institute for Interfacial Catalysis, Pacific Northwest National Laboratory, Richland, Washington 99354, United States
b Surface and Interface Physics, Institute of Physics, Karl-Franzens University, A-8010 Graz, Austria
⁎ Corresponding authors.
E-mail addresses: falko.netzer@uni-graz.at (F.P. Netzer

(Z. Dohnálek).

http://dx.doi.org/10.1016/j.susc.2016.03.020
0039-6028/© 2016 Elsevier B.V. All rights reserved.

Please cite this article as: Z. Novotny, et al.,
dx.doi.org/10.1016/j.susc.2016.03.020
a b s t r a c t
a r t i c l e i n f o
Article history:
Received 17 November 2015
Received in revised form 3 March 2016
Accepted 7 March 2016
Available online xxxx
The growth of ceria nanoclusters on single-layer graphene on Ru(0001) has been examined, with a view towards
fabricating a stable system formodel catalysis studies. The surfacemorphology and cluster distribution as a func-
tion of oxide coverage and substrate temperature has beenmonitored by scanning tunneling microscopy (STM),
whereas the chemical composition of the cluster deposits has been determined by Auger electron spectroscopy
(AES). The ceria nanoparticles are of the CeO2(111)-type and are anchored at the intrinsic defects of the graphene
surface, resulting in a variation of the cluster densities across the macroscopic sample surface. The ceria clusters
on graphene display a remarkable stability against reduction in ultrahigh vacuumup to 900 K, but some sintering
of clusters is observed for temperatures N450 K. The evolution of the cluster size distribution suggests that the
sintering proceeds via a Smoluchowski ripening mechanism, i.e. diffusion and aggregation of entire clusters.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

The cerium atomwith its 4f1(5d6s)3 outer electron configuration sup-
ports two stable oxide stoichiometries, Ce2O3 and CeO2, containing Ce3+

(4f1) and Ce4+ (4f0) cationic species, respectively. The energetic near-
degeneracy of the core-like 4f1 electron and the extended (5d6s)3 valence
states enables an easy electron transfer between these states and thus be-
tween the 3+ and 4+ oxidation states of cerium cations. This is at the
root of the flexible reduction–oxidation behavior of cerium oxides,
which forms the basis of their widespread interest in science and tech-
nology. The transformation of Ce4+ to Ce3+ and vice versa is typically
associated with the creation/annihilation of oxygen vacancies, and the
ability to store or release oxygen in response to the chemical environment
is the one outstanding feature of ceriumoxides. Ceriumoxides are used in
many different areas of catalysis [1,2], in solid oxide fuel cells [3], and ap-
plications are discussed even in pharmacology due to their antioxidant
properties [4]. Cerium oxides are contained as catalysts in the three-
way converter for automotive exhaust control [5], they are active in the
water-gas shift reaction [6,7], in the steam reforming of oxygenates [8],
in soot oxidation [9], in the preferential oxidation of CO [10] and in the ac-
tivation of CO2 [11]. It has been recognized in the last two decades that
thin films of oxides supported on metal surfaces provide a very useful
concept as model systems for catalysis studies, allowing the controlled
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investigation of elementary reaction steps at the molecular level [12].
This approach has been also extensively employed for cerium oxides,
and thin films of cerium oxides, with a view towards model catalyst,
have been grown on Ru(0001) [13,14], Rh(111) [15–18], Pd(111) [19],
Ni(111) [13], Cu(111) [20–22], Re(0001) [23], Pt(111) [24–26], and flat
and stepped Au(111) [27,28] surfaces. The primary target oxide of thin
film growth in the majority of these studies was CeO2 (ceria), to provide
a well-defined starting stoichiometry for subsequent catalytic reaction
studies.

The metal supported ceria thin films mentioned above provide suit-
able planarmodel systems for catalysis, however it has been recognized
recently that ceria in systems with nanoscale dimensions exhibits sig-
nificantly enhanced catalytic activity as compared to systems at larger
size scales and morphologies [7,9,11,29,30]. The support material of ul-
trathin ceria films or nanostructures has an influence on the stability of
the oxide phases, both in terms of oxidation state and morphology.
Metal surfaces are convenient substrates for oxide nanostructures
concerning surface preparation and characterization with typical sur-
face science techniques [31], but as electron donors they tend to facili-
tate the reduction of ceria in ultrathin films or nanostructures [15,16,
22,26,32]. Also, the sintering of oxide nanoparticles during annealing
and eventually under chemical reaction conditions has to be considered
for the practicality of the structures as catalytic model systems. Support
surfaces that are chemically inert and provide stable anchoring condi-
tions for nanoparticles are desirable for a successful catalyst model sys-
tem. Here, we propose single layer graphene on Ru(0001) as a suitable
substrate for ceria nanocluster growth.
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We have investigated graphene (Gr) on Ru(0001) as a support
surface for the growth and stabilization of ceria nanoparticles using
scanning tunneling microscopy (STM) to trace the morphology and
thermal stability of ceria nanoclusters and to evaluate the evolution of
cluster density and size distribution as a function of the ceria coverage,
the growth conditions and thermal annealing. The stoichiometry of the
ceria clusters has been evaluated using Auger electron spectroscopy
(AES). We find that the intrinsic defects in the graphene layer act as an-
choring centers for the ceria nanoclusters and that the ceria cluster array
is robust against thermal reduction up to temperatures beyond 900 K in
ultra-high vacuum (UHV).Moderate sintering of the ceria nanoparticles
sets in at T= 400–500 K and there are indications of the Smoluchowski
ripening mechanism, i.e. cluster growth via cluster migration and ag-
glomeration. It should also be noted that the ceria nanoclusters, in the
presence of oxygen, are active in promoting the intercalation of oxygen
between the graphene layer and the Ru surface at moderate tempera-
tures (600 K) via an oxygen spillover effect, as reported recently [33].
Fig. 1. STM image of single-layer Gr/Ru(0001) with a high local density of defects. Defect-
free regionswith unperturbed GrMoiré are encompassedwith dottedwhite lines. Several
defective regions in the Gr Moiré are highlighted with white arrows. Imaging conditions:
200 × 200 nm2, Vs = +0.8 V, It = 25 pA.
2. Experimental

All experiments have been carried out in a UHV system with a base
pressure below 1 × 10−10 Torr. STM images were obtained using a com-
mercial variable-temperature STM (Omicron) operated at room temper-
ature (300 K) in constant current mode and using electrochemically
etched W tips. Acquired images were processed by ImageJ software
[34]. The processing included background subtraction and noise removal
from frequency domain images. Distortion of the STM images was re-
moved using algorithms described in Ref. [35]. Total number of clusters
was determinedby analyzing the images usingMulti-Point tool contained
in the ImageJ software package. The error bars were determined by
averaging the counts from at least five different 250 × 250 nm2 areas on
the sample. Cluster height was analyzed using Find Maxima tool for
small coverages, where the clusters were isolated and adopted circular
3D shape. For higher coverages, height line profiles were used.

The Ru(0001) sample (Princeton Scientific) was mounted on a Ta
sample plate using a thin Ta foil, and heated using a pyrolytic boron ni-
tride (PBN) heater on themanipulator, or in a dedicated electron-beam
annealing stage. The Ru(0001) temperature in the e-beam annealing
stage was measured with an optical pyrometer. On the PBN heating
stage, temperature was measured using a thermocouple (type K) spot-
welded on the manipulator in a close proximity to the sample. Clean
Ru(0001) was prepared by repeated cycles of Ne+ ion sputtering at
300 K, oxidation in 1 × 10−7 Torr O2 at 850 K and flash-annealing in
UHV above 1600 K. A clean surfacewas verifiedwith low-energy electron
diffraction (LEED), AES, and STM.

Gr was grown by chemical vapor deposition of ethylene (C2H4) at
1100 K for 30 min using a custom built tube doser with a 3.07 μm
pinhole and 8 Torr backing pressure. As grown Gr/Ru(0001) exhibits
defects (highlighted with white arrows in Fig. 1) surrounded with
defect-free Gr Moiré areas (areas encompassed by dotted lines in
Fig. 1). These defects are attributed to point defects [36] and domain
boundaries between differently oriented Gr domains, and show a
large spatial variation, as demonstrated previously [33].

Ce (Alfa Aesar, 99.9%) was deposited from a Ta crucible in a high
temperature effusion cell (CreaTec). The deposition rate was calibrated
with awater-cooled quartz crystalmicrobalance (Inficon) by deposition
of Ce in UHV. 1 ML of CeO2 is defined with respect to the density of the
Ce atoms in the CeO2(111) surface, 7.88 × 1014 Ce atoms/cm2, assuming
that during reactive deposition of Ce in O2 background, the evaporation
rate of Ce remains unchanged.We note that the amount of deposited Ce
atoms in reference [33] should be multiplied by a factor of 0.6 to obtain
the coverage in ML units used in this manuscript [37]. Oxygen was
dosed via back filling the UHV chamber using a high-precision leak
valve, and pressures were measured with a Bayard–Alpert ion gauge.
A fixed value of oxygen pressure of 1 × 10−7 Torr and a constant
Please cite this article as: Z. Novotny, et al., Ceria nanoclusters on graphe
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deposition rate of 1.7 × 10−3 ML/s were used in all experiments
shown in this manuscript.

The stoichiometry of the ceria clusters was determined by using 12
ML thick ceria films on Ru(0001). The thick film deposited at 700 K in
5 × 10−7 Torr O2 with the same deposition rate as used in Ref. [13]
was taken as a reference of stoichiometric CeO2. AES measurements
showed only Ce and O peaks with no Ru peak at this film thickness
(data not shown). Vacuum annealing of this film up to 1100 K showed
no detectable change in the oxygen to cerium signal ratio, in agreement
with previous studies [13]. Growing another 12ML thick CeOx filmwith
the growth conditions described in this manuscript (300 K, 1 ×
10−7 Torr O2) showed, within the accuracy of AES (2–3%), the same
ratio of O(KL23L23)/Ce(M45N45N45) as the stoichiometric CeO2 thick
film. The same ratio of O(KL23L23)/Ce(M45N45N45) as for stoichiometric
CeO2 was then measured for the low ceria coverage of 2.4 ML grown at
300 K in 1 × 10−7 Torr O2 on Gr/Ru(0001). The stoichiometry of ceria
nanoclusters, i.e. close to CeO2, was further confirmed by weight mea-
surements using the quartz crystal microbalance via the observation
of the change in the deposition rate upon introduction of oxygen [38]
(the evaporation rate increased by a factor of ~1.26 between deposition
ofmetallic Ce in UHV and deposition in 1 × 10−7 Torr O2). Therefore, we
conclude that the CeOx nanoclusters presented in this manuscript
should be near-stoichiometric CeO2.

Because the Ce(M45N45N45) peak at 661 eV is below the detection
limit for CeOx coverages smaller than 1 ML of CeOx, the Ce(N45O23N67/
V) peak at 82 eV [39] was used to investigate the thermal stability of
CeOx nanoclusters at a fixed initial coverage. The coverage of Gr in AES
spectra was estimated from the ratio of the negative to positive excur-
sions of the 272–273 eV derivative AES peak (representing the overlap-
ping C KVV and Ru M45VV transitions), where the asymmetry of the
graphitic carbon signal in AESwas utilized, as compared to the relatively
symmetric Ru M45VV peak [40,41].

3. Results and discussion

3.1. Ceria cluster growth at 300 K

The overall growth morphology of ceria nanoclusters on graphene/
Ru(0001), deposited at 300 K, is illustrated for increasing ceria cover-
ages in the large scale STM images of Fig. 2(a-g). The images displayed
ne/Ru(0001): A new model catalyst system, Surf. Sci. (2016), http://
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Fig. 2. Ceria nanoclusters deposited on Gr on Ru(0001) via reactive deposition of Ce in 1 × 10−7 Torr of O2 at 300 K. Panel (a–g) shows STM images of CeOx nanoclusters with coverage
increasing from0.03ML to 2.4ML. Defect-free GrMoiré areaswith noCeOx clusters present are regularly observed for lowCeOx coverages, as highlighted bydottedwhite lines in panel (b).
Panel (h) shows the total density of clusters, with error bars estimated from at least five different areas on the sample. Imaging conditions: 250 × 250 nm2, Vs=−(1.5–1.6) V, It= 100 pA.
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here are prototypical, in the sense that they show average cluster densi-
ties, but the densities vary to a certain extent across the macroscopic
surface. The densities of clusters (cluster counts per nm2) as a function
of oxide surface coverage are plotted in Fig. 2(h), where the error bars
reflect the density variations across the macroscopic surface. The local
distribution of clusters on the surface is also not completely uniform,
there are more crowded regions and there are denuded areas — see,
e.g. in Fig. 2(b), where areas bare of any clusters are highlighted by
the white dotted lines. In order to further demonstrate spatial variation
of the cluster densities across the graphene surface, Fig. 3 shows STM
images of 1.2 ML ceria recorded from different sample areas.
Image (a) is from a prototypical region with an average cluster den-
sity (2.1 × 10−2 clusters/nm2), image (b) is from a low-density area
(0.7 × 10−2 clusters/nm2), whereas image (c) is from a high-density
region (2.6 × 10−2 clusters/nm2). In the low-density region of
Fig. 3(b), the ceria islands display fractal-like shapes and are larger
than average, with typical length dimensions of ~15 nm; in the
Fig. 3. STM images demonstrating spatial variation of the density of CeOx clusters at different a
300 K). Panels (a) show a prototypical image with cluster density corresponding to average clu
CeOx clusters (67% lower than the average density), where CeOx forms fractal-like aggregates on
a high density of clusters (26%more than the average density). Themagnified images in the inse
50 × 50 nm2), Vs = −1.6 V, It = 100 pA.
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more densely populated areas (Fig. 3(a,c)), a typical cluster size is
~3–6 nm. Close inspection of the zoom-in image of the low-density re-
gion of Fig. 3(b) (inset) reveals that in the space between the clusters
the grapheneMoiré is unperturbed and showsnodefects. No clear prefer-
ence of the nucleation of the clusters at the step edges is observed in STM
images.

This non-uniform distribution of clusters points towards a defect-
mediated growth mechanism. The clusters nucleate at the intrinsic
defects of the graphene Moiré lattice [36], formed during the prepara-
tion of graphene by high-temperature chemical vapor deposition. The
irregular distribution of defects over the bare Gr surface, containing
also large defect-free areas, is shown in Fig. 1. Correlation analysis of
cluster–cluster separation distances indicates that the clusters are ran-
domly distributed, as are the defects, and this again corroborates the
proposed defect based nucleation mechanism. No clear preference for
Moiré sites is observed in case of CeOx clusters, in contrast tometals de-
posited on Gr/Ru(0001) or Gr Moiré [42,43]. The clusters increase in
reas of the sample within one experiment (1.2 ML Ce deposited in 1 × 10−7 Torr of O2 at
ster density shown in Fig. 2(h). Panel (b) shows an area with an extremely low density of
the surface, and dark areas representing defect-free GrMoiré. Panel (c) shows an areawith
ts provide amore detailed viewof the clusters. Imaging conditions: 250 × 250 nm2 (insets
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number and size with increasing ceria coverage as visually clearly
apparent in the STM images of Fig. 2. At 2.4ML ceria (Fig. 2(g)), the clus-
ters start to coalesce. The quantitative analysis of the cluster density in
Fig. 2(h) exhibits a non-linear behavior, with a steep increase at low
coverages and a change of gradient at ~0.1 ML, followed by a slower in-
crease. This behavior suggests that nucleation sites of different cluster
binding strength exist on the graphene surface. At low ceria coverage,
the strong binding sites trap the incoming cerium adatoms leading
to a high nucleation density and to a rapid increase of the number of
clusters. After saturation of these primary nucleation sites, at ~0.1 ML
(~2 × 10−2 clusters/nm2) in Fig. 2(h), weaker bonding sites lead to sec-
ondary nucleation processes and concomitantly to an increase in cluster
size.

The size evolution of ceria clusters, deposited at 300 K, is analyzed in
Fig. 4. The STM images (a–d) are color coded to emphasize the different
height levels. The STM line scans of Fig. 4(e), taken along the dotted
lines in the STM images (a,d), reveal a range of different height levels,
showing a separation by an approximately constant level height of
~3 Å, although clusterswith a non-integer level height are also regularly
observed (line profiles #1, #2 and #4 in Fig. 4(e) deviate from the ideal
CeO2(111)-type Ce-O-Ce trilayer height of 3.1 Å, later called layer). For
small coverage of CeOx (0–0.3 ML), the clusters are isolated and most
of the clusters have height in the 1–2 layer range, although for 0.3 ML,
a small number of ~3-layer high clusters is also observed (see
Fig. 4(a,b,f)). The onset of cluster coalescence is observed at 0.6 ML,
and becomes more pronounced at even higher coverage of 1.2 ML
(Fig. 4(c)) and 2.4ML (Fig. 4(d)). At 1.2ML, the vastmajority of clusters
have height between 2- and 3-layers (see color coding in Fig. 4(c)), and
for 2.4ML (Fig. 4d)), the average height of clusters is ~3-layers, although
many clusterswith height in the 2–4-layer range are regularly observed.
We note that since the nucleation site of the CeOx clusters is ascribed to
defects in Gr film, the cluster heights shown in Fig. 4 represents the pro-
totypical scenario, although higher/lower clusters can be observed in
defect deficient/rich Gr areas. As indicated by our calibrated O/Ce
Auger peak ratiomeasurements and by ample evidence in the literature
[2,15,22,26,27], the ceria clusters prepared under the present reactive
evaporation conditions are of CeO2 stoichiometry or very close to it.
Although no clear influence of the growth temperature on the stoi-
chiometry of thick CeOx films was observed (see Section 2: Experi-
mental), it will be shown below that a better crystallographic
order of the CeOx clusters can be achieved at a higher growth
Fig. 4. (a–d) Small-scale STM images showing the CeOx cluster-height evolutionwith increasing
the corresponding CeO2(111)-type Ce-O-Ce trilayer height. Height profiles of four CeOx clusters
cluster heights for very low coverages of CeOx (0–0.3ML). Imaging conditions: 50× 50nm2, Vs=
reader is referred to the web version of this article.)

Please cite this article as: Z. Novotny, et al., Ceria nanoclusters on graphe
dx.doi.org/10.1016/j.susc.2016.03.020
temperature of 500 K. In contrast, the shape of CeOx clusters
grown at 300 K does not exhibit any shape regularity even for high
coverages of 2.4 ML (see Figs. 2(g) and 4(d), respectively), pointing
to a rather poor structural order of these clusters.

3.2. Ceria cluster growth at 500 K

Ceria clusters grown by reactive deposition of cerium in O2 back-
ground at 500 K are investigated in Fig. 5. This growth temperature is
the highest one that can be used without perturbing the graphene sur-
face by intercalation of oxygen in between the graphene layer and the
Ru surface [33]. At low ceria coverages, the cluster pattern is similar as
seen for the growth at room temperature — see STM images 5(a–c).
However, the total number of clusters is significantly reduced, by a fac-
tor of ~2, as evident from the cluster density plot in Fig. 5(h). The cluster
distribution is also non-uniform, and cluster-free surface areas can
be recognized, in accordance with the proposed defect-mediated
cluster growth mechanism (see areas encompassed with white dot-
ted lines in Fig. 5(a-c)). The cluster number density (Fig. 5(h))
shows a steep increase at low coverages as for the 300 K growth
(see Fig. 2(h)), but then saturates at a ceria coverage of 0.3–
0.6 ML. This is in contrast to the behavior at 300 K, where the cluster
density increased further with coverage exceeding 1.2 ML. It thus
appears that the secondary cluster nucleation sites, which are pro-
posed to account for the slow increase in cluster numbers in Fig. 2(h),
provide insufficient bonding strength to nucleate clusters at the
higher growth temperature of 500 K. For ceria coverages N0.3 ML,
the clusters develop triangular shapes while growing in size (STM
images Fig. 5(d-g)).

STM images in Fig. 6 provide more information about the cluster
shape and height. For the initial CeOx coverages (0–0.12 ML), we ob-
serve small isolated clusters adapting mainly 1- and 2-layer height
(for 0.06ML shown in Fig. 6(a)), with only a very small number of clus-
ters with the height corresponding to 3-layers (see Fig. 6(f)). This initial
cluster height distribution is similar to growth at 300 K (compare
Figs. 6(f) and 4(f)). At 0.3 ML (Fig. 6(b)), the onset of coalescence is ob-
served, and 3-layer high clusters are also regularly observed. 3-layer and
4-layer clusters are observed at higher coverages (Fig. 6(c,d)), as also
evident from the color coding of the STM images. Height line profiles
for the larger coverage of 2.4 ML show that these clusters are flat (see
Fig. 6(e)). The areas of clusters with higher height increase on the
coverage of Ce deposited at 300 K in 1× 10−7 Torr of O2. The color scale on the right shows
(indicated in panels (a) and (d)) are shown in panel (e). Panel (f) shows the evolution of
−1.6V, It=100pA. (For interpretation of the references to color in thisfigure legend, the

ne/Ru(0001): A new model catalyst system, Surf. Sci. (2016), http://

http://dx.doi.org/10.1016/j.susc.2016.03.020
http://dx.doi.org/10.1016/j.susc.2016.03.020


Fig. 5. Ceria nanoclusters deposited on Gr on Ru(0001) via reactive deposition of Ce in 1 × 10−7 Torr of O2 at 500 K. Panels (a–g) show STM images of CeOx nanoclusters with coverage
increasing from 0.03ML to 2.4ML. Correspondingly to Fig. 2, defect-free GrMoiré areas, with no CeOx clusters present, are highlighted by dotted lines in panels (a–c). Panel (h) shows the
total density of clusters as a function of CeOx coverage, with error bars estimated from at least five different areas on the sample. Imaging conditions: 250 × 250 nm2, Vs =−1.6 V, It =
100 pA.
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surface after 500 K deposition, as compared to those at 300 K, and the
reduction of the number of clusters at 500 K is clearly apparent (com-
pare 0.3 ML or 1.2 ML ceria deposited at 300 K and 500 K (Fig. 4(b,c)
(300 K)) versus Fig. 6(b,c) (500 K)). Interestingly, the line profiles
Fig. 6. (a–d) Small-scale STM images showing the CeOx cluster-height evolutionwith increasing
the corresponding CeO2(111)-type Ce-O-Ce trilayer height. At higher coverages (c–d), clusters p
Cedeposition at 300K. Height line profiles for large coverages of CeOx show that the triangular c
for very low coverages of CeOx (0–0.12 ML). Imaging conditions: 50 × 50 nm2, Vs =−1.6 V, It
referred to the web version of this article.)

Please cite this article as: Z. Novotny, et al., Ceria nanoclusters on graphe
dx.doi.org/10.1016/j.susc.2016.03.020
taken at a large number of different coverages of CeOx grown at 500 K
show a discrete height separation of ~3 Å, compatible with the CeO2

(111)-like O–Ce–O trilayer structure element, although the layer spacing
is contracted for second and higher layers— a consequence of a different
coverage of Ce deposited at 500 K in 1× 10−7 Torr of O2. The color scale on the right shows
referentially adapt triangular shape, indicative of a better crystallinity compared to reactive
lusters areflat, as shown in panel (e). Panel (f) shows the initial evolution of cluster heights
= 100 pA. (For interpretation of the references to color in this figure legend, the reader is
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Fig. 7. Thermally-induced sintering of CeOx nanoparticles. 0.3ML of Ce deposited in 1 × 10−7 Torr O2 at 300 K (a) was heated in UHV. The annealing temperature was step-wise increased
by 200 K increments and the sample was kept at the indicated temperature for 5 min before cooling down to 300 K and imaging. Images (a–d) show STM data for same CeOx coverage of
0.3 ML obtained within one experiment. The total density of clusters is shown in panel (e). In (f), data for the higher coverage of 1.2 ML of CeOx are shown, demonstrating that after
annealing to 1100 K, CeOx clusters preferentially adapt hexagonal shapes. Imaging conditions: 250 × 250 nm2, Vs = −(1.6–2.1) V, It = 25–100 pA.

Fig. 8. Cluster size distribution of 0.3 ML of CeOx-Gr/Ru(0001) during UHV annealing,
obtained from images shown in Fig. 7. Top axis: Total number of clusters, as represented
with gray bars on the right (different way of plotting data shown in Fig. 7(e)). Bottom
axis: cluster height distribution, normalized with respect to the total number of clusters.
One layer corresponds to the height of a CeO2(111)-type Ce–O–Ce trilayer. (For
interpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)
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density of states in the graphene and CeO2 — as reported previously on
ceria thin films on metal substrates [14,15,27].

3.3. Annealing in UHV — the thermal stability of ceria nanoclusters

Figure 7 displays the evolution of the clusters prepared by ceria de-
position at 300 K (see Section 3.3) followed by the annealing in UHV, as
seen by the STM for a ceria coverage of 0.3 ML (Fig. 7(a-d)). The cluster
number remains stable up to 400 K, but between 400 and 500 K cluster
ripening sets in and the cluster density drops (Fig. 7(e)). After annealing
at 700K (Fig. 7(c)), the clusters have changed their shape into elongated
aggregates and their number density has decreased by a factor of ~4.
The elongated shape of the aggregates is indicative of the mobility and
attachment of the whole clusters via a Smoluchowski ripening mecha-
nism [44]. After 900 K annealing, the clusters acquire more circular
shapes and in some cases hexagonal structure elements can be
discerned (Fig. 7(d)). This becomes more clearly apparent in Fig. 7(f),
after annealing to 1100 K; note that the latter STM image is from a sur-
face with an initial ceria coverage of 1.2 ML. The hexagonal cluster
shapes indicate that the ceria nanoparticles, although strongly reduced
(see below), have restructured into CeO2 (111)-type crystallites during
the high temperature treatment.

The ripening of the clusters as expressed by the development of the
cluster height distribution as a function of annealing temperature is plot-
ted in Fig. 8 in the form of height histograms of normalized cluster num-
bers; the total numbers of clusters at the respective temperatures are
included in the plot at the right hand side (bars corresponding to the
axis on top). The analysis has been applied to the surface with 0.3 ML
ceria initial coverage that were deposited at 300 K. The frequency of 1
and 2-layer clusters decrease slowly with increasing temperature up to
Please cite this article as: Z. Novotny, et al., Ceria nanoclusters on graphe
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600 K, at which temperature the ripening process has created a
significant number of 3-layer clusters. The distribution of 3-layer clusters
peaks at 700 K and then their number decreases again, and 4- and 5-layer
clusters become dominant at T ≥ 800 K, with a small number of
6-layer clusters eventually created. This cluster distribution with
annealing temperature, i.e. the shift to higher cluster sizes and the
ne/Ru(0001): A new model catalyst system, Surf. Sci. (2016), http://
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concomitant loss in the number density of clusters, is compatible with a
Smoluchowski ripening mechanism, i.e. the migration and aggregation
of the entire ceria clusters [44].

The thermal stability of ceria nanoclusters has been investigated by
Auger electron spectroscopy: the ratio of the O KL23L23 (at ~510 eV)
and the Ce N45O23N67/V Auger peaks has been recorded as a function
of the annealing temperature for three different ceria coverages (0.3,
0.6, 1.2 ML). Fig. 9 shows the ratios of the O/Ce peak heights as a func-
tion of annealing temperature (upper panel). The ratio stays constant
for all ceria coverages up to at least 900 K annealing in UHV, indicating
a remarkable stability of the ceria nanoclusters on graphene against
reduction. At 1100 K, the loss of oxygen signals the decomposition of
the ceria particles. The lower panel of Fig. 9 gives the fractional
graphene coverage, as evaluated by AES (see Section 2: Experimental).
The graphene is a stable support layer for the ceria nanoclusters up to
900–1000 K; a slight decrease of the graphene carbon AES signal for
T ≥ 1000 K indicates that upon ceria decomposition a small part of
the graphene becomes etched away, possibly resulting in formation of
CO/CO2 gas molecules. Additionally, the thermal stability of ceria clus-
ters up to 900 K supports the assignment of the sintering mechanism
to Smoluchowski ripening, i.e. the migration and aggregation of the en-
tire ceria clusters [44].

The stability of the ceria nanoclusters on graphene/Ru against reduc-
tion upon vacuum annealing is of mention in view of the easy reducibil-
ity of ceria in general, and the reported enhancement of reduction of
ceria ultrathin films or nanoparticles in contact with metal surfaces
[15,16,22,26,32]. Indeed, theoretical calculations have predicted a dra-
matic reduction of the oxygen vacancy formation energy, and therewith
amore facile reduction, in ceria nanoparticles [45] as compared to larger
bulk-type structures. The present results demonstrate the chemically
inert nature of the single layer of graphene on Ru(0001) in connection
with oxide nanoparticle growth and highlight its potential as an excel-
lent stable support for such systems.
Fig. 9. Thermal stability of nanoclusters during UHV annealing for three different CeOx

coverages: 0.3 ML (black squares), 0.6 ML (red circles) and 1.2 ML (blue triangles).
Upper panel shows the ratio of O KL23L23/Ce N45O23N67/V Auger peaks, lower panel
renders the fractional Graphene coverage. (For interpretation of the references to color
in this figure legend, the reader is referred to the web version of this article.)
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4. Conclusions

The growth of ceria nanoclusters on a single layer of graphene on
Ru(0001) has been investigated by scanning tunneling microscopy
and Auger electron spectroscopy as a function of ceria coverage and
growth temperature. The cluster distribution has been analyzed from
STM images and a defect-mediated growthmechanism,with the intrin-
sic defects of the graphene layer acting as cluster anchoring centers, is
proposed. The ripening of the ceria nanoclusters sets in at 400–500 K,
and a Smoluchowksi ripening mechanism is suggested on the basis of
the evolution of the cluster distribution as a function of temperature.
The ceria nanoclusters are robust against thermal reduction in ultrahigh
vacuum up to high temperatures (900 K), and so is the graphene sup-
port surface. It appears thus that the ceria-on-graphene/Ru(0001) sur-
face is a promising system to be tested in model catalysis studies.
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