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ABSTRACT Cerium oxide is an important catalytic material known for its ability to store
and release oxygen, and as such, it has been used in a range of applications, both as an active
catalyst and as a catalyst support. Using scanning tunneling microscopy and Auger electron
spectroscopy, we investigated oxygen interactions with Ce0, nanoclusters on a complete
graphene monolayer-covered Ru(0001) surface at elevated temperatures (600—725 K). Under

oxidizing conditions (Pp, = 1 x 107 Torr), oxygen intercalation under the graphene layer is

CeO,-Gr/Ru(0001)

' i ‘

Intercalated O,

observed. Time dependent studies demonstrate that the intercalation proceeds via spillover of oxygen from Ce0, nanodusters through the graphene (Gr) layer onto

the Ru(0001) substrate and extends until the Gr layer is completely intercalated. Atomically resolved images further show that oxygen forms a p(2 x 1) structure

underneath the Gr monolayer. Temperature dependent studies yield an apparent kinetic barrier for the intercalation of 1.21 eV. This value correlates well with the

theoretically determined value for the reduction of small Ce0, dusters reported previously. At higher temperatures, the intercalation is followed by a slower etching

of the intercalated graphene (apparent barrier of 1.60 eV). Vacuum annealing of the intercalated Gr leads to the formation of carbon monoxide, causing etching of

the graphene film, demonstrating that the spillover of oxygen is not reversible. In agreement with previous studies, no intercalation is observed on a complete

graphene monolayer without Ce0, clusters, even in the presence of a large number of point defects. These studies demonstrate that the easily reducible Ce0,

clusters act as intercalation gateways capable of efficiently delivering oxygen underneath the graphene layer.
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graphene etching - oxygen intercalation - spillover

erium oxide is a catalyst material of

high importance because of its wide

range of applications. It has an ex-
ceptionally high oxygen storage-release
capacity (OSRC), and thus can be easily
reduced and oxidized. Consequently, ceria
plays an important role in many redox
reactions. The reduction of ceria and the
release of oxygen is linked to the creation of
an oxygen vacancy (Vo) and the formation
of a pair of Ce*" ions." When the Vo is
refilled, the pair of Ce*" changes back to
the 4+ charge state. Ceria has been exten-
sively examined both theoretically and ex-
perimentally, and has been the subject of a
number of review articles.>*

While most of the mechanistic insights
(like Vo formation)* were gained from stud-
ies of the most stable, least reactive (111)
surface under ultra-high vacuum (UHV)
conditions,? it was soon established that in
redox processes, ceria nanoparticles are much
more reactive than atomically flat, low-index
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single crystal surfaces. The reactivity of ceria
nanoparticles exhibits a size dependency,
with @ maximum reactivity reported for nano-
particles having size between 2 and 3 nm.?
To study the redox properties of ceria
nanoparticles using surface science tech-
niques, a suitable support is needed. Metal
surfaces are suitable but active substrates,
and are known to initiate spillover of oxygen
from ceria to the metal.>~® On the other
hand, carbon-based supports are inert and
present ideal substrates because of their
high thermal and chemical stability. We
have chosen a supported graphene (Gr)
layer'® as a two-dimensional model of the
practically more important carbon nano-
tube systems.!'? As a support metal for
Gr, we have selected the Ru(0001) surface,
because Gr/Ru(0001) is one of the most
investigated supported Gr systems with a
known structure,’® and a large number of
theoretical and experimental studies exist,'*~%
including those addressing the interaction
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with oxygen.??=?8 These latter studies were typically
performed on Gr partially covering the metal substrate,
and oxygen was found to be able to intercalate be-
tween Gr and the metal substrate. The mechanism
of intercalation for Gr/Ru(0001) slightly differs from
other supported Gr systems because of a different
Gr—substrate bond strength,?>?” but all previously re-
ported supported Gr systems share a common property:
intercalation of oxygen requires areas of the exposed
bare metal surface for dissociation of oxygen molecules,*
followed by diffusion of atomic oxygen underneath the
Gr film 222472628 perfectly closed Gr layers without any
metallic/metal-oxide ad species are reportedly able to
protect the supporting metal against oxidation, both in
high vacuum studies at high temperature,”° or at near-
ambient pressure conditions at room temperature (RT).*®
Only at high temperatures (above 700 K) under oxygen-
rich conditions can Gr be etched away®' Therefore, at
moderate temperatures (up to ~700 K), a complete layer
of supported Gr should be an ideal substrate to study
the redox properties of ceria nanoclusters.

We have studied the interaction of ceria nanoclus-
ters deposited on Gr/Ru(0001) with molecular oxygen
at temperatures between 600 and 725 K using scan-
ning tunneling microscopy (STM) and Auger electron
spectroscopy (AES). Surprisingly, we found that at
elevated temperatures in a reactive oxygen atmo-
sphere (Po, =1 x 10~ Torr), CeO, clusters can facilitate
intercalation of oxygen underneath the Gr layer. Due
the presence of CeO, clusters, the intercalation of
oxygen progresses at a rapid rate compared to the
situation without the CeO, clusters, where holes in the
protective Gr film have to be etched first. In contrast
with previous studies, the CeO, clusters allow for the
intercalation of a full Gr monolayer without its etching.
We propose that in the presence of CeO, clusters,
oxygen is delivered underneath Gr via spillover from
CeOy clusters through subnanometer size holes that
have opened up in Gr underneath the CeO, clusters.
The reverse spillover of oxygen is not observed, and
annealing of the intercalated Gr in vacuum leads to the
formation of carbon monoxide, resulting from the
reactive etching of the graphene film. This CeO,-Gr/
Ru(0001) represents a model catalytic system with an
exceptionally high OSRC, since the amount of oxygen
stored is not only determined by the capacity of
the ceria nanoparticles, but a much larger amount of
oxygen can be stored underneath the Gr.

RESULTS AND DISCUSSION

Preparation of Ce0, Clusters. For Gr preparation (detailed
in the Methods section), we used very similar growth
conditions as described in ref 28, resulting in a single-
layer Gr fully covering the Ru(0001) substrate. Multi-
layer Gr***2 or exposed Ru areas were never observed
in our STM images. Figure 1a shows this single layer
Gr/Ru(0001) after the deposition of 0.05 monolayer of
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Ce (ML, 1ML=1.24 x 10"* Ce/cm?)in 1 x 10~ " Torr O,
background at room temperature (RT, ~300 K). The
inset in Figure 1a shows a zoom-in image into an area
with a clean Gr surface with no CeO, clusters present.
Gr/Ru(0001) forms a Moiré structure with a large
corrugation,’ caused by the strong interaction of Gr
with the supporting Ru(0001) substrate.'® The interac-
tion strength varies across the Moiré, from weakly
bound where Gr hexagons are centered on top of the
underlying Ru sites (imaged bright, inset of Figure 1a)
to strongly bound regions centered on top the hollow-
site (dark in STM). A unit cell consisting of (25 x 25) Gr
on (23 x 23) Ru cells is highlighted in the image."*
After a small amount of Ce is deposited in 1 x 107
Torr O, on Gr/Ru(0001) at RT, clusters with an average
diameter of ~3 nm and height of 1—2 ML (based on
the O—Ce—0 repeating unit along the [111] direction
with a height of 3.12 A) are observed. The density of
CeO, clusters determined from STM images is (2.98 +
0.15) x 10" clusters/cm?, with ~80% of nanoparticles
having an apparent height of 1 ML following deposi-
tion at RT. Using the total Ce deposited amount of 6.2 x
10'3 Ce/cm?, we estimate that each cluster contains on
average ~200 Ce atoms. The nucleation sites of these
clusters are ascribed to defects in the Gr overlayer (see
Figure S1a, Supporting Information). Significant spatial
variations in local defect densities are observed in STM
images. This is especially prominent during etching of
Gr, because etching is known to start at defects.* As
STM can probe only a very small area, the images are
not always truly representative of the entire surface.
This highlights the necessity of using surface averaging
spectroscopic techniques, like AES or X-ray photoelec-
tron spectroscopy for further characterization. The
surface represented in Figure 1a (0.05 ML CeO,—
Gr/Ru(0001)) represents the starting point for all ex-
periments presented in this article. We varied the
temperature and exposure time to oxygen, monitoring
the changes of the surface with STM and AES at RT. We
used STM to image the structure of the surface, and
AES allowed us to monitor the fractional Gr coverage
and the amount of intercalated oxygen. Because of the
small amount of Ce metal deposited, we could not
use AES to determine the stoichiometry of the CeO,
clusters (Ce features are below the detection limit, see
Figure S2). Mullins et al.>* have shown that fully oxidized
ceria films can be grown using oxygen pressures near
107 Torr, using nearly the same deposition rate as used
here. Consequently, the ceria clusters should have a
near-stoichiometric composition after the deposition.
Evolution of Surface Structure and Morphology During Oxy-
gen Intercalation. The interaction of CeO, clusters sup-
ported on Gr/Ru(0001) with oxygen at a fixed
temperature of 641 K has been followed by STM. Both
heating and cooling were performed in molecular
oxygen. After 20 min of annealing, most of the surface
is still covered with bare Gr (Figure 1b), but in areas
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Figure 1. CeO, mediated intercalation of oxygen underneath Gr/Ru(0001), monitored with STM (a—e) and AES (f). (a) A
0.05 ML CeO, deposited onto Gr/Ru(0001) at RT. Initially, Gr Moiré and CeO, clusters are observed. Inset in (a) shows a
highlighted Gr supercell with 2 x 2 crystallographically inequivalent Gr subcells. Annealing the surface shown in (a) at 641 Kin
1 x 1077 Torr O, for 20 min (b) results in the intercalation of oxygen next to CeO, clusters. After 40 min of O, annealing
(c), most of the Gr is intercalated, and an onset of Gr etching is observed. Later, at 60 min (d), Gr is fully intercalated, with a few
etched areas observed. Finally, after 80 min (e), most of the Gr is etched away, while the remaining Gr flakes are fully
intercalated with oxygen. Panel f shows the fractional coverage of Gr and the amount of intercalated oxygen as a function of

annealing time at 641 Kin 1 x 10”7 Torr O,. STM scanning conditions: Vsample = —(1.5-1.6) V, lgynnel = 25—100 pA.

bordering to the CeO, clusters a dramatic decrease of
the amplitude of corrugation of the Gr Moiré is noted.
Atomically resolved images (Figure 2a,b) show that
these areas are consistent with intercalated oxygen, as
reported previously on Gr flakes.?>?*%3! |n addition,
sintering®® of the CeO, clusters also occurred.

The intercalation proceeds with additional anneal-
ing in oxygen (40 min, Figure 1c). We observe further
sintering of the CeO, clusters, together with the for-
mation of larger clusters stabilized at screw disloca-
tions and step edges and the onset of Gr etching. After
annealing for 60 min (Figure 1d), Gr is completely
intercalated with no pristine areas observable in the
STM images. Also, a significant etching of Gr is recog-
nized. Continued annealing in oxygen (80 min,
Figure 1e) etches away most of the Gr film, with the
remaining Gr flakes being fully intercalated. Low-
energy electron diffraction (LEED) diagrams taken from
the surfaces shown in Figure Tb—e reveal the appear-
ance of half-integer spots, originating from a structure
with either p(2 x 2) or p(2 x 1) symmetry (data not
shown); these two structures cannot be distinguished
by means of qualitative LEED observations.>®

In addition to STM, the intercalation process has
been monitored by AES (Figure 1f): the fractional
coverage of Gr and the amount of surface oxygen
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has been followed. The coverage of Gr was estimated
from the ratio of the negative to positive excursions of
the 272273 eV derivative AES peak (representing the
overlapping Cy; and Ruynn transitions), where we
utilized the asymmetry of the graphitic carbon signal
in AES, as compared to the relatively symmetric Rupnn
peak®”38 (see Figure S2). The uncertainty of this pro-
cedure leads to an additional error that is estimated
to be ~10% in addition to the error bars shown. The
p(2 x 2)—0/Ru(0001) and 0.05 ML CeO,—Gr/Ru(0001)
surfaces were used as reference spectra (Figure S2) to
determine the full Gr coverage. The oxygen signal is
plotted as the ratio of the Oy, (510 eV) to Rupny (231
eV) peaks, since the latter is not affected by the
presence of graphitic carbon on the surface® AES
results are in a good agreement with the STM measure-
ments: for the first 40 min of annealing in O,, the
fractional Gr coverage remains unchanged, while the
uptake of the Oy, /Ruyny ratio indicates the presence
of intercalated oxygen underneath Gr. With O,/
Rumny reaching saturation value (t > 40 min), the rate
of Gr etching accelerates. In agreement with previous
studies, the etching proceeds faster on intercalated Gr
than on nonintercalated Gr.>®

In Figure 2, zoom-in images of the important fea-
tures observed in the large-scale images in Figure 1 are
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Figure 2. Atomically resolved STM images of oxygen-inter-
calated Gr and etched Gr areas: 0.05 ML CeO,—Gr/Ru(0001)
annealed at 641 Kin 1 x 107 Torr O, for 40 min (a and b)
and 80 min (c). Panel a shows an atomically resolved image
with CeO, clusters; the contrast of the clusters has been
oversaturated in order to enhance the contrast of inter-
calated Gr area. Gr symmetry in the intercalated area is
emphasized with white dots; the orientation of the inter-
calated p(2 x 1)—0 domains is highlighted with white lines.
Line profile (dashed blue line) over the smallest 1 ML cluster
and (dashed green line) for 2 ML cluster is shown in the
inset. Panel b is a zoom-in image of a different intercalated
area, showing all three possible p(2 x 1)—0 domains within
one intercalated area (domain orientations are highlighted
with white lines). The bright protrusions (three of them
highlighted with a blue ellipse), highly mobile at RT, pre-
sumably originate from trapped gas molecules underneath
Gr. (c) Etched Gr area with a p(2 x 2)—O structure; Vo
designates a couple of oxygen vacancies. STM scanning
conditions: Vyampie = —1.6 V, lgynnet = 25—100 pA.

presented. In panel a, intercalated Gr extends over
most of the image, with two nonintercalated Gr
areas in the right part of the image. The corrugation
amplitude of the intercalated Gr Moiré is largely
reduced,”*** although still visible (highlighted by
white dots). Note that the contrast of the CeO,
clusters is oversaturated with the brightness settings
used here. The intercalated oxygen forms rows of
atoms, with a row separation of 5.4 A. To image the
subsurface region, we utilized the fact that for specific
tip compositions,®® and after scanning for a certain
time at high bias voltage, Gr can become “trans-
parent”.*® Two different orientations of intercalated
oxygen rows are observed in Figure 2a, rotated 120°
with respect to each other (direction of rows is high-
lighted with white lines). This structure is consistent
with the p(2 x 1)—O reconstruction observed on the
clean Ru(0001) surface.?® Figure 2b shows another
example of intercalated Gr with all three possible
orientations of oxygen rows (indicated by white lines).
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Furthermore, bright protrusions located between in-
tercalated oxygen rows are seen (three of them are
emphasized by the blue ellipse in Figure 2b). Time-
lapsed STM images show a high mobility of these
features at RT (data not shown). These features are
ascribed to trapped gas molecules, possibly CO or
C0,.*" The p(2 x 1) structure for oxygen-intercalated
areas was reported previously by LEED—/(V) measure-
ments,®* and, indirectly, by a change of contrast in
low-energy electron microscopy images,? caused by the
different work function of p(2 x 2)-O and p(2 x 1)—0
reconstructions on Ru(0001).3® Here, we provide real
space STM images, confirming the p(2 x 1)—O satura-
tion coverage of intercalated oxygen underneath Gr.
The second process observed during annealing Gr
with CeO, clusters in oxygen at 641 K was the etching
of Gr. A zoom-in image into one of the etched areas is
displayed in Figure 2c. The etched areas show a p(2 x 2)
symmetry, consistent with the p(2 x 2)—O reconstruc-
tion of the Ru(0001) surface.?®

Kinetics and Mechanism of Gr Intercalation and Etching. To
obtain more quantitative information on the CeO,-
mediated intercalation mechanism and kinetics, the
extent of intercalation at different temperatures has
been followed by AES. In Figure 3, the fractional Gr
coverage and the Oy /Rupny ratio during annealing in
0O, inthe 600—725 Krange are plotted in the same way
as in Figure 1f (both heating and cooling was per-
formed in molecular oxygen). At the lowest tempera-
ture used (604 K), the intercalation of oxygen (increase
of the Oy /Rupny ratio) is clearly decoupled from the
etching of Gr (decrease of the fractional Gr coverage).
At higher temperatures, both intercalation and etching
of Gr are active.

An additional question arises from the observed
increase of the Oy /Rupmny Saturation ratio with de-
creasing intercalation temperature in Figure 3. This
effect can be explained by considering both intercala-
tion and etching of graphene, since etched Gr areas
adopt a p(2 x 2) structure,*>*? while intercalated areas
have ap(2 x 1)—0 structure, and the latter is capable of
storing twice as much oxygen compared to the etched
Gr areas (see Figure 2). With the use of STM and AES,
the Ok, /Rumny ratio of the p(2 x 2)—0/Ru(0001) sur-
face was determined to be 0.17 & 0.01. Consequently,
the p(2 x 1)—0 structure should correspond to an
Okv/Rupmny ratio of ~0.34. Therefore, at low tempera-
ture (604 K), etching of Gr is negligible and the O,/
Rumny ratio approaches the value corresponding to a
fully intercalated Gr with a p(2 x 1)—O structure
underneath. At higher temperatures, etching of Gr is
more pronounced, and the highest temperature of
721 K, the value is near that for p(2 x 2)—0/Ru(0001).

The temperature-dependent studies of Figure 3
allow us to determine the apparent activation ene-
rgy (E,) for intercalation and etching. In Figure 4, an
Arrhenius plot for a constant extent of intercalation
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Figure 3. Time-dependent studies of oxygen intercalation
and Gr etching for temperatures in the 600—725 K range.
The oxygen concentration was determined by the ratio of
OkiL/Rumny transitions. The fractional Gr coverage was
determined from the asymmetry of the 272—273 eV AES
peak (overlapping Cy,, and Ruyyy transitions, see Figure S2).
The highlighted Tintercalation aNd Tetching intercepts were used
for further data analysis.

(OxLL/Rupmny = 0.1, Tintercalation iN Figure 3) and etching
(fractional Gr coverage = 0.6, Tetching iN Figure 3) is
shown. The apparent E, for Gr intercalation is deter-
mined to be 1.21 + 0.07 eV, while for the etching of Gr,
a value of 1.60 £ 0.07 eV is obtained. The latter value is
higher than the E, reported for etching of Gr flakes on
Ru(0001).2* In both cases, the error margin was deter-
mined from the standard deviation of the linear
regression fitting. For Gr etching, the longest 7etching
at the lowest temperature of 604 K has not been
determined due to its extended length, but the linear
extrapolation in Figure 4 predicts that this amount of
Gr etching will be reached after ~330 min of annealing
in oxygen.

During imaging of CeO, clusters with STM, frequent
tip changes induced by the interaction with the clus-
ters have been observed (see Figure S3). In addition, a
strong interaction of the STM tip with the CeO, clusters
for very small values of bias voltage (tens of mV) has
been noticed, when the STM tip virtually swept away
the clusters from the imaged area (see Figure S4). We
utilized this effect, which is indicative of weak cluster
binding to the Gr substrate, toimage the structure of Gr
underneath the clusters during the intercalation. In
Figure 5a, a partially intercalated surface was imaged
with Viample = —1.6 V. Then, all clusters were displaced
from the area of interest (by using Vsample = +22 mV).
Scanning the same area again with the initial voltage
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Figure 4. Apparent activation energy for Gr intercalation
and etching, determined for a constant intercalation (O, /
Rupny = 0.1 AES peak ratio) or etching (fractional Gr cover-
age of 0.6) extent from kinetic studies shown in Figure 3.
The temperature error bars are obtained as a standard
deviation from the averaged time-dependent temperature
during the annealing experiments.

(Vsample = —1.6 V, Figure 5b) revealed the presence of a
small hole (diameter of ~2 nm) underneath some
clusters. The nanohole is not present underneath all
clusters (clusters with a hole underneath are high-
lighted with white arrows, other clusters with gray
arrows in Figure 5).

When the STM tip interacted with CeO, clusters on
Gr/Ru(0001), contrast inversion of Gr and intercalated
Gr in the STM images has been frequently observed
(see Figure S3). However, CeO, clusters were always
imaged bright, irrespective of the STM tip termination.
As reported previously, the appearance of Grin STM is
strongly dependent on the imaging conditions.'* We
also find that the appearance of Gr (both intercalated
and nonintercalated) can be also strongly dependent
on the composition of the STM tip apex.

The results presented in Figures 1—5 demonstrate
that the mechanism of oxygen intercalation via CeO,
clusters on a full Gr layer on Ru(0001) differs from that
in previous studies of oxygen intercalation on Gr flakes
on Ru(0001). For intercalation of Gr partially covering
the Ru(0001) surface, oxygen molecules dissociate on
exposed metal areas and diffuse to the graphene edge.
With the use of low-energy electron microscopy, Sutter
et al.** determined E, for oxygen intercalation to be
0.38 & 0.05 eV, and for Gr etching 1.1 £ 0.1 eV. Since
the E, for intercalation was much smaller than that for
diffusion of oxygen vacancies on the p(2 x 2)-0/
Ru(0001) surface*® (E, = 0.7 eV), the reaction-limited
step was assigned to the decoupling of Gr from the
Ru(0001) substrate.?* In the case of a full Gr layer, the
mechanism of intercalation has to be different from
that on Gr flakes partially covering the Ru(0001) sur-
face. There are no exposed metal areas where oxygen
molecules could dissociate and the full Gr layer pro-
tects the Ru(0001) substrate against oxidation, as
found in previous studies.”’° This has been verified
for an O, pressure of 1 x 107 Torr used in this study.

VOL.9 = NO.8 = 8617-8626 = 2015 K@N&NJK)\

WWwWW.acsnano.org

WL

8621



Figure 5. Structure of Gr underneath CeO, clusters after O,
intercalation at 604 K for 40 min. The STM image (a) was
acquired with V;,mpie = —1.6 Vand tunneling current /g nne =
25 pA, imaging CeO, clusters, intercalated Gr areas
(highlighted with white, dashed lines) and Gr. Then, the
same area was scanned again with V,mpe = +22 mV and the
CeO, clusters were swept away. Panel b shows the same
area as in panel a, imaged with identical tunneling condi-
tions. The position of clusters with an open (etched) nano-
hole underneath is highlighted with white arrows. Clusters
without a hole underneath are marked with gray arrows.

With the use of AES, no change of the surface at 641 K
for atleast 70 min of annealing in O, has been detected
(see Figure S5d), and for the lower temperature of
604 K, no uptake of oxygen or etching of Gr for expo-
sures exceeding 300 min could be observed (data not
shown). On the other hand, with 0.05 ML CeO, present,
a full saturation of the oxygen signal is observed during
the time interval in Figure 3. A recent study of Si
intercalation on Gr/Ru(0001) has demonstrated the
role of point defects in the intercalation process of
Si.** For gases, the situation appears to be different and
Gr with a large number of point defects can still effec-
tively protect the metal substrate against oxidation
(see Figure S5). Since other pathways are excluded, the
rapid intercalation of oxygen shown in Figure 3 has to
be linked to the presence of CeO, clusters.

Next, we demonstrate that intercalation of oxygen
via CeO, clusters can be seen as a two-step process,
consisting of the opening of an intercalation gateway
underneath the CeO, clusters, followed by a spillover of
oxygen from the clusters to the Ru(0001) substrate.
During intercalation of oxygen, we always observed
intercalated areas right next to the CeO, clusters,
although not all clusters were involved in the inter-
calation process (see Figure 1b). The difference be-
tween clusters active in intercalation, and the ones that
are not, is shown in Figure 5. Here, clusters were
displaced by the STM tip from the imaged area, and
nanoholes underneath some of the clusters were ob-
served (see white arrows in Figure 5). These nanoholes
are smaller than the size of CeO, clusters, even if the
lateral size of the clusters appears generally exagger-
ated in STM due to a convolution effect with the STM
tip. Figure 5 points to the fact that a hole in Gr is
necessary to deliver oxygen from the ceria clusters to
the Ru substrate, in agreement with previous studies
where defects in Gr are required for intercalation.***®
As mentioned, the nanoholes are smaller than the
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CeOy clusters, or of a similar size. If they were larger
than the clusters and the role of CeO, clusters were
merely the formation of a hole in Gr, exposing the
Ru(0001) substrate, the same E, of oxygen intercalation
as reported on Gr flakes should be obtained. It is thus
proposed that the opening of a hole in Gr between
CeO, and Ru(0001) involves the etching of Gr at the
defect site, which is underneath the cluster, through the
release of lattice oxygen from the CeO, cluster and the
oxidation of Gr carbon atoms to CO/CO,. The etching of
nanoscale holes in suspended, single-layer Gr by metal
particles (Cr, Ti, Pd, Ni, Al) was reported previously by
Novoselov et al.,*® and the importance of oxidized layer
on the metal was supported by the absence of etching
in case of Au nanoparticles. The produced CO/CO,
molecules can either desorb into the vacuum or get
trapped underneath the Gr film. The latter is consistent
with the small bright protrusions seen in Figure 2b,
which have a high mobility even at RT. Not all clusters
have holes underneath; but when clusters are removed,
the holes are always found next to intercalated areas.

Once the hole in Gr is opened, the intercalation
mechanism involves the spillover of oxygen from CeO,
clusters onto the Ru(0001) substrate. Spillover is gen-
erally defined as the indirect adsorption on a support
surface (in our case Ru(0001) fully covered with Gr)
under conditions, where the direct adsorption is
unfavorable.*” Here, the situation is more complex,
because the lattice oxygen in the CeO, clusters is likely
also involved in the process.

The spillover of oxygen between CeO, nanoparti-
cles and the Ru(0001) metal is further supported by the
apparent E, = 1.21 £ 0.07 eV determined for Gr
intercalation in the presence of CeO, clusters. Since
this value is dissimilar to the previously determined
E,=0.38 eV for intercalation on Gr flakes on Ru(0001),%*
and because the full Gr layer on Ru(0001) inhibits
intercalation of oxygen (Figure S5), the mechanism
of oxygen intercalation observed here can be clearly
linked to the CeO, nanoparticles. While we are unable
to conclusively pinpoint the nature of the rate limiting
step in the intercalation mechanism, we speculate that
the observed apparent E, reflects the energy required
to remove the O atom from the CeO, nanoparticles.
This argument is supported by prior DFT studies,
demonstrating that for a small Ce,qOgy particle, the
energy of Vo formation is 0.8—1.2 eV,*®*° which is
much smaller than that on a regular CeO,(111) slab
(E, = 2.25 eV).*® Despite the uncertainties of the
computational studies in the correct determination of
E, on ceria-based systems, the calculated values of E,
for reduction of ceria nanoparticles are in good agree-
ment with the E, for intercalation measured here.

Oxygen Release from the Intercalated Gr Layer. For Gr
flakes, intercalation of oxygen was reported to be
reversible by annealing in vacuum.?*?%28 This was also
investigated here for the full Gr layer on Ru(0001) with
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Figure 6. (a) The amount of intercalated oxygen under-
neath 0.05 ML CeO,—Gr/Ru(0001) as a function of annealing
time. The plot shows the fractional coverage of Gr and the
coverage of oxygen during annealing in molecular oxygen
at 609 K (intercalation) and in UHV at 604 K (oxygen release).
(b) Large-scale STM image recorded from the surface after
t = 360 min (corresponding to the last point in panel a),
plotted with an inverted contrast (clusters are dark).
(c) Zoom-in STM image showing the remaining areas of
intercalated oxygen atoms, forming ordered triangular
structures. The smallest intercalated areas consist of three
intercalated Gr atop regions, forming Y-shaped structures
(two of them are highlighted with dashed lines). STM
scanning conditions: Viampie = —1.6 V, ltunnel = 100 pA.

a coverage of 0.05 ML CeO, clusters. The sample was
annealed at 609 K in O, for 120 min, and after storage
of a sufficiently large amount of oxygen (58% of the
saturation value, see Figure 3), the sample was an-
nealed at 604 K in UHV. Subsequently, the Gr coverage
and the amount of intercalated oxygen has been
monitored by AES (Figure 6a). After 240 min of anneal-
ing in UHV (total time: 360 min in Figure 6a), most of
the intercalated oxygen has been released (from 58%
to 15% of oxygen saturation value). Further annealing
at 604 K did not result in a significant decrease of
the Oy /Rumny signal. STM images acquired after the
oxygen release revealed the formation of ordered
structures formed by the remaining intercalated oxy-
gen underneath the Gr layer (Figure 6b). The zoom-in
image in Figure 6¢ shows that these ordered, inter-
calated oxygen patterns are formed by building blocks
composed of 3, 6, and 10 atop intercalated regions of
the Gr cell (we recall that the “(25 x 25) Gron (23 x 23)
Ru” model'® contains four atop regions per unit cell,
corresponding to the weakest bonding between Gr
and the Ru substrate, see inset in Figure 1a). The
smallest intercalated structures in Figure 6b,c feature
a "Y-shape” (two of them are highlighted with dashed
lines in Figure 6¢), while the larger ones preferentially
form triangular-shaped structures. Similar structures
have been reported previously for intercalated Si on
Gr/Ru(0001).** While we were unable to image the
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Figure 7. Atomic density of released oxygen and carbon
atoms during annealing of the intercalated Gr in vacuum
(the time region corresponds to 120—360 min shown in
Figure 6a).

Figure 8. Schematics summarizing the major findings of
this study. In the presence of easily reducible CeO, clusters
on the Gr surface (a), Ru(0001) can be readily oxidized via
intercalation (b), eventually leading to a fully intercalated Gr
with oxygen forming a p(2 x 1) structure underneath. Since
intercalated oxygen can attack Gr and etch the film via
formation of CO, the Gr with CeO, clusters is less stable and
the rate of etching is much higher compared to the bare Gr
(c). In the absence of CeO, clusters, Gr can protect the
Ru(0001) substrate against oxidation.

arrangement of oxygen underneath the smallest struc-
tures containing three intercalated atop regions, we
could confirm the presence of the p(2 x 1)-O interca-
lated structure underneath the second smallest arrange-
ment comprising 6 Gr atop regions (see Figure S3a—c).
While we observe a significant decrease of the oxygen
signal during UHV annealing in Figure 6a, there is also a
small decrease in the fractional Gr coverage.

Since the density of carbon atoms in Gr/Ru(0001)
(1.24 x 10" atoms/cm?) and the density of Ru atoms
on the Ru(0001) surface (1.57 x 10'> atoms/cm?) are
known, we are able to quantify the ratio of released
O atoms to lost C atoms as shown in Figure 6a. A
reference measurement of the p(2 x 2)—0/Ru(0001)
surface, which has O atoms of 1/4 of the density of
Ru(0001) surface atoms, gives a Oy, /Ruyny ratio of
0.17 £ 0.01 as discussed in the previous section. Using
these quantified reference points, the 120—360 min
region of Figure 6a is replotted in Figure 7 in the form
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of the number of released C and O atoms. The results
show a nice 1:1 correspondence between released C
and O atoms suggesting that all released O atoms are
utilized in Gr etching via CO formation. Previous
studies on Gr flakes reported that the temperature
necessary to desorb intercalated oxygen is much lower
(~650 K)** than that for the oxygen desorption from
the Ru(0001) surface.® However, these studies did not
exclude the possibility that this lower desorption tem-
perature is caused by reaction of adsorbed oxygen
with carbon atoms, resulting in the etching of graph-
ene.2*?8 Moreover, Starodub et al.?* reported that inter-
calated oxygen can directly attack graphene at a fast
rate at temperatures as low as 720 K. Our experiments
could also explain the apparent release of intercalated
oxygen from Gr flakes during annealing in UHV, starting
at the perimeter of the flakes and recoupling the Gr to
the Ru(0001) substrate as observed previously.?

CONCLUSIONS

We have prepared CeO, nanoclusters (~3 nm diam-
eter, 1-2 ML height) on a continuous Gr layer on

METHODS

All experiments have been carried out in a UHV system with a
base pressure below 1 x 10~ '° Torr. STM images were obtained
using a commercial Omicron variable temperature STM operated
atRTin constant current mode and using electrochemically etched
W tips. Acquired images were processed by ImageJ software.* The
processing included background subtraction and noise removal
from frequency domain images. Distortion of the STM images was
removed using algorithms described in ref 51. The relative con-
centration of Gr was determined by AES (PerkinElmer) analysis
using the ratio of negative to positive excursions of the over-
lapping Rumnn (273 eV) and Cy | (272 eV) peaks in dN(E)/dE spectra
(see Figure 52).37*8 Relative oxygen concentration was deter-
mined with respect to the Rupny (231 eV) peak (unaffected by
the presence of graphitic carbon).>’® Error bars were determined
from the flat regions of the AES spectra.

The Ru(0001) sample (Princeton Scientific Corp.) was
mounted on a Ta Omicron sample plate using a thin Ta foil,
and heated using a pyrolytic boron nitride (PBN) heater on the
manipulator, or in a dedicated electron-beam annealing stage.
The temperature for e-beam annealing was measured with an
optical pyrometer. On the PBN heating stage, heating was per-
formed using a constant heating power, and the temperature
was later calibrated by spot-welding a thermocouple (type K)
directly onto the Ru(0001) single crystal. Clean Ru(0001) was
prepared by repeated cycles of Ne™ ion sputtering at 300 K,
oxidation in 1 x 1077 Torr O, at 850 K and flash-annealing in
UHV above 1600 K. A clean surface was verified by sharp 1 x 1
spots in LEED and no detectable impurities in AES.

Gr was grown by chemical vapor deposition of ethylene
(C3H,4) at 1100 K for 30 min using a custom built tubular doser
with a 3.07 um pinhole and 8 Torr backing pressure.

Ce (Alfa Aesar, 99.9%) was deposited from a Ta crucible with a
high temperature effusion-cell (CreaTec GmbH). The deposition
rate was calibrated with a water-cooled quartz crystal micro-
balance (Inficon) and AES. One ML is defined with respect to
the number of C atoms in Gr/Ru(0001), 1.24 x 10'> atoms/cm?,
based on the model presented in ref 13. Oxygen was dosed
using a high-precision leak valve, and pressures were measured
with a Bayard-Alpert ion gauge. A fixed value of oxygen pres-
sure of 1 x 1077 Torr was used in all experiments.

NOVOTNY ET AL.

Ru(0001) by evaporating Ce metal in a background of
O, at room temperature as schematically illustrated in
Figure 8a. The clusters remain well-dispersed at elevated
temperatures (600—725 K) even though some sintering
is observed. In the presence of O,, the clusters promote
the intercalation of oxygen underneath the Gr layer
(Figure 8b). We propose that the mechanism for the
intercalation comprises the formation of nanoholes
(~2 nm size) in the Gr layer directly below the CeO,
nanoclusters, oxygen atom release from the CeO, clus-
ters, their spillover onto the Ru(0001) metal substrate, and
the CeO, reoxidation with gas phase O,. Measurements
of the temperature-dependent kinetics of the intercala-
tion yield the apparent activation energy of 1.21 eV, which
indicates that the rate limiting step is the reduction of the
CeO, nanoclusters. We further show that the release
of intercalated oxygen from underneath the Gr layer is
not reversible and that annealing in vacuum leads to
its reaction with the Gr layer (Figure 8c) and to the
formation of CO, which desorbs from the surface. This
process is a clear demonstration of the oxygen storage-
release capacity ability of CeO, nanoclusters.
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