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ABSTRACT The structural modification of the Ru(0001) surface is followed in real-
time using low-energy electron microscopy at elevated temperatures during exposure to
molecular oxygen. We observe the nucleation and growth of three different Ru0, facets,
which are unambiguously identified by single-domain microspot low-energy electron

diffraction («LEED) analysis from regions of 250 nm in diameter. Structural identification

is then pushed to the true nanoscale by employing very-low-energy electron reflectivity
spectra R(F) from regions down to 10 nm for structural fingerprinting of complex
reactions such as the oxidation of metal surfaces. Calculations of R(E) with an ab initio scattering theory confirm the growth of (110), (100), and (101)
orientations of Ru0, and explain the shape of the R(E) spectra in terms of the conducting band structure. This methodology is ideally suited to identify the
structure of supported ultrathin films and dynamic transformations at multicomponent interfaces down to few nanometer lateral resolution at elevated
temperature and in reactive environments.
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xidation is an almost ubiquitous
O phenomenon and is typically ob-

served when metals are exposed
to an oxygen-rich environment. Fundamen-
tally, the oxidation of metal surfaces repre-
sents a remarkably complex reaction scenario
at the solid—gas interface, in which hetero-
geneities at the surface as well as the supply
and transport of the reacting surface spe-
cies are decisive ingredients." In the course
of metal oxide formation, the metal—metal
bonding is replaced by metal—oxygen
bonding, a process which is thermally acti-
vated and therefore may be rate-determining
at low temperatures. Assuming a nucleation
and growth type mechanism, the kinetics of
surface oxidation is dictated by both the
supply of mobile metal atoms, which have
to be detached from the metallic network,
and by the atomic surface oxygen species,
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which need to be formed by dissociation of
molecular oxygen from the gas phase. Both
kinetic constraints require elevated tempera-
tures and, in particular, higher oxygen pres-
sures during the oxidation of the metal
surface, with the exact conditions depending
on the material." 3

Even if the initial processes in the oxida-
tion of a metal surface are well understood
on the microscopic level, the further growth
of the oxide is frequently accompanied by a
substantial roughening and patterning of
the surface at the mesoscale, whose physi-
cal and chemical origin is far less under-
stood. For metals that are able to form
several stable oxides, as, e.g., Fe, the co-
existence of different oxides can be observed
on the surface.*”® To gain mesoscale infor-
mation on the oxidation of the metal sur-
face, we need to apply an in situ technique
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that is able to discriminate various oxides or oxide
orientations under real-time oxidation conditions with
a spatial resolution of some 10 nm.

Here, we will focus on the oxidation of single crystal-
line Ru(0001) surface with molecular oxygen. Recent
studies on this system have initiated a paradigm shiftin
catalysis research by establishing the notion that oxi-
des can be more active than the corresponding metal
catalysts.” Ruthenium forms only a single solid oxide,
namely RuO,, so that the oxidation behavior on the
mesoscale is simpler than in other cases of multiple
cation valency, yet still lacking a coherent picture and a
detailed relation to the processes occurring at the
atomic scale. Above temperatures of 550 K, the initial
oxidation of Ru(0001) has been shown by scanning
tunneling microscopy (STM) to proceed via a modified
nucleation and growth mechanism.® Three-dimensional
RuO, domains (clusters) are exclusively formed at
double steps of Ru(0001). Upon further oxygen expo-
sure, most of these clusters grow slowly in size, but only
very few of them are able to initiate the fast growth of
atomically flat RuO, domains with their (110) face
oriented along the [0001] direction of the Ru substrate.
However, closer inspection of the available STM im-
ages’ in the literature reveals the presence of other
presumedly oxidic, yet unknown, surface components
that seem to coexist with the established RuO,(110)
phase, rendering the oxidation of the Ru(0001) system
more complex than frequently anticipated.

The oxidation of Ru(0001) with molecular oxygen
at elevated temperatures was already examined on
the mesoscale by photoelectron emission microscopy
(PEEM)9 and scanning photoemission microscopy
(SPEM)."®~ "2 These studies indicated that the transition
from oxygen adsorption to oxide formation is structu-
rally and morphologically intricate, with complex pat-
tern formation on the Ru(0001) surface, revealing
surface features of lateral dimensions on the nano-
meter or even micrometer scale. Yet, firm conclusions
could not be drawn from these data since both tech-
niques lack the required structural sensitivity: On the
one hand, PEEM does not provide any chemical or
structural information (the contrast is due to local
variations of the work function), while on the other
hand, ex situ SPEM can discriminate between RuO, and
adsorbed oxygen, however, without supplying suffi-
cient information to explain the observed contrast
variation in the RuO, regions.

Here, we study in situ the oxidation of Ru(0001) by
molecular oxygen at higher sample temperatures with
low energy electron microscopy (LEEM). We use this
complex interfacial reaction in a proof-of-principle
fashion to illustrate the unprecedented capabilities of
in situ intensity—voltage (/(V)) LEEM for real-time struc-
tural identification in reactive environments when
combined with state-of-the-art modeling within the
framework of ab initio scattering theory. This approach,
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Figure 1. LEEM (electron kinetic energy: 8.4 eV) time-lapse
sequence showing the oxidation of the Ru(0001) surface by
exposure to O, at temperature T = 780 K and p(0,) = 3 X
107> Torr. The O, dose is (a) 36.8 kL, (b) 64.0 kL, (c) 77.6 kL,
and (d) 101.3 kL. The bright phase “B” nucleates before the
dark phase “D*” next to “B".

employing a nondestructive laboratory method, allows
mapping the mesoscale surface morphology with
structural sensitivity on the few nanometer scale. We
show that the observed patterning of the oxide surface
is due to the nanoscale coexistence of RuO, grains of
various orientations on the Ru(0001) surface. By virtue
of our in situ method, we are also able to demonstrate
that the RuO,(100) phase, a phase thought to be least
stable thermodynamically, grows first and then fosters
the nucleation of other faces of RuO,.

RESULTS AND DISCUSSION

In Situ LEEM Imaging of Ru(0001) Oxidation. We follow
in situ the oxidation of a Ru(0001) crystal during the
exposure to molecular oxygen at a sample tempera-
ture of 780 K. The respective time-lapse LEEM image
sequence is displayed in Figure 1. After a dose of about
37 kL, small oxide domains have nucleated at line- and
point-like surface defects with low nucleation density
[Figure 1a]. These islands eventually grow upon further
oxygen exposure at the expense of the chemisorbed
oxygen layer, see Figure 1b—d and Supporting Infor-
mation Movie S1.

It is interesting to note that the growing oxide
islands exhibit a complex internal structure (contrast
variation), i.e., they consist of a multitude of very small,
apparently distinct oxide domains that often measure
less than a hundred nanometers in diameter. Close
inspection reveals that the bright phase “B” nucleates
first and directly at the defect site, while the darker,
seemingly inhomogeneous patches “D*” only form
during a secondary nucleation process occurring next
to the primary nuclei “B" at later stages [Figures 1b,c]. To-
gether, these effects give rise to a complex “mosaic-like”
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Figure 2. LEEM still images recorded after oxidation at
680 K and p(0,) = 3 x 10 ° Torr. Electron energies are
(a) 9.5 eV, (b) 13.1 eV, (c) E=16.9 eV, and (d) 38.8 eV. Filled
circles in (a) demark the positions where uLEED images and
(V) curves have been analyzed.

appearance of the emerging oxide “film”, with the
primary phase “B” assembled like “beads on a string”
at the center of the coalescing oxide patches [Figure 1d].

The finding of a multicomponent, heterogeneous
surface is confirmed by oxidizing the Ru(0001) surface
at a lower temperature of 680 K, which apparently
leads to the formation of larger oxide grains. This is
demonstrated by the series of LEEM images displayed
in Figure 2, which were recorded after exposing the
Ru(0001) surface to 72 kL of O, at a partial pressure of
3 x 107> Torr. Clearly, the contrast varies strongly with
the electron kinetic energy, revealing an internal struc-
ture of the oxide islands at a larger length scale than
found at 780 K [Figure 1d].

Although the islands of phase “B” still nucleate first
and still preferentially form along line defects (see
Figure 2a), the oxide growth is found to be more aniso-
tropic than at 780 K. Also, it is now clear that the dark
patches “D*” previously observed at 780 K consist of at
least two extended phases labeled “C" and “D".

Micro-Diffraction Analysis. Phase-specific 4LEED pat-
terns of the predominant surface phases besides the
coexisting (1 x 1)-O chemisorbed phase have been
recorded at positions as labeled in Figure 2a and are
displayed in Figure 3b—d along with the respective
unit mesh for each oxide structure. Using the (1 x 1)-O
LEED pattern (Figure 3a) for the calibration of reciprocal
space, the respective unit mesh dimensions of the
individual phases can be determined. The results are
compiled in Table 1.

From the respective unit mesh geometries, all
phases are identified as specific faces of RuO,, each
exhibiting a (1 x 1) periodicity. The experimentally
determined lattice constants lie very close to or even
are within the error bar of the bulk values expected for

FLEGE ET AL.

Figure 3. Microspot (250 nm) LEED patterns obtained after
oxidation of the Ru(0001) surface by exposure to 72 kL of O,
at a substrate temperature T = 680 K. The reflections of the
(1 x 1)-ordered substrate (a) are also highlighted in (c) and
(d) and have been used for reciprocal space calibration. The
unit mesh is indicated in all RuO, patterns. The images show
single-domain patterns of (b) RuO,(100) (E = 29.0 eV, near
grain boundary), (c) RuO,(101) (E = 56.5 eV), and (d) RuO,-
(110) (E = 56.5 eV).

TABLE 1. Experimental In-Plane Lattice Constants
(Uncertainty: (0.03—0.05) A) and Respective Bulk Values'
Determined by Kinematical Analysis for the Local LEED
Patterns Acquired from Different RuO, Crystallographic
Faces (Figure 3)

experimental reference

face lattice constant (A) bulk value (A)
(110) 3.10 3.1

6.40 6.35
(101) 457 4.49

5.47 5.46
(100) 3.07 31

451 4.49

a particular facet, and the orientation of the islands are
azimuthally well-defined with respect to the Ru(0001)
substrate. The remaining (small) difference is attri-
buted to residual strain in the thin oxide layers. While
finding the well-characterized RuO,(110) phase is
expected,’ the occurrence of flat RuO,(100) and RuO,-
(101) phases after oxidation of the Ru(0001) surface has
not been reported yet and is surprising.

It should be noted that the average domain size of
the (100) phase is very small, which makes it virtually
impossible to record single domains LEED patterns on
a length scale of 250 nm as defined by our smallest
illumination aperture. In contrast, the RuO,(110) phase
exhibits the sharpest LEED spots, indicative of well-
ordered single-crystalline domains. From the simulta-
neous observation of the substrate LEED spots and the
(110) and (101) oxide reflections in uLEED, we can
estimate the respective oxide thicknesses to be lower
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than 1—1.5 nm, which is consistent with the results of a
previous surface X-ray diffraction study for RuO,(110)."
As we only detect very weak traces of the substrate
(if any) in all collected uLEED patterns of the (100)
orientation for electron kinetic energies between 15
and 60 eV, these domains must be significantly thicker.

Identifying Individual Nanoscale Oxide Grains by /(V)-LEEM.
Due to the small oxide grain size at even higher
temperatures (cf. Figure 1d), which prevents the re-
cording of single-phase LEED patterns, clearly another
means of phase or face identification on the few
nanometer scale is needed. Here, we will demonstrate
that this goal, and specifically the identification of
individual oxide faces, can be achieved by recording
local (V) curves in the VLEED regime with a lateral
resolution of about 10 nm, which facilitates direct
identification in real space and which is equivalent to
an improvement in lateral resolution by a factor higher
than 20.

Representative /(V) curves for the different crystal-
lographic orientations of RuO, and the (1 x 1)-O
adlayer phase are compared in Figure 4a. Evidently,
all /(V) curves exhibit a characteristic shape and are
sufficiently different to enable unambiguous identifi-
cation of the local nanoscale oxide structure.

To be able to identify the complicated multicom-
ponent surface presented in Figure 4b,c based on the
I(V) curves, we must be confident that they do char-
acterize RuO, crystal faces, and that the specific shape
of the curves is not caused by any extrinsic factors. Our
identification is corroborated by the comparison in
Figure 4a of the measured curves with the ab initio
R(E) spectra for the three RuO, orientations: RuO,(110),
RuO,(101), and RuO,(100). Generally, the calculated
curves are in a good agreement with the measure-
ments despite the assumption of a bulk-like oxide
structure, which is an approximation because of the
presence of residual strain and the typical self-termi-
nating oxide layer thickness in the few nanometer
range.'® The comparison is less perfect for the (100)
surface, which is presumably explained by the weaker
signal from the (100) species. Nevertheless, also in this
case the gross features of the spectrum are well repro-
duced.”” Thus, the present theory unambiguously
relates the very different shape of the curves to the
electronic structure of differently orientated RuO, crys-
tallites and suggests that the surface layer is not com-
positionally different from the bulk.

Finally, we apply the /(V)-LEEM approach to the local
identification of the individual components of the
complex multicomponent oxide structures evolving
at temperatures of 680 and 780 K (cf. Figures 2, 4b-c,
and Supporting Information Movie S1). On the basis of
local (V) analysis after suitably correcting for image
drift, we may associate each portion of the image with
a distinct oxygen-rich phase by comparing with the
representative /(V) curve from our “/(V) catalog” shown
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Figure 4. (a) Compilation of representative very-low-en-
ergy electron reflectivity spectra (solid lines) obtained after
oxidation of the Ru(0001) surface by exposure to O, at p(O,) =
3 x 10° Torr and various substrate temperatures between
600 and 780 K as well as comparison to calculated normal-
incidence reflectivity spectra (dashed lines) based on
ab initio scattering theory. The calculated spectrum for
the (1 x 1)-O adlayer is taken from previous work.'*
(b and c) LEEM images recorded after oxidation of the
Ru(0001) surface by exposure to O, at p(O;) = 3 X 10°°
Torr at 780 K substrate temperature. The energies are (b)
14.7 eV and (c) 10.4 eV. The following nanoscale phases are
identified: (A) (1 x 1)-O, (B) RuO(100), (C) RuO,(101), (D)
RuO,(110), and (E) disordered/mixed oxide grains. In (c), the
grayscale has been adjusted to enhance contrast.

in Figure 4a. At both temperatures, three unique
crystallographic phases of RuO, have grown at the
expense of the (1 x 1)-O chemisorbed phase. Further-
more, as previously discussed, at 780 K it is clearly
visible that the (100) phase preferentially nucleates
first; then, these patches subsequently act as a second-
ary nucleation sites for the other phases (also see
Supporting Information Movie S1). This finding is con-
trary to the expectations based on the relative thermo-
dynamic stabilities of the different faces of RuO,, which
would essentially dictate the prevalence of the (110)
orientation followed by the (101) and finally the (100)
orientation."®"”

Despite its higher surface free energy, the prefer-
ence for the RuO,(100) phase at the initial stage of
nucleation may be rationalized by considering its
superior epitaxial lattice matching to the Ru(0001)
template as compared to the (110) orientation. While
the translation vectors of the surface unit cells along
the [001] directions of the RuO,(100) and RuO,(110)
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structures, i.e., along the (2110) high symmetry direc-
tions of the substrate, share the same length (3.11 A),
the length of the [010] unit vector (4.49 A) of the
RuO,(100) phase is close to two times the row spacing
(4.69 A) of the Ru(0001) template along the (0170)
direction, whereas the epitaxial misfit of the RuO,(110)
phase in the same direction is larger.'® Hence, this
similarity in lattice constants may trigger the formation
of a strained coincidence lattice at the metal—oxide
interface, apparently rendering the (100) orientation
the thermodynamically most stable RuO, phase for
sufficiently thin oxide layers. Yet, a gradual thickening
of the oxide would steadily increase the amount of
strain energy that cannot be counterbalanced by the
gain in interfacial energy, resulting in both strain
release of the RuO,(100) islands concomitant with
adjacent nucleation of the (110) phase. Consequently,
this scenario may explain both the finding of a critical
thickness and a finite lateral extent of the (100) phase,
which may depend on temperature.

Although we do not have any direct experimental
evidence for the formation of a coincidence lattice, its
existence would also help to explain why the (100)
phase is favored in electrochemical oxidation of
Ru(0001),"® which is a process strongly driven by kinetics.
Furthermore, it should be noted that the growth of the
rutile (100) phase has also been confirmed??' for gas-
phase oxidation of Ir(111), a related transition metal
with similar lattice constants. Interestingly, while the
growth of IrO,(100) is found to compete with con-
comitant growth of corundum-like Ir,03(0001), no
indication for the analoguous growth of a hexagonal
Ru,03(0001) oxide has been observed yet.

As the relative surface coverage of the individual
phases also seems to depend on temperature, to-
gether with the initial preferential growth of the (100)
orientation these effects lead to a scenario where the
nucleation density, i.e., the nanoscale heterogeneity is
not simply related to the growth temperature in an
Arrhenius-like fashion. Also, especially at 780 K, a
considerable fraction of the surface is covered by a
phase that exhibits a very low electron reflectivity
(“dark patches”), whose I(V) spectra mostly resemble

METHODS

Low-Energy Electron Microscopy. The experiments were per-
formed in a commercial Elmitec LEEM Il system installed at
the University of Bremen, Germany, and operating at an
electron energy of 20 keV and a vacuum base pressure in
the low 107 '° Torr range. The Ru(0001) single crystal (Mateck)
was cleaned ex situ and in situ using well-tested procedures,
involving repeated oxidation and high-temperature flash
annealing as described elsewhere.?> Emerging oxide nano-
structures are systematically identified employing two com-
plementary approaches: (i) microspot low-energy electron
diffraction («LEED) analysis of submicrometer sized surface
phases with determination of the surface unit mesh and (ii)
using their respective energy-dependent electron reflectivity
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the (1 x 1)-O phase. Therefore, this nanoscale multi-
grain morphology comprises both ordered and disor-
dered oxide nuclei, and it remains stable throughout
the oxidation process. These observations provide
strong evidence for the notion that this stage of
the oxidation process, which is highly influenced by
the initial morphology of the Ru metal and driven by the
metal—oxide interfacial interaction, is crucial in defin-
ing the final metal/oxide mesoscale surface and inter-
face structure. Furthermore, these observations also
provide a handle on how to tailor the oxide mor-
phology and composition by deliberate patterning of
the substrate or employing vicinal surfaces.

CONCLUSION

We have presented an in situ structural study of the
oxidation of the Ru(0001) surface during exposure to
molecular oxygen at elevated temperature, revealing a
complex morphology consisting of various oxide com-
ponents with morphological variations on nanoscopic
to mesoscopic length scales depending on substrate
temperature. Using a combination of LEEM and uLEED,
we have identified the main emerging ruthenium
oxide phases as the (110), (100), and (101) orientations
of RuO,, which concurrently evolve at the expense of
the chemisorbed oxygen adlayer phase. All surface
phases identified by uLEED exhibit distinct electron
reflectivity spectra, establishing a clear one-to-one
correspondence between the contrast in LEEM and
the local atomic structure. By comparing to ab initio
calculations of electron scattering from crystalline
surfaces, the pronounced differences in the /(V) curves
at very low energies are traced back to the unoccupied
electronic structure of the differently oriented RuO,
crystallites. Finally, this combined experimental and
theoretical /(V)-LEEM approach allows us to follow the
nucleation, growth, and coalescence of different faces
of the same nanocrystalline oxide in real-time, thus
providing novel and unique insights into the atomic
structure and morphology of multicomponent materi-
al systems on the few nanometer scale and enabling
real-time kinetic studies of dynamic processes in com-
plex catalytic materials under reaction conditions.

R(E) spectra, also known as intensity—voltage (/(V)) curves of
the reflected beam.?®

Ab Initio Very-Low-Energy Electron Diffraction Calculations. The
analysis of the electron reflectivity of the three RuO, surfaces,
(100), (101), and (110), is performed with an ab initio Bloch wave
scattering theory. The LEED wave functions are calculated with
the augmented-plane-waves-based embedding method:** in
the interior of the crystal, they are represented by a linear
combination of Bloch waves (which constitute the complex
band structure, CBS) that smoothly and continuously matches a
variational solution of the Schrodinger equation in the selvage
region. This method fully takes into account the realistic crystal
potential both in the bulk and at the surface, which is obtained
self-consistently within the local density approximation of the
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density functional theory. The inelastic scattering is taken into
account by the optical potential (imaginary potential, iV; added
to the Hamiltonian in the crystal half-space), which is spatially
constant in the crystal and zero in the vacuum half-space.
Further details regarding the interpretation of the normal-
incidence reflectivity spectra of the (100), (101), and (110) faces
of RuO, is provided in Section S3 of the Supporting Information.
For an application to oxygen (sub)monolayers on Ru(0001), the
reader is referred to our previous work.'*
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