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Professor Theodore E. Madey

In this dissertation, we report the first systematic study of adsorbate-induced
faceting of hexagonal close-packed (hcp) metal surfaces. Focusing on two atomically
rough rhenium surfaces: Re(1231) and Re(1121), we reveal the dependence of their
surface morphology on adsorbate coverage and species by means of low energy electron
diffraction (LEED), scanning tunneling microscopy (STM), Auger electron spectroscopy
(AES), temperature programmed desorption (TPD) and high resolution soft X-ray
photoemission spectroscopy (HRSXPS) based on synchrotron radiation.

Re(1231) becomes completely faceted when oxygen coverage is greater than 0.7
monolayer (ML) and the surface is annealed at T > 700K. As oxygen coverage further
increases, the surface morphology evolves from long ridges formed by (0110) and

(1121) facets, to truncated ridges due to sequential emergence of (1010) and (0111),

and eventually to complex structures formed by (0110) (1010) (0111) and (1011)



facets. All facets disappear when the surface is annealed at T > 1300K due to oxygen
desorption and the surface reverts to planar.

Drastic differences have also been found between oxygen and nitrogen-induced
faceting of Re(1121). For O/Re(1121), the morphology evolves as a function of oxygen
coverage from a partially faceted surface with zigzag chains formed by (0110) and
(1010) to a completely faceted surface with four-sided pyramids formed by (0110)
(1010) (0111) and (1011). Two metastable facets, (3364) and (2x1) reconstructed
(1122) are also observed in the evolution process. In contrast, for N/Re(1121), a fully
faceted surface shows ridges formed by (1342) and (3142) facets upon exposure to
ammonia at 800-900K; ammonia dissociates on Re and only nitrogen remains on the
surface at T > 600K. A (2x1) reconstructed N/Re(1121) surface is also observed in LEED
when the surface is annealed at 600-700K. Temperature-pressure phase diagrams from
first principles calculations are consistent with the experimental results.

Our work has implications for Re-based catalysts that operate under oxygen or
nitrogen-rich conditions because the structure of the catalysts often affects their
performance. The results show great promise of tailoring the surface morphology at the
nanometer scale by choosing appropriate adsorbate-substrate combinations, adsorbate

coverages and annealing conditions.
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Chapter 1 Introduction
1.1 Motivation

One of the central goals for surface science studies is to understand the
microscopic mechanism of heterogeneous catalysis where the catalyst is in a different
phase to the reactants. In such a catalytic process, one or more of the reactants (usually in
liquid or gaseous phases) adsorb onto the surface of the catalyst (usually in a solid phase),
and the reaction occurs on the surface. After the reaction, the products desorb from the
surface and diffuse away. A classic example of heterogeneous catalysis is the synthesis of
ammonia through the Haber-Bosch process, in which N, reacts with H; on iron surfaces
to form NHs. To model heterogeneous catalysis, the approach taken by surface scientists
is to study chemical reactions on simple single crystalline surfaces that act as model
catalysts. This approach has lead to fundamental understanding of some important
catalytic reactions such as ammonia synthesis and CO oxidation. Gerhard Ertl, a
pioneering surface scientist, was awarded the 2007 Nobel prized in chemistry for his
contribution in this research field.

However, a real catalyst is much more complex than just a single crystalline
surface. To increase the reactive surface area, an industrial catalyst is usually in the form
of small particles (1-100nm) dispersed over another support material, which is often an
oxide such as silica or alumina (see Fig. 1.1 for an example [1]). The activity of the
catalyst is affected by the shape, size and chemical composition of the particles as well as
interactions between the particles and the support material. There is also strong evidence
that the geometrical and electronic structure of the particles play a major role the

selectivity of products [2, 3]. The complexity of real catalysts may be the reason that



except for few cases [4, 5] designing new catalysts is not based solely on surface science

studies but on a trial and error method.

Fig. 1.1. SEM image of a5 wt % Pd/SiOz2 model catalyst after oxidation and reduction. Adapted from Ref. [1].

To help bridge this material gap between a simple single crystalline surface and a
real catalyst, one approach is to add complexity to the surface in a controlled fashion by
utilizing a nanoscale self-assembly process called faceting. Figure 1.2 shows a schematic
of the faceting process. The initial planar surface is atomically rough with relatively high
specific surface free energy. Upon adsorption of gases or metal monolayers (ML)
followed by annealing, the planar surface becomes morphologically unstable and forms
hill-and-valley structures at the nanometer scale with well defined facets. The facets are
often more close-packed than the planar surface, thus have lower specific surface free
energies. The overall surface free energy of the faceted surface is reduced although the
total surface area may increase.

Faceted surfaces provide excellent model systems to study structure sensitivity in
heterogeneous catalysis [6-8]. The facets with different crystalline structures can better
model the complex surface structures of catalytic particles; the average size of the facets

is typically at the nanometer scale, correlating well with the average size of the catalytic



deposit anneal
~IML T>600K
= —
Clean planar surface Adsorbate-covered planar surface A faceted surface

Figure 1.2. A schematic of the faceting process on a planar surface. Adapted from Ref [8].

particles. The narrow size distribution of the facets and the tunability of the average facet
size can also be exploited to study size effects in catalytic reactions. Although the
morphology of a faceted surface is more complex than a planar surface, the structure of
each facet is still relatively simple and can be well characterized by surface science
techniques. This controlled complexity makes complementary theoretical studies possible,
which in turn may help gain insights into the experimental findings.

Faceted surfaces can also be used as support materials and templates to grow
metal clusters for model studies of supported catalysts. The facets can guide nucleation of
catalyst particles at specific surface sites of the support material with a narrow size
distribution. The regular spacings between these nucleation sites can also help prevent
sintering of the catalyst particles, which is a problem often observed in direct deposition
of metal particles on planar surfaces.

Previous studies of faceting of atomically rough metal surfaces mainly focused on
body-centered cubic (bcc) or face-centered cubic (fcc) surfaces; examples include W(111)
[6, 9, 10], Mo(111) [10-12], Ni(210), Fe(111) [13] and Ir(210) [14-16]. A large uncharted
area of surface faceting is hexagonal close-packed (hcp) metal surfaces although they are
intrinsically more complicated than bcc or fcc surfaces due to the fact that each unit cell
in a hcp metal contains two instead of one atom [17]. This dissertation is the first

systematic study to understand the faceting phenomenon on hcp metal surfaces. The



reasons of choosing rhenium (Re) surfaces are two-fold: 1) Re is a hcp metal; 2) Re is a
component of many catalysts [18-21]; the study of Re faceting can be of relevance to Re-

based catalytic reactions.

1.2 General aspects of faceting

Faceting is believed to be driven by thermodynamics due to the fact that the
surface free energy of a crystal is anisotropic, depending on the crystallographic
orientation of the surface. The shape of a crystal at energy minimum, the so-called
equilibrium crystal shape (ECS), can be determined by the Wulff construction method.
Figure 1.3 shows a schematic polar plot of the specific surface free energy y of an

arbitrary material as a function of surface orientation; surfaces with small energies

Polar plot of surface free energy

= == Samples of planes normal to radius vectors of this plot

— — Equilibrium polyhedron

Fig.1.3. Typical polar plot of surface free energy for a crystal and the Wulff construction based on it.
Adapted from Ref. [26].

correspond to cusps in the plot. The Wulff construction states that the ECS of the material
is given by the smallest enclosed volume of the planes drawn at each point of the y plot
and perpendicular to the corresponding polar direction; the surfaces that appear in the

ECS all have small y.



The ECS of a crystal can be realized experimentally for small crystallites for their
small kinetic limitations involved in the process [22-25]. Herring expands the ECS
concept into extended surfaces and proves that a surface that is stable against faceting
must be present in the ECS [26, 27]. If faceting occurs on a surface with specific surface
free energy » and surface area A, the total surface free energy of the faceted surface

must be smaller than that of the original planar surface, i.e.

S HA <7, (L1)

where » and A; are the specific surface free energy and surface area of the ith facet,
respectively.

If we denote the tilt angle between the ith facet and the planar surface as &, and

the projected area of the ith facet on the planar surface as A, Eq. (1.1) can be rewritten

7.
as — LA <., 1.2
Z cosg " <70 (12)

p
Where 4, =% is the partial contribution of the ith facet to the total projected surface
area; » 4 =1,

Obviously in Eq. (1.2), the energy contributions of edges and corners are
neglected since the average facet size observed experimentally is often in the order of

~100A or higher.
For clean metal surfaces, because the anisotropy of y is often too small to fulfill
Eq. (1.2), some atomically rough surfaces, such as W(111), 1r(210), Re(1121) and

Re(1231) can be stable when they are clean. However, the anisotropy of ycan be greatly



enhanced when the surfaces are covered by adsorbates due to different energy release in
the adsorbate-substrate bonding process occurring on different surfaces; the adsorbate
may lead to reconstruction of certain surfaces that also contributes to the change of
surface energy anisotropy. For this reason, adsorbate-induced faceting on a surface is
more commonly observed experimentally than faceting of a clean surface.

Driven by thermodynamics, the faceting process is also affected by kinetic factors
such as nucleation and diffusion. Even when favored at room temperature, faceting often
occurs when the surface is heated at elevated temperatures in order to overcome kinetic
barriers to diffusion and nucleation; the average facet sizes grow with increasing
annealing temperature and time to minimize the edge energy. In the case of adsorbate-
induced faceting, the adsorption/desorption kinetics of the adsorbates also affects the
faceting process. At high temperatures, the faceted surface reverts to planar because the
anisotropy of surface free energy is reduced due to its temperature dependence or/and
desorption of adsorbates.

There are two geometric constraints of surface faceting: 1) the faceted surface
must retain the macroscopic orientation of the original planar surface; 2) the overall
symmetry of the original planar surface/substrate must be preserved by the faceted
surface. For example, three-sided pyramids are both observed in faceting of W(111) and
Ir(210). However, since W(111) and Ir(210) have Cs, and Cin symmetry, respectively,
the three sides of the W pyramids have {211} orientations [28] while the Ir pyramids are
elongated with one (110) and two {311} facets [14]. These two constraints can simplify

identification of facet orientations when the surface morphology is complicated.



1.3 Previous studies on faceting
1.3.1 Experimental studies

Most of the experimental studies on faceting are conducted under ultrahigh
vacuum (UHV) conditions; the systems studied include semiconductor, metal and oxide
surfaces (see a recent review [8]). The morphology, structure and formation kinetics of
faceted surfaces are characterized by techniques such as low energy electron diffraction
(LEED), scanning tunneling microscopy (STM), atomic force microscopy (AFM), low
energy electron microscopy (LEEM) [16, 29] and scanning electron microscopy (SEM),
among which LEED is especially powerful for quick identification of whether faceting
occurs on a surface.® The electronic structures and facet size distributions are studied by
synchrotron radiation based techniques such as high resolution soft X-ray photoemission
spectroscopy (HRSXPS) [30-32], scanning photoelectron microscopy (SPEM) [33],
grazing incidence X-ray diffraction (GIXD) and grazing incidence small angle X-ray
scattering (GISAS) [34].

Due to the existence of dangling bonds, the surface energy anisotropy of clean
semiconductor surfaces is often sufficient to cause certain atomically rough surfaces to
form facets even without the presence of adsorbates. Through systematic studies Gai et al.
have identified 13 and 14 major stable surfaces for Si and Ge, respectively [35, 36]; all
other surfaces are unstable and form facets of one or more of the major stable surfaces
upon annealing to sufficiently high temperatures. Using both statistical mechanical
models and experimental techniques, Williams and Bartelt [37] investigated faceting on

clean vicinal Si surfaces and found that steps play an important role in determining the

! See section 2.3 for details.



surface free energy. T. Suzuki et al. [38] reported faceting of GaAs(112)B surface at
Ga-rich condition; the surface is rough but not faceted at As-rich condition.

There is extensive literature that describes adsorbate-induced faceting of
semiconductor surfaces. Examples include Au on vicinal Si(001) [39-41], Au on vicinal
Si(111) [41, 42], O/Si(5 5 12) [43], Sb/Si(5 5 12) [44], Ga/Ge(113) [45], and In/Ge(001)
[46].

There are relatively few reports of faceting on clean metal surfaces because the
anisotropy of y is generally small; examples include faceting of W(210) [47], Ir(110) [48]
and vicinal Au(111) [49]. However, adsorbate-induced faceting of metal surfaces
focusing on bcc and fcc metals is widely observed. Among all the studies of adsorbate-
induced faceting, oxygen seems to be the universal agent to cause faceting. Some of the
earliest studies on faceting were conducted on oxygen-covered W(111) [50-52]; more
recent examples include oxygen-covered vicinal Cu surfaces [53-55], O/Mo(111) [11, 56],
O/1r(210) [14-16, 57], O/Pt(210) [58], O/Rh(210) [59, 60], O/Rh(533) [61], oxidation of
Pd(553) [62], and O/NiAIl(111) [33]. Other non-metallic adsorbates that can induce
faceting of metal surfaces include N/Fe(111) [13], N/Cu(210) and N/Ni(210) [63, 64],
Te/Pd(100) [65], and organic molecules on vicinal Cu surfaces [66-68]. Faceting of metal
surfaces induced by metallic adsorbates is less reported in the literature; some recent
examples include Pd/Ta(111) [69], and Ag/vicinal Cu(111) [70]. Our research group has
conducted a series of studies on faceting in bimetallic systems, focusing on W(111) and
Mo(111) [6, 9, 10]. These studies conclude that a single monolayer of certain metals (Au,

Ir, Pd, Rh or Ru) can induce faceting of W(111) and Mo(111) upon annealing at T >700K.



The facets observed in most cases have {211} orientations; they are covered by a single
monolayer of adsorbate metal without significant alloy formation.

Faceting can also occur on clean oxide surfaces. Weichel and Moller [71]
reported faceting of CoO(100) toward (110) upon annealing in UHV to 1100K. Facet
formation on polar (111) surfaces of MgO and NiO were also studied by electron
microscopy [72, 73]. More strikingly, people have found that faceting can be induced on
vicinal Al,05(0001) surfaces [74, 75], Al,03(10 10) [75-77] and vicinal MgO(100)
surfaces [78] simply by annealing in air for a couple of hours, which may expand the
application area of faceted surfaces since a UHV environment is not needed in the

process.

1.3.2 Theoretical studies

Faceting is believed to be driven by the anisotropy of surface free energy [26, 27].
However, for a given adsorbate/substrate system, it is difficult for a theorist to predict
whether faceting occurs based on thermodynamical considerations. Theoretic studies are
often impeded by difficulties in computing the anisotropy of surface free energy.
Nevertheless, with improved computing power from technological advances, progress
has been made in theoretical studies of faceting.

Chen [79] studied adsorption of Pd, Pt and Au on W(111) and Mo(111) using the
embedded atom method; his results support the idea that the surface energy anisotropy is
the driving force for faceting on these two surfaces. Oleky [80] performed Monte Carlo

simulations of metal-induced faceting of different bcc(111) surfaces with a simple solid-
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on-solid model; the results predict a hysteresis effect on the faceting-defaceting phase
transition temperature with respect to an alternating heat treatment.

First principles electronic structure calculations based on density functional
theory (DFT) have also been used to gain insights into adsorbate-induced faceting
phenomena. Strumpf [81] studied H-induced faceting of Al surfaces and concluded that
the faceting is caused by the preferential binding of H atoms at surface tetrahedral sites.
Che et al. [82] studied various metal overlayers on Mo(111); their results not only
confirm that metal-induced faceting is driven by the anisotropy of surface free energy,
but also suggest that faceting may be hindered for certain adsorbates by a formation
barrier to nucleation even when it is favored thermodynamically. Recently, Jacob and
coworkers have carried out extensive studies of faceting of O/Ir(210) [83], O/Re(1121)
[84], and N/Re(1121) [8]; the calculated (T, P) phase diagrams agree well with the
experimental results (see details in Chapters 5 and 6). Due to calculation difficulties, in
all the above DFT studies, the energy contributions from edges and kinks are ignored,
which limits the application of the calculation results to systems having high surface

energy anisotropy but small edge and kink energies.

1.4 Applications of faceted surfaces
1.4.1 Model systems for heterogeneous catalysis

Faceted surfaces provide a great playground for studying structure sensitivity and
size effects in surface reactions, which is of close relevance to heterogeneous catalysis.
The following are two major advantages of using faceted surfaces as model systems for

heterogeneous catalysis: 1) different surface morphologies can be obtained on one
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crystalline sample, and the results from planar and faceted surfaces can be compared in
situ; 2) the facets have a narrow size distribution and the average facet sizes can be easily

adjusted by changing annealing temperature and time.

Extensive studies of surface reactions on planar and faceted surfaces have been
carried out in our research group [7, 8]. Evidence of structure sensitivity has been seen in
n-butane hydrogenolysis on Pt/W(111) [85], acetylene reactions on Pd/W(111) [86],
methanol oxidation on O/Re(1231) [30], CO oxidation on O/Ir(210) [87], decomposition
of acetylene on 1r(210) [88] and decomposition of H, and NH3 on 1r(210) [89]. As an
example, Fig. 1.4 shows TPD spectra of H, and N, as decomposition products of NH3 on
clean planar and faceted 1r(210) with different facet sizes [89]. The changes of spectra
profiles on different surfaces not only show structure sensitivity in decomposition of NHs,
but also demonstrate size effects for the first time in surface chemistry on an unsupported

monometallic catalyst surface.
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Fig. 1.4. TPD spectra of H, and N, following adsorption at 300K of 5L NH; on clean planar Ir(210) and
clean faceted Ir(210) with different average facet sizes at 300K. The sample heating rate is ~2.5K/s.
Adapted from Ref. [89]
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1.4.2 Templates for nanostructure growth; nanoimprint lithography

Faceted surfaces with a narrow size distribution are attractive templates to grow
nanostructures; the ordered edges and kinks on faceted surfaces provide preferential
nucleation sites. Ohmori et al. [90] reported growth of Ge nanowires using a faceted
Si(173 100 373) surface as a template. Self-organized arrays of yttria-stablized zirconia
were successfully grown on a faceted vicinal Al,O5; (0001) surface [74]. Highly ordered
Fe and Nb stripe arrays were grown by molecular beam epitaxy (MBE) techniques on a

faceted Al,O3 (10 1 0) surface [77].

In our group, we also achieved growth of self-organized Co particles using a
faceted O/Re(1231) surface as a template [91]. As shown in Fig. 1.5, the faceted
O/Re(1231) surface shows long 2-sided ridges under certain conditions®; Co nano-
particles nucleate preferentially inside the grooves and the average particle size correlates
well with the average ridge width. This approach can be extended to grow supported

catalysts with a narrow size distribution.

Gabi and coworkers [75] developed another interesting application of faceted
surfaces by using a faceted Al,Os (1010 ) surface as a template to make
polydimethylsioxane (PDMS) stamps. The elastomeric PDMS stamps can then be used to
print ordered arrays of self-assembled alkanethiol or chlorosilane monolayers on Au-
coated or bare Si wafers, respectively. Further chemical etching of the printed surfaces

leads to formation of ordered Au or Si nanostructures [75].

? See Chapter 3 for details.
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Figure 1.5. STM image (350nm x 350nm) showing 1-D arrays of Co clusters on a faceted O/Re(1231)

surface. The surface is prepared by depositing 2ML Co on a oxygen-saturated faceted Re(1231) surface at
300K followed by annealing at 800K.

1.5 Overview of dissertation

This dissertation explores for the first time the morphological instability of
atomically rough hcp metal surfaces. Focusing on two rhenium surfaces: Re(1231) and
Re(1121), we investigate how their surface morphology can be modified in the process
of adsorbate-induced faceting. The richness of the observed facet structures shows great
promise that atomically rough hcp metal surfaces can be tailored to desired morphologies
by choosing proper substrate/adsorbate species and annealing conditions; the faceted
surfaces then provide excellent model systems for studying structure sensitivity in
heterogeneous catalysis as well as templates for growth of well dispersed nanostructures.

Several complementary surface science techniques have been employed to study
the structural, electronic and chemical properties of both planar and faceted surfaces. The
techniques include: low energy electron diffraction (LEED), scanning tunneling
microscopy (STM), Auger electron spectroscopy (AES), temperature programmed

desorption (TPD) and high resolution soft X-ray photoemission spectroscopy (HRSXPS)
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based on synchrotron radiation. We also collaborate with theorists to gain insights into
the thermodynamical driving force of faceting process by density functional theory (DFT)
calculations.

The coverage dependence of surface morphology is demonstrated in O-induced
faceting of Re(1231). Depending on oxygen coverage, a series of facet structures are
observed ranging from two-sided ridges to complicated structures exposing five facets.
This complexity is in sharp contrast with the simple structures reported in faceting of
W(111), Mo(111) and Ir(210).

We reveal the sensitivity of surface morphology on adsorbate species by
comparing the facets observed in O-induced and N-induced faceting of Re(1121). The
structural connections between the metastable facets in O-induced faceting of Re(1121)
are also investigated.

Along with the experimental findings, we have also developed methods of fast
identifying facet orientations by LEED; they include: 1) using the LEED pattern from a
planar surface as an in-situ reference frame to locate the positions of specular beams from
facets; 2) using crystallographic zone analysis to reduce the search pool of facet
candidates on the basis of the collective motion behavior of diffraction beams from two
facets.

The dissertation is organized as follows: Chapter 2 contains brief descriptions of
all experimental techniques used in the study; Chapter 3 deals with O-induced

morphological evolution of faceted Re(1231) surfaces; In Chapter 4, we discuss the

stability of facets observed in O-induced faceting of Re(1231), focusing on the (1121)
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facet. Chapter 5 and 6 describe O-induced and N-induced faceting of Re(1121),

respectively. Conclusions and future directions are given in Chapter 7.
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Chapter 2 Experimental facilities

2.1 Ultrahigh vacuum (UHV) environment

The experiments are conducted in ultrahigh vacuum (UHV) chambers made of
stainless steel with background pressures less than 1x10° Torr; this UHV environment
is essential to ensure the cleanliness of a surface in the time period of experiments. For
simplicity, let us assume the background gas with pressure p and temperature T contains
only one molecule species and obeys the ideal gas law, the number of gas molecules

hitting on a unit surface area per second, according to the kinetic theory [1], is

o (2.1)

Jzk.T
where kg is the Boltzmann constant, and m is the mass of the gas molecule.

For p =1 x 10° Torr and T = 300K, n is in the range of 0.3-1.4 x 10" cm™.s™* for
the most common background gas molecules in a UHV chamber such as H,, H,O, CO
and CO; [1]. Since the atomic density for a clean surface is about 1x10™ cm™, the whole
surface (typical sample area ~1cm?) will be covered by 1 monolayer of gas molecules in
less than 30 seconds even with a underestimated sticking coefficient about 0.1. Therefore,
to get a reasonable time period for various experimental measurements with a clean
surface, a UHV environment is a must.

A UHV environment is achieved by multistage pumps working in series and/or
parallel; the pumps include mechanical pumps, turbomolecular pumps, ion pumps and
titanium sublimation pumps. The base pressure of a chamber is determined by the
balance between the pumping speed and the outgassing rate of the materials in the

chamber. One major source of the outgassing is the slow desorption of water and/or
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hydrocarbon molecules adsorbed on the inner walls of the chamber [1]. To accelerate this
desorption process so that a UHV environment can be achieved in a short time period, the
chamber is usually baked at ~150°C for 24-48 hours during pumping. As an example, one

of the UHV chambers used in the study is shown in Fig. 2.1 with the instruments labeled.
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Fig. 2.1. A schematic top view of a UHV chamber used in the study (adapted from Ref. [2]).

2.2 Auger electron spectroscopy (AES)

Auger electron spectroscopy is a common technique to analyze the chemical
composition of a surface by detecting electrons emitted from the surface in a so called
Auger process. As shown in Fig. 2.2(a), the Auger process involves electron transitions in
an excited atom with a core hole in an energy level A. The core hole can be generated by

photons or high energy electrons (3-5keV) as used in a typical AES instrument. Since the
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atom is in an excited state, an electron in a higher energy level B may fall into the
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Fig. 2.2. (a) A schematic Auger process; (b) A typical Auger spectrum taken after dosing 0.3L O2 on a
Re(1231) surface.

energy level A to fill the core hole; the energy released from this transition may excite
another electron in another energy level C to escape into vacuum and to be detected. If
we ignore relaxation or final state effects, the kinetic energy of the emitted electron Exg is
Ee«=E,—-Ez —E¢, (2.2)
where Ex Eg and E; are binding energies of an electron in energy levels A, B, and C,
respectively. Since the values of Ea Eg and E. are elementally sensitive, analyzing the
energy spectrum of the Auger electrons provides chemical identification of the atoms on
the surface; the surface sensitivity of AES comes from the fact that most of the AES
electrons have a mean free path of 5-10 A [3]. An Auger spectrum is often presented in
the form of differentiated electron signal dN(E)/dE as a function of electron energy E
because the Auger electrons only generate small peaks on a strong background due to

other back-scattered electrons. As an example, Fig. 2.2(b) shows a typical Auger
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spectrum taken from an oxygen covered Re(1231) surface, in which both Re and O
peaks can be identified by comparing with archived standard spectra. In the current study,
AES is mainly used for two purposes: 1) to check the cleanliness of a surface before any
further experimental procedure is performed; 2) to monitor the coverage of an adsorbate

by monitoring its Auger signal intensity.

2.3 Low energy electron diffraction (LEED)

LEED is a widely used technique to study surface structures based on the wav-
particle duality of electrons. For an electron with energy E., its de Broglie wavelength A
can be written as

- h 123
J2mE, JE,(eV)

A). (2.3)

where h is the Planck constant and m, is the electron mass. According to Eq. (2.3), for E¢
between 20-200 eV, A is between 2.8-0.9 A, comparable with the lattice constant of a
typical crystal, therefore, a diffraction pattern should be expected when an electron beam
in such an energy range hits on a crystalline surface.

Figure 2.3 shows a schematic view of a typical LEED apparatus. An electron gun
produces an energy-adjustable monochromatic electron beam incident on a single crystal
surface, usually normal to the beam direction. The elastically back-scattered electron can
then pass through several energy filtering grids and hit a fluorescent screen to generate a
pattern. The shape, symmetry and periodicity of the surface structure can be identified by
just analyzing the pattern on the basis of a simple kinematic theory considering only a

single-scattering process [4]. To determine the positions of surface atoms, the diffraction
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beam intensity as a function of incident electron energy must be analyzed using a more
complicated dynamical theory that involves multiple-scattering processes [4]. The surface
sensitivity of LEED comes from the following reason: the mean free path of 20-200 eV
electrons in a crystal is less than 10 A [3], so the elastically back-scattered electrons that
can reach the screen must come from the near surface region of the crystal. In the current
study, we care more about identifications of facet orientations based on the shape,
symmetry and periodicity of surface structures, so the kinematic theory is enough for this

purpose. Below is a brief description of the kinematic theory for LEED [4].

flourescent
screen

Fig. 2.3. A schematic view of a LEED apparatus.

Let us denote the unit vectors of a surface lattice as a, and a,, and the surface
normal vector as . A corresponding reciprocal space can be defined with its unit vectors

b, and b, given below:
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— a,xn
=2n————
(31 xaz)'ﬁ . (2.4)
~ nxa,
=21—————
(alxaz)'ﬁ

1
2

The incident electron beam can be represented by a plane wave with a wave

vector k; ; similarly, the diffraction beam is also represented by a plane wave with a wave
vector k.. The Bragg conditions for diffraction in 2-D require that the momentum
transfer parallel to the surface k ,—k;, be equal to a reciprocal lattice vector

g =mb +mb,, where m; and m, are integers. The elastic scattering condition requires

K| =[] = 22N

which gives the constraint of the momentum transfer

perpendicular to the surface. Another easy way to represent the above two conditions and
to visualize the spatial relationship between the incident and the diffracted beams is
through the so-called Ewald sphere construction [1].

As shown in Figure 2.4, the Ewald sphere is constructed by putting the head of

the incident wave vector k at the origin of the Cartesian coordinate system of a 3-D
reciprocal space and using the tail of k. as the center to draw a sphere whose radius

equals the length of k. The 2-D reciprocal lattice of the surface is represented in the 3-D

reciprocal space by a set of rods perpendicular to the surface; the projection of the rods

on the surface retain the 2-D reciprocal lattice defined by unit vectors b, and b,. A
diffraction wave vector IZS is then determined by connecting the sphere center to any of

the intersection point between a reciprocal rod and the upper hemisphere.
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Fig. 2.4 Ewald sphere construction for two different electron energies when the incident electron beam is
normal to the surface; See text for the labels.

In the current study, LEED measurements provide a simple way to quickly check
whether faceting occurs on the surface, which is based on how the diffraction beams
move when the incident electron energy E. changes. The crystal sample is usually
mounted in a way that the incident electron beam is normal to the macroscopic surface.
For a planar surface, as the case in Fig. 2.4, the zero order diffraction beam (specular
beam) would hit the center of the screen if the electron gun did not block the way. When
E. increases, the specular beam position remains in the center of the screen. However, all
other diffraction beams converge to the center of the screen due to position changes of
the intersection points between an enlarged Ewald sphere with the reciprocal rods (see
Fig. 2.4). The situation is completely different for a faceted surface. As shown in Fig. 2.5,
when the incident electron beam is not perpendicular to a facet surface, the specular beam
is now away from the center of the screen. When E. increases, the new specular beam

position does not change while all other diffraction beams from the same facet converge
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to this off-centered point; the total number of the off-centered specular beam positions
indicates how many facets exist on the surface. Even when a specular beam lies outside
of the screen, we can still identify the occurrence of faceting by monitoring the motion

pattern of the diffraction beams with varying Ee.

Fig. 2.5 Ewald sphere construction for two different electron energies when the incident electron beam is
not normal to a facet; the blue arrows indicate the specular beam. See text for the labels.

2.4 Scanning tunneling microscopy (STM)

Scanning tunneling microscopy, a technique that can probe a surface with atomic
resolution, is the first among many now widely used scanning probe microscopy
techniques; its advent in the early 1980s [5-7] brings enduring impact on surface

phenomena in physics, chemistry, materials science and biology [8-10]. For their
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invention of the STM, G. Binnig and H. Rohrer were awarded the Nobel Prize in physics

in 1986.
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Fig. 2.6. A schematic view of a STM apparatus (adapted from Michael Schmid, TU Wien).

Figure 2.6 shows a schematic view of a typical STM design [11]. The essential
part of a STM instrument is an atomically sharp W(or Pt, Ir) tip made by chemical
etching or mechanical cutting. The tip is brought so close to a metal or semiconductor
surface that a tunneling current can be detected once a bias voltage is applied between the
tip and the surface. This tunneling current | is very sensitive to the distance between the
tip and the surface. In a simple 1-D model of tunneling through a barrier without

considering details of the tip and the surface [1], we have

| oc exp(_z— thmed’d) = exp(~1.025,/d(eV)d (A)), (2.5)
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where d is the distance between the tip and the surface, 7 is the reduced Planck constant
and ¢ is the average barrier height related to the work functions of the tip and the surface.
For a typical value of ¢ ~ 4eV, Eq. (2.5) shows that a change of d by 1A will lead to an
order of magnitude change of I. In Fig. 2.6, the tip is mounted on a piezoelectric ceramic
tube; by applying proper voltages on the tube, it deforms to let the tip scan the surface. If
a feedback loop is used in the scanning process to maintain a constant tunneling current,
the moving contour of the tip records the topography of the surface. This straightforward
view of a STM image as a surface topographic map is not always right especially when
one tries to correlate the atomic scale features in the STM image with real atom positions
on the surface; for example, the protrusions observed on a GaAs(110) surface cannot
always be explained as Ga atoms for different bias voltages [12]. The detected tunneling
current depends on the spatial distributions of the electronic states of both the tip and the
surface. Theoretical studies show that when the tip electronic state is modeled by an s-
wave, for small bias voltage the STM image can be interpreted as a contour of constant
local density of states (LDOS) of the surface at the Fermi level [13, 14]. Although this
widely-accepted view captures the essence that a STM image is not a simple replica of
the surface topography, it does not fully explain the atomic resolution achieved

experimentally. The atomic resolution requires that the tip has localized p, or d , states,

[15] which may be realized by a single W atom migrating to the apex of the W tip under
the strong electric field between the tip and the surface.

In the current study, STM is used mainly for two purposes: 1) to confirm the
LEED results by providing complementary information in real space; 2) to investigate

surface properties that are difficult for LEED to probe such as the size distribution of the
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facets and subtle morphological evolution of faceted structures. Since the facet size is
often larger than tens of angstroms, the STM image obtained does reflect the surface
topography.

2.5 Other techniques

Besides the experimental techniques mentioned above, temperature programmed
desorption (TPD) and high resolution soft X-ray photoemission spectroscopy (HRSXPS)
based on synchrotron radiation are also used in part of the dissertation study. Below are
brief descriptions of these two techniques.

A. Temperature programmed desorption (TPD)

To obtain a TPD spectrum, a surface is heated with a linear heating rate and the
flux of a targeted mass species that desorbs from the surface is recorded simultaneously
as a function of surface temperature by a mass spectrometer; by changing the mass
spectrometer settings, a series of TPD spectra for different masses can be obtained. From
the TPD spectra one can gain insights into the desorption kinetics of adsorbates, the
adsorbate-surface binding energies, and surface reactions [16]. In the study of ammonia-
induced faceting on Re(1121), TPD is used to identify the actual chemical species that is
responsible for inducing faceting.

B. High resolution soft X-ray photoemission spectroscopy (HRSXPS) based on
synchrotron radiation

X-ray photoemission spectroscopy (XPS) is a technique based on the electron
photoemission process as shown schematically in Fig. 2.7. When a photon with energy

hventers a solid, its energy can be absorbed by an electron in an energy level E,; the then
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excited electron may escape from the solid and be detected. The kinetic energy of the

escaped electron E, is
Ew =hv-E,+E,, (2.6)
where E, comes from energy release of the relaxation of other electrons to screen the

core-hole generated.

photoelectron

Vacuum
incident photon

hv

N4 EA
Fig. 2.7. A schematic photoemission process.

If the photon energy is high enough that even electrons at the core levels of an
atom can be excited to escape from the solid, the energy spectrum of the emitted
electrons can be used to identify the atom species because now Ea is elementally sensitive.
Different chemical states of the atom can also be revealed in a core-level spectrum
because the differences in local chemical and electronic environment affect both E, and
E:.

Our HRSXPS study is conducted on beamline U4A of the National Synchrotron
Light Source (NSLS) at Brookhaven National Laboratory. A synchrotron light source has
a great advantage over a traditional X-ray source: the tunability of photon energy in a

wide range. This energy tunability can be used to increase the surface sensitivity and to
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improve the resolution of the spectrum. We choose the photon energy close to the
threshold of photoelectron emission from a targeted core level so that the kinetic energy
of emitted electrons is about 20-100eV. The surface sensitivity is increased because
electrons in this energy range have a small attenuation length [3]. The high resolution
comes from the fact that an electron energy analyzer can achieve better resolution at

smaller electron energy. As an example, Fig. 2.8 shows typical HRSXPS spectra taken

from a clean Re(1231) surface.

“A2 44 46 48

Intensity (arb. units)

0 20 40 60 80 100
Kinetic Energy (eV)
Fig. 2.8. Typical HRSXPS spectra of a clean Re surface.
2.6 Characterization of sample orientation
Two Re(1231) and one Re(1121) single crystals (99.99% pure) are used in the
study; they are small discs, 1-2 mm thick and 8-10mm in diameter. The crystals are
polished on one side and aligned within 0.5° of desired orientations. The crystallographic

orientations of the Re crystals are confirmed by X-ray diffraction (Laue pattern) before
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any faceting experiments. Figure 2.9(a) shows the X-ray diffraction pattern of a Re(1231)
single crystal; the sharpness of the diffraction spots indicate the sample is of good quality.
Since Re(1231) only has C; symmetry, no rotational axis or reflection plane is present in

the diffraction pattern. The simulated diffraction pattern based on the ideal crystalline

structure of Re(1231) is shown in Fig. 2.9(b); the resemblance between Fig. 2.9(a) and

A o PR | :E
3 L
LSttt D
B' .. L] h .C
() (b)* |

Fig. 2.9. Experimental X-ray diffraction pattern (a) and simulated pattern (b) of Re(1231). Points labeled
as A-E in (a) and (b) are for comparison of the two patterns.

(b) confirms that the crystal indeed has a (1231) orientation. A similar check is
performed on a Re(1121) single crystal, and the experimental diffraction pattern and the
simulated pattern are shown in Fig. 2.10(a) and (b), respectively. For Re(1121), its

Bravais lattice has a mirror symmetry, so a reflection mirror plane can be identified in

both Fig. 2.10(a) and (b).
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Fig. 2.10. Experimental X-ray diffraction pattern (a) and simulated pattern (b) of Re(1121). Dashed lines
in (a) and (b) represent the mirror plane of reflection.
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Chapter 3 Morphological evolution in oxygen-induced faceting of Re (12§1)

3.1 Introduction

It is well known that the interactions between adsorbates and substrates can enhance
the anisotropy of surface free energy. As a result, a clean surface that is originally planar,
when covered by adsorbates and annealed, may undergo faceting to reduce the total
surface free energy [1]. The thermodynamically-driven faceting process involves mass
transport of a relatively large amount of atoms, and is affected by kinetic factors such as
nucleation rate and diffusion rate. Atomically rough metal surfaces are major subjects for
faceting studies because they generally have higher surface free energies than close-
packed surfaces and are less stable against adsorbate-induced faceting. Previous studies
on adsorbate-induced faceting of atomically rough surfaces focus on bcc metals, such as
W(111), Mo(111), or fcc metals, such as Cu(210), Ir(210), Ni(210) and Pt(210) [2-9]; of
all these surfaces, W(111) has been most thoroughly studied [10, 11]. So far, there are no
simple rules to predict whether faceting will occur in an arbitrary adsorbate-substrate
system, but oxygen is observed to cause faceting in a majority of cases. The
morphological changes upon faceting often bring changes in surface electronic properties
and surface reactivity. For example, evidence for structure sensitivity in butane
hydrogenolysis [12] and acetylene surface chemistry [13] has been found on planar and
faceted Pt/W(111) and Pd/W(111) surfaces, respectively. On faceted 1r(210) surfaces,
recent studies have also revealed structure sensitivity in chemical reactions such as

decomposition of acetylene and ammonia, and CO oxidation [14-16].
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In this chapter we extend the scope of our faceting studies from bcc and fcc metal
surfaces to a hcp metal surface, Re(1231), and report considerable richness in the

morphology of oxygen-induced faceting: annealing Re(1231) with different oxygen
coverages reveals a morphological evolution from long sawtooth ridges, to complex
structures exposing four different facets. Since Re is an important component in many
catalysts [17-20], the faceted Re surfaces are attractive model systems to study structure
sensitivity in Re-based catalytic reactions. A preliminary study has been carried out on
methanol oxidation on oxygen-covered planar and faceted Re surfaces, showing
differences in the reactivity of these two surfaces [21]. The electronic properties of the
planar and faceted Re surfaces were also investigated by high resolution soft X-ray
photoemission spectroscopy (HRSXPS) using synchrotron radiation at NSLS and
reported elsewhere [22].

The orientation (1231) is chosen for two reasons. First, Re(1231) is an atomically
rough surface, and is expected to have high surface free energy relative to more close-
packed Re surfaces, so there is a high probability that faceting may be induced on this
surface. Re has a hcp structure with unit cell parameters a=2.761A and c=4.458A [23]; as
shown in Fig. 3.1(a), the unreconstructed Re(1231) surface has six layers of atoms
exposed and the top-layer atoms show a quasi-hexagonal arrangement with only C;
symmetry. Since for a hcp lattice there are two atoms in each primitive unit cell, the
second stacking sequence of Re(1231) is shown in Fig. 3.1(b), which has different local

arrangements for the top layer atoms but the same unit cell and periodicity. Second, as

shown in the sterographic projection in Fig. 3.1(c), the (1231) surface is near to several
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more close-packed surfaces that could be potential facets, such as (1120), (0110),

(0111)and (1122).

Fig. 3.1. (a) A hard-sphere model of the bulk-truncated (1231) surface with a unit cell marked. (b) The

other stacking sequence of the (12 3 1) surface with one more layer of atoms added on top of the surface in
(a). The unit cell marked is the same as (a). (c) The stereographic projection of the hcp lattice on the plane

of (1120). The (1231 ) surface is labeled by a hollow circle.
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3.2 Experimental
All experiments are performed in two ultra high vacuum (UHV) chambers with base
pressures about 1x10™° Torr. One chamber contains AES, LEED instrumentation and a

quadrupole mass spectrometer (QMS), and the other chamber contains LEED, AES,

QMS and a McAllister scanning tunneling microscope. Two Re(1231) single crystals
with a purity of 99.99% are used in the study; they are ~10mm in diameter, ~1.5mm thick
and aligned within 0.5° of the (1231) orientation. The Re crystals are cleaned by cycles
of e-beam heating in oxygen (1x107 Torr) followed by flashing in vacuum to above
2000K, and the cleanliness of the Re surfaces is checked by the AES in both chambers.
The residual contaminant species such as carbon and oxygen are below 1-2 percent of a
monolayer of atoms. Oxygen is dosed on the Re surfaces at room temperature by
backfilling the chamber and pressures are measured using an uncalibrated Bayard-Alpert
ionization gauge. The sample temperatures are measured either by a C-type (W-5 at.%
Re/W-26 at.% Re) thermocouple spotwelded to the back of the Re crystal or by an
infrared pyrometer. All STM measurements are made at room temperature with a typical
sample bias between 0.5 to 1.2V and a tunneling current between 0.6 and 1nA. The X and
Y dimensions of the STM scan range are calibrated using atomically resolved STM
images of the S(4x4)/W(111) reconstruction [24] and the Z dimension is calibrated
based on tilt angle measurements between (211) and (111) planes in faceted O/W(111)

[25].
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3.3 Results
3.3.1 Morphological evolution of the facets
A. AES and LEED study

The relative oxygen coverage @is determined from measurements of the O/Re Auger
peak height ratio as a function of oxygen dose at room temperature; the oxygen dose is
expressed in units of Langmuir (L, 1L=1x10°Torr-s=1.33x10™“Pa-s). As shown in Fig.
3.2, the O/Re Auger ratio increases with oxygen dose and reaches saturation when the
oxygen dose is between 5 and 7L, which is comparable with an early AES study of
oxygen adsorption on a vicinal Re(0001) surface, where the saturation is reached after an

exposure between 7 and 8L [26]. In a previous XPS study of oxygen adsorbed on
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Fig. 3.2. The oxygen uptake curve on Re(1231) at room temperature measured by AES. Both the O/Re
Auger peak height ratio and the average O coverage (6, in monolayers) are plotted vs. O, dose in
Langmuirs.
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polycrystalline Re surface, the saturation coverage is also found to be reached at an
oxygen exposure about 5L [27]. If we define the coverage corresponding to the saturation
O/Re Auger ratio as one monolayer (ML), i.e. 8= 1ML, the relative oxygen coverage for
a given oxygen dose can be determined by normalizing the measured O/Re Auger ratio to
the saturation value. This definition of saturation coverage is used here only for low
oxygen doses (<10°L) because with high oxygen doses the O/Re Auger peak height ratio
may exceed the above saturation value as a consequence of surface oxidation or oxygen

diffusion to the subsurface.

. . 0,3)

(O 1 '2) .
() : : (b)

Fig. 3.3. (a) A LEED pattern from a clean surface with the (0,3) and (0,-2) diffraction spots labeled:;

E.=70eV. (b) A LEED pattern from a O/Re(1231) surface prepared by dosing 0.5L O, (@ = 0.5ML) at
300K followed by annealing at 900K; E.=70eV.

Fig. 3.3(a) shows a typical LEED pattern from a clean Re (1231) surface; all beams
are characteristic of the (1x1) structure. There are no other LEED features found after
annealing the surface at temperatures up to 2000K. When the incident electron energy (E.)
increases, all the diffraction spots converge to the center of the LEED screen, indicating

that the surface is macroscopically planar although it is atomically rough. No new
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features appear in the LEED pattern when the surface is exposed to O, up to 300L at
room temperature except for a slight increase of the background intensity, which can be
attributed to random adsorption of oxygen atoms.

Annealing the oxygen-covered surface may cause various new features in the LEED
pattern depending on oxygen exposure (coverage). When the oxygen dose is less than
0.5L (8 < 0.5ML), the surface remains planar and retains the (1x1) structure after
annealing at temperatures up to 2000K. In contrast, when the oxygen dose is between
0.5L and 1L (0.5ML < < 0.7ML), streaks along one direction emerge around the (1x1)
spots after annealing at >700K (see Fig. 3.3(b)). These streaks do not converge to the
screen center as E. increases, indicating the formation of tiny facets that coexist with the
(1231) surface. For an oxygen dose between 1L and 3L (0.7ML < 6 < 0.9ML) and after
annealing at >700K, the (1x1) LEED spots totally disappear and the streaks in Fig. 3.3(b)
evolve into sharp spots (see Fig. 3.4 (a)). Just like the streaks, these new diffraction spots
do not converge to the screen center but move toward either of two fixed spots marked by
two circles A and B in Fig. 3.4(a) when E. increases. The two fixed spots are specular
beams of the facets and this phenomenon can be better illustrated in a LEED pattern
taken with variable E, shown in Fig. 3.4(b), in which each short line represents the
moving trace of a LEED spot as E. is changed from 40 to 146 eV. It is clear that these
lines point to the same two positions away from the center of the screen, also marked by
two circles A and B, which indicates that the surface is no longer planar but completely
faceted with a sawtooth ridge-like morphology.

The orientations of the two facets are determined by comparing the specular beam

positions with the LEED spots from a planar Re(1231) surface. When E, is 70+5eV, the
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(b)

Fig. 3.4. LEED patterns of a faceted O/Re(1231) surface formed by dosing 3L O, (6 = 0.9ML) at 300K
followed by annealing at 900K. (a) E.=70eV. (b) E, varies from 40 to 146 eV. The circles A and B indicate
specular beams from the facets. (c) is the kinematical simulation of (a).
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(0,3) diffraction spot from the planar Re(1231) surface (see Fig. 3.3(a)) is located almost
in the same position on the LEED screen as specular beam A in Fig. 3.4(a) from one of
the two facets; the estimated error range of E. is due to the uncertainty of determining a
perfect match and the inner potential of the Re sample. The spatial orientations of the
(0,3) beam can be determined simply from the structure of the reciprocal rods of
Re(1231) and the Ewald sphere construction [28], from which the tilt angle between the
(0,3) beam and the normal direction of (1231) is calculated as 44+2°; therefore the tilt
angle of the facet relative to (1231) is 22+1°. Similarly, a good match is found between
the (0,-2) spot from the planar Re(1231) and specular beam B in Fig. 3.4(a) for
E.=85+5eV, and the tilt angle between this facet and (1231) is then calculated as
12.5+0.5°. Based on these measurements, the Miller indices of the facets are identified as
(0110) and (1121), and the ridge direction is identified as [2113]. The tilt angles
between (0110), (1121) and the substrate are 22.2° and 12.0°, respectively, agreeing
well with the experimental values. Fig. 3.4(c) shows a kinematical simulation of the
faceted LEED pattern in Fig. 3.4(a) for E.=70 eV, based on the bulk-truncated structures
of (0110) and (1121). The similarity between the simulation and the experimental
pattern not only confirms the orientations of the facets but also suggests that there is no
reconstruction on either facet, which retain their (1x1) structures.

When the oxygen dose at room temperature exceeds 3L (6> 0.9ML), the morphology
of the faceted surface formed upon annealing becomes more complex with the emergence
of new spots in LEED. Fig. 3.5(a) is a typical LEED pattern from a O/Re(1231) surface

prepared by dosing 10L O, (@ = 1ML) followed by annealing at 1000K. In addition to all
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Fig. 3.5. LEED patterns of faceted O/Re(1231) surfaces formed by dosing 10L O, (¢ = 1ML) at 300K
followed by annealing at different temperatures. (@) 1000K, E.=70eV. (c) 1200K, E.=70eV. (b) is the
kinematical simulation of (a). See text for the labels in (a) and (b).
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the LEED spots from the original two facets, new faint spots (e.g. spots marked by c; and
C in Fig. 3.5(a)) can be seen. When E. increases, these extra spots move toward a third
direction rather than converging to either of the two original specular beam positions,
indicating the formation of a third set of facets that truncate the original ridges. Since the
specular beam from the third facet lies outside the LEED screen, it is difficult to
determine the facet orientation directly. However, an analysis of the spatial relationship
between the spots from the third facet and those from the two original facets can provide
a clue. In Fig. 3.5(a), a; and b; mark representative spots from (1121) and (0110),
respectively, and they form a quasi-isosceles triangle with spot ¢y, in which the distance
aib; is approximately equal to a;c;. When E. changes, b; and ¢; move almost
symmetrically relative to a; to retain the configuration of the quasi-isosceles triangle. The
same behavior is also observed for spots a,, b, and c,, where a, and b, are from (1121)
and (0110), respectively. These observations suggest that the third facet and the (01 10)
facet are spatially symmetric relative to the (1121) facet, which leads to (10 10) as the
logical choice of the orientation of the third facet (see the stereographic projection in Fig.
3.1(c)). The small amount of symmetry-breaking in LEED is due to the fact that the
incident electron beam is along the normal direction of (1231) rather than that of (1121)
and the tilt angle between these two orientations is only 12.0°. To verify this, a
kinematical simulation of the LEED pattern based on the bulk-truncated structures of
(1121), (0110) and (1010) is shown in Fig. 3.5(b) with spots as, by, ¢1, a, b, and ¢,
labeled, which agrees well with the experimental pattern in Fig. 3.5(a). The tilt angle

between (1010) and (1231) is 42.2°, meaning the angle between the specular beam of

(10 10) and the incident electron beam is 84.4°, which is greater than the half-maximum
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acceptance angle of the LEED screen (60°), and is consistent with the experimental
observation that the specular beam of (1010) lies outside of the screen. The (1010)
orientation is further confirmed in the STM study discussed in next section.

Careful examination of LEED patterns like Fig. 3.5(a) reveals several faint streaks
marked by three arrows. These streaks do not belong to any of the three identified facets
because they converge to a fourth position lying outside of the LEED screen as E.
increases. The fact that the new features are faint and streaky implies that they originate
from a fourth facet that is not well developed and has limited size in one direction. For
this reason, it is difficult to identify the orientation of the fourth facet from LEED. In the
following section, we show how STM measurements can help provide a solution.

It is important to point out that when the oxygen dose is between 3L and 5L (0.9ML <
6 < 1ML), the streaks marked by the arrows in Fig. 3.5(a) become less prominent. With

the oxygen dose reduced to the lower limit 3L (8 = 0.9ML), the streaks disappear and

only diffraction spots from (1121), (0110), and (1010) can be observed. Annealing
the oxygen-covered surface in Fig. 3.5(a) at 1200K leads to the LEED pattern in Fig.
3.5(c). The streaks associated with the fourth facet disappear and the pattern looks like
that from the ridges without truncation since the spots associated with the third facet are
also weak. This morphology reversion can be attributed to desorption of oxygen at 1200K
[29]. By annealing at 1600K, the coverage of oxygen remaining on the surface is not
even sufficient to maintain the surface as partially faceted; the surface reverts to the

planar morphology with a LEED pattern similar to Fig. 3.3(a).
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B. STM study

Fig 3.6(a) shows a typical STM image from a faceted Re(1231) surface prepared by
dosing 1L O, (8 = 0.7ML) and annealing at 1000K. The eye-catching feature is that the
surface is not planar but completely covered by long ridges along the [2113] direction
with typical length larger than 500 A and the longest length about 1000 A. Fig. 3.6(b) is
the cross-section profile along the line marked in Fig. 3.6(a), showing the sawtooth-like
character of the facet morphology, from which the tilt angles of the facets relative to
(1231) can be determined by measuring the slopes of the line segments. Based on
analysis of several similar cross-section lines, the tilt angles with respect to the substrate

are measured as 23.5+1.9° and 12.2+1.2°, respectively, which agree well with the ideal

A (b)

100200300 400 (A)

| I (c)

0O 60 80 100 120
Ridge width (A)

Fig. 3.6. (a) STM image of a faceted O/Re(12 3 1) surface prepared by dosing 1L O, (9= 0.7ML) at 300K
followed by annealing at 1000K. The dimensions are 1000Ax1000A. (b) A cross-section profile of the line
marked in (a). (c) Histogram of the ridge width distribution in (a).
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values 22.2° and 12.0° of the (01 10) and (1121) facets identified in LEED experiments.
The width of the ridges is quite uniform with a mean value 82+7A:; the result of a ridge

width survey is shown in Fig. 3.6(c). The ridge-like morphology on the faceted Re(1231)
surface is very different from those reported to date for other refractory metal surfaces,
such as W(111), Mo(111) and Ir(210), where three sided-pyramidal facets are observed
[8, 10, 30]. Nevertheless, similar faceting morphology has been reported in other systems
such as faceting on Pt(210) induced by CO oxidation [9], the Ga rich GaAs(1 12)B

surface [31] and faceting on vicinal Si(111) surfaces [32]. These ridge-like structures on

O/Re(1231) are stable at room temperature; no morphological change can be found over
the time span of more than a week.

As manifested in the LEED study, the STM results also reveal in greater detail that
the morphology of the faceted surface depends on oxygen coverage. Fig. 3.7(a) is a
typical STM image taken from the O/Re(1231) surface prepared by dosing 3L O, (6 =
0.9ML) followed by annealing at 800K, in which the ridges are all truncated by a third set
of facets as indicated by LEED measurements. Because of the large undulation of height
in the ridge structure and the limited resolution of the gray scale, it is difficult to see
topographic details of the facets in the raw STM images. By differentiating the height
along the X direction (X-slope), the details can be enhanced at the cost of losing the
height information. In an X-slope STM image, regions with the same slope along the X
direction are displayed with the same gray color. Fig. 3.7(b) is the X-slope image of Fig.
3.7(a); this image exhibits enhanced contrast, in which the light gray areas are (0110)
facets, the gray areas are (1121) facets and the dark areas are attributed to the third facet

(1010). It is noteworthy that the (1121) facets often contain bunched steps within one
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(1010)
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Fig. 3.7. STM images of faceted O/Re(1231) surfaces prepared by dosing 3L O, (6 = 0.9ML) at 300K

followed by annealing at 800K for 2 minutes. (a) 500Ax500A, raw data; (b) after the X-slope taken. (c) and
(d) show measured and ideal azimuthal angles of edge lines formed by facets, respectively.

ridge (examples marked by small arrows), while the (011 0) facets have a much lower
step density. The existence of the steps on (1121) is essential in the sense that ridges
with one end truncated by a facet alone cannot maintain the macroscopic orientation of
the original planar (1231) substrate. If we focus on the end of one ridge shown in Fig.
3.7(c), the orientations of the facets identified by LEED can be further confirmed by
measuring the azimuthal angles between the edge lines. The measured angle values are

also shown in Fig. 3.7(c), which are in good agreement with the ideal values calculated
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from the projected intersection lines between (1121), (0110), and (1010) planes on

the (1231) surface (see Fig. 3.7(d)).

(0110)

]
114+ 2°
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(0110)

110°
a _
(a) (0111)
(c)
Fig. 3.8. (a) X-slope STM image of a faceted O/Re(1231) surface prepared by dosing 10L O, (6= 1ML)

at 300K followed by annealing at 1000K. (b) and (c) show measured and ideal azimuthal angles of edge
lines formed by facets, respectively.

156°
(1010)

Fig. 3.8(a) is a typical X-slope STM image from a surface prepared by dosing 10L O,
(6 = 1ML) and annealing at 900K. Besides the ridges formed by (1121) and (0110)
facets (light gray and gray areas) and truncated by (10 10) facets (dark areas), a fourth
set of facets is also prominent, as shown by bright quasi-rectangular areas. Most of the
fourth facets have limited size in one dimension, which explains why streaks rather than
sharp spots are observed from the fourth facet in LEED as previously discussed in Fig.
3.5(a). The fourth facet, together with  (1121), (0110), and (1010) facets, can

maintain the macroscopic orientation of the original planar substrate ( 1231 ).
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Accordingly, the bunched steps on (1121) disappear because they are not necessary to
help maintain the (1231) orientation. The orientation of the fourth facet is identified as
(01 11) by measuring the angles between relevant edge lines. Fig. 3.8(b) shows a typical
three-sided pyramid formed by (01 10), (10 10) facets and the fourth facet, in which the
measured angles between the edge lines are labeled. For comparison, the ideal angles
between the edge lines of (0110), (1010) and (01 1 1) facets are shown in Fig. 3.8(c);
the small difference with the measured angle values may come from the fact that the edge
lines are projected on a surface slightly deviated from the ideal (1231) surface in the
measurement because the sample surface is often not perpendicular to the tip during the
STM scan. A previous study on Re(0110) has also found that the surface forms the

(0111) facet when heated in oxygen atmosphere [33].

3.3.2 Atomic structure of the facets

Kinematical simulations of the LEED patterns agree well with the experimental
results if we assume all the facets have the ideal bulk-truncated structures. STM images
with atomic resolution can provide strong support for this assumption. Fig. 3.9(a) is an X-
slope STM image showing the details of a 2-sided faceted surface with atomic resolution:
the presence of herringbone structures. On the topside of the herringbones, the stripes are
continuous as marked by a double line in Fig. 3.9(a); the stripes correspond to the close
packed atomic rows on the (01 10) facet, in which individual atoms are not well resolved
(see the hard sphere model in Fig. 3.9(c)). On the bottom side of the herringbones, some
individual atoms on the (1121) facet are resolved. In contrast to faceting on Pd/W(111)

where the facet edges are truncated [30], the edges along [2113] are atomically sharp.
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Fig. 3.9. Atomically resolved X-slope STM images of faceted O/Re(1231) surfaces prepared under
different conditions. (a) The surface is prepared by dosing 1L O, (8 = 0.7ML) at 300K followed by
annealing at 1000K; the dimensions of the image are 200Ax165A. See text for the labels. (b) The surface is
prepared by dosing 10L O, (¢ = 1ML) at 300K followed by annealing at 1000K; the dimensions of the
image are 70Ax50A. (c) A hard sphere model for the 2-sided faceting with two characteristic dimension
parameters labeled as S; and S».

The quasi-hexagonal arrangements of the atoms on (1121) facets can be better seen in
Fig. 3.9(b) taken from another surface with truncated ridges. For comparison, Fig. 3.9(c)
shows a hard-sphere model of the bulk-truncated structures of (01 10) and (1121) facets
projected onto (1231), in which two unit vectors of (1121) are labeled as S; and S,. The
length of S; is also equal to the distance between atoms along [ 2113 ] in two neighboring
atomic rows on the (01 10) facet. The ideal lengths of S; and S, are 5.24A and 5.17A,
respectively, and the corresponding values measured in Fig. 3.9(a) and (b) are 5.3+0.2 A

and 5.140.2 A. The good agreement further confirms the conclusions drawn from the
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LEED study: the two sides of the ridge are (0110) and (1121), and no reconstruction
occurs on these two facets.

One constraint on faceting is that the faceted structures must maintain the overall

symmetry of the original planar surface [1]. In point group notation, the Re(1231)
surface has the lowest symmetry, C;. Consequently, no higher symmetry should be found
in all the faceted structures. One might think that the untruncated ridges display a 2-fold
mirror symmetry perpendicular to the ridge direction [ 2113 ]. However, when one
considers the atomic arrangements on the two facets of the ridges (see Fig. 3.9(c)), the
mirror symmetry does not exist.

Fig. 3.9(a) also provides insights into why the ridges that are not truncated by
(10 10) facets have wedge-like terminations (see Fig. 3.6(a)). The (1121) facet shown in
the middle section of Fig. 3.9(a) actually consists of four terraces separated by three steps
marked by three arrows. The interception lines along [2113] between the terraces and
the top neighboring (01 10) facet are shifted from each other by a small amount (see the
dashed lines in Fig. 3.9(a)). The overall envelope of the interception lines (see the solid
lines in Fig. 3.9(a)) thus shows a deviation from the [2113] direction, resulting in a

wedge-like end shape for the ridge.

3.3.3 Size dependence of the facets

Faceting is a thermodynamically driven but kinetically limited process [1, 10].
Several factors control the final facet size, including coverage of the adsorbate, annealing
temperature and annealing time. For fixed oxygen coverage and annealing time, Fig.

3.10(a) and (b) show that the facet size grows as the annealing temperature increases.
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(a) (b)

Fig. 3.10. 1000Ax1000A STM images of faceted O/Re(12 3 1) surfaces prepared by dosing 3L O, (6=
0.9ML) at 300K followed by annealing at different temperatures for 2min. (a) 800K; (b)1000K.

Similarly, for fixed oxygen coverage and annealing temperature, the facet size increases

A

(b)

Fig. 3.11. 1000Ax1000A STM images of faceted O/Re(12 3 1) surfaces prepared by dosing 10L O, (¢
=1ML) at 300K followed by annealing at 900K for different time. (a) 2 minutes; (b) 15 minutes.

when the annealing time increases, as shown in Fig. 3.11(a) and (b). In this section, we
focus on how the facet size depends on oxygen coverage. Fig. 3.12 (a)-(c) show
morphologies of the faceted surfaces prepared with different oxygen coverages ranging

from 0.7ML to 1ML and the same annealing temperature (T = 800K) and annealing time
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Fig. 3.12. (a)-(c) are STM images of faceted O/Re(1231) surfaces prepared by dosing different amounts
of O, at 300K followed by annealing at 800K for 2 minutes. The dimensions of all images are
1000Ax1000A. (a) 1L, 8= 0.7ML; (b) 3L, 8= 0.9ML; (c) 10L, # = 1ML. Histograms in (d)-(f) are the
[2113] ridge length distributions corresponding to (a)-(c). Histograms in (g)-(i) are the [2113] ridge
width distributions corresponding to (a)-(c). Only the top half region is surveyed in (c).

(t = 2min). Since for all the faceted structures, the ridges along the [2113] direction are
present no matter whether they are truncated or not, we can use the ridge length and
width as two characteristic quantities to describe the facet size. The histograms in Fig.

3.12(d)-(f) are the ridge length distributions corresponding to the surfaces in Fig. 3.12(a)-
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(c), and Fig. 3.12(g)-(i) show the ridge width distributions, respectively. Clearly, the most
probable ridge length decreases when the oxygen coverage increases. However, although
the profiles of the width distributions are quite different for surfaces with different
oxygen coverage, the most probable ridge width does not vary much. To better illustrate
these two different trends in the ridge length and width distributions, the mean values of
the ridge length and width vs. oxygen coverage are plotted in Fig. 3.13(a) and (b) for two
fixed annealing temperatures (800K and 1000K), in which the error bars show the
corresponding standard deviations of the means. For any of the given oxygen coverages,
both the ridge width and length increase with increasing annealing temperature. However,
at the same annealing temperature, the mean ridge length decreases with increasing

oxygen coverage, while the mean ridge width remains almost constant.
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Fig. 3.13. (a) Plot of mean [1231] ridge length vs. oxygen coverage upon annealing at 800K and 1000K.
(b) Plot of mean [ 2113] ridge width vs. oxygen coverage upon annealing at 800K and 1000K.

3.4. Discussion
The thermodynamical analysis of faceting is usually conducted in the context of the

equilibrium crystal shape (ECS) of a small crystal with fixed volume [34], and the
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driving force for surface faceting is the anisotropy of surface free energy. When a planar
surface forms facets, all the thermally stable facets must be present in the ECS [35], and

the total surface free energy of the faceted surface > A is smaller than that of the
i

original planar surface, where y is the surface free energy of facet i per unit area and A;is
the total surface area of facet i. For clean metal surfaces, the anisotropy of surface free
energy is generally so small that a thermally annealed surface with relative high surface
free energy (e.g. W(111), Ir(210) and Re(1231)) can still retain its orientation against
faceting [36, 37]. However, when the planar surface is covered by a thin layer of
adsorbate atoms, the anisotropy of surface free energy can be increased to the extent that
a faceted surface is more favorable energetically.

Specifically, for Re(1231), if we ignore all edge energies, the energetic requirement

for facet formation can be expressed as

Vi
Zi: Cos 6. A = V23 <0 1)

where & is the tilt angle between facet i and the (1231) plane, and J; is the structural
coefficient describing the partial contribution of facet i to the total projected area on

(1231) by all the facets, i.e. > A4; = 1. Equation (3.1) is valid not only for a fully faceted
i

surface but also for the coexistence of facets and the original planar surface at a steady
state. From Eq. (3.1), the most likely facets are those having the lowest » and the smallest
& . In general, the smoother a surface is, the smaller is the specific surface free energy.
For example, although the most close-packed (0001) surface is expected to have the

lowest 5, its &is so large (78.5°) that the increase of surface area offsets the energy gain
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from reducing specific surface energy. Therefore, the (0001) orientation does not appear
in the facets observed experimentally.

To predict whether a planar surface can transform into specific facets requires
knowledge of 5 , which in most cases can only be obtained from complicated electronic
structure calculations [38-41]. However, for clean metal surfaces with bulk-truncated
structures, a useful qualitative comparison of # can be achieved by simply counting the
number of broken bounds when the bulk of a crystal is cleaved to form a surface [42]. To
a first approximation, we consider only the nearest-neighbor bonds on clean Re surfaces.
Since the c/a ratio of Re is 1.615, only 1.1% smaller than that of the ideal hcp lattice
(1.633), we assume the bond strength is the same for the nearest-neighbor bonds in all
orientations. Based on the broken-bond counting method, the surface energies of (1231)
and the possible facet candidates, when they are clean, are listed in Table 3.1 together
with the tilt angles between the facets and the (1231) surface. We also include in Table

3.1 the structural coefficients 4; of (1121) and (01 10) facets for the simplest faceting

case in which the (1231) surface transforms into ridges composed of only these two
facets, If we apply Eqg. (3.1) to this simplest case assuming all the involved surfaces are

clean, we have

clean clean
v (1121) /4 (0110) clean __ 0

cos 6 1121) cos 6 ©170) ~ Y231 = (3.2)

(1121) (0110)
Therefore, a clean Re(1231) surface does not transform spontaneously into ridges
with  (1121) and (0110) facets because there is no energy gain for such a

transformation, which agrees with the experimental observation that the clean Re(1231)

surface is always thermally stable. However, upon adsorption of oxygen and annealing,
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Table 3.1. Specific surface energies % of (1231) and its vicinal surfaces when they are clean in the unit of
broken-bond number per unit surface area. For comparison, the numerical ratios of specific surface
energies between the facets and (1231) are listed in the 3™ column. The tilt angles of the facets with
respect to (1231) are also given in both analytical and numerical forms. The last column shows the
structure coefficients 4; of facets in the simplest case: the planar (1231) surface completely transforms

into 2-sided ridges composed of (1121) and (0110) facets.
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the Re(1231) surface is observed to form (1121) and (01 10) facets; this indicates that

oxygen can induce an anisotropic change of the surface free energies of (1231), (1121)
and (01 10) so that Eq. (3.2) is no longer valid but Eq. (3.1) is fulfilled.

Generally, the adsorption of oxygen reduces the free energy of a surface; for
example, the surface free energies of most metal oxides are invariably lower than those of
the corresponding metal surfaces [38, 43]. More importantly, oxygen can induce

enhancement of the anisotropy of surface free energy, which may be explained in terms
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of preferential adsorption of oxygen on certain facets. In all discussion of coverage-
dependent morphology to this point, we have used the average coverage of oxygen on the
planar Re(1231) surface as the reference for comparison. When faceting occurs, the
actual oxygen coverages on different facets may be different, which, when coupled with
possible different O-Re binding energies on different facets, leads to different amounts of
surface energy reduction, i.e. increase of the anisotropy of surface free energy. Such an
oxygen-induced enhancement of surface energy anisotropy is also observed in other
systems: Avraamov et al. in an early experiment reported the influence of oxygen on the
anisotropy of the surface free energy of silicon(3%)-iron alloy surfaces using the zero
creep method [44]; recently, Walko et al. reported that in oxygen-induced faceting on
Cu(115), the surface energy of (104) decreases with an increase of oxygen coverage and
the resulting anisotropy causes the Cu(115) surface to form both {104} facets and
stepped facets, which gradually shift to the (113) orientation [45].

For surface faceting, a necessary condition is that the area-weighted combinations of
all the facets and steps must retain the original macroscopic orientation of the planar
surface, which, together with the energy requirement in Eg. (3.1), can give a qualitative
explanation of the coverage-dependent evolution of surface morphology. Since for clean
surfaces, (0110) has the smallest j and the lowest value of yx/cos4 among those near
(1231), it must appear as a facet and be the major source of lowering the total surface
energy if adsorbate-induced faceting ever occurs on Re(1231). This explains why only
the (1121) facet appears with (0110) to form ridges along [2113] at low average

oxygen coverages (0.7ML < @< 0.9ML), although it is rough with four layers of atoms

exposed and has higher surface energy than (1231) when both are clean (see Table 3.1).
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At low average oxygen coverages (0.7ML < 8 < 0.9ML), the remaining oxygen atoms
after preferential adsorption on (0110) facets may not be sufficient to modify » of
another possible facet i significantly so that x/cosé is probably still close to that of the
clean surface listed in Table 3.1. The (1121) surface is the only possible choice that is

close enough to (1231) (49(1151) =12.0°) with a medium value of y/cosé and can

retain the (1231) orientation by forming ridges with the (01 1 0) facet. Other attempts to
retain the (1231) orientation are unfavorable because they either involve surfaces with
higher y/cosé to form ridges or require larger mass transport to form more complex
structures. On the other hand, since the (1121) surface is atomically rough and does not
appear in the ECS of a hcp crystal [42], it is also a metastable phase. When the average
oxygen coverage increases (¢ > 0.9ML), some surface may appear as a new facet
because it now has enough oxygen available to reduce y so that y/cosé& becomes much
less than that of (1121). This is especially true for (10 10) since it has the same surface
structure as the favored (0110) facet and can have the same low surface energy as

Y (0110) The total surface free energy is reduced by replacing the (1121) facet with

(1010) that has lower y, resulting in the truncation of the ridges and decrease of the

average ridge length. When the Re(1231) crystal is held at 900K while dosing oxygen,
the (1121) facet can even disappear completely [46].

In the above discussion, the contribution of edge energy is ignored. In fact, reducing
the edge energy is the dominating factor for dependence of facet size on annealing
temperature and time [10]. For a fully faceted surface under steady state conditions, the

total surface area for each facet is fixed no matter what facet size distribution there is. No
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energy gain can be made by simply increasing the mean facet size. However, the edge
density is reduced for bigger facet size, providing a driving force for the observed
increasing of facet size at higher annealing temperature and longer annealing time.
Similar phenomena have also been observed in the faceting of O/1r(210), Pd/W(111) and
Pt/W(111) [8, 10, 47].

Being driven by surface thermodynamics, the faceting process is also controlled by
kinetics of nucleation and surface diffusion. According to Che et al. [48], when faceting
occurs, there is always a nucleation barrier associated with the edge energy and the
anisotropy of surface free energy; a lower barrier requires lower edge energy and larger
surface energy anisotropy. That faceting on O/Re(1231) occurs only when the annealing
temperature is higher than 700K is a manifestation that there exists such an energy
barrier to overcome toward faceting. Large facet size can be achieved by either annealing
at higher temperature for shorter time or at lower temperature for longer time (see Fig.
3.10(b) and Fig. 3.11(b)). This indicates the diffusion rate is important in determining the

facet size.

3.5. Conclusion

We have found that the adsorption of oxygen can induce faceting of Re(1231), and

the morphology of the faceted surface depends on oxygen coverage. For oxygen coverage
0 < 0.5ML, the O/Re(1231) surface remains planar upon annealing. However, for 0.5ML
< 6 < 0.7ML, the O/Re(1231) surface becomes partially faceted upon annealing at
>700K. For 0.7ML < @< 0.9ML, the O/Re(1231) surface becomes completely faceted,

forming long sawtooth ridges which are composed of (01 10) and (1121) facets upon
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annealing at >700K. The distance between the ridges is quite uniform and the ridges have
atomically sharp edges. For 0.9ML < 8 < 1ML, similar annealing treatment leads to the
emergence of (1010) facets which truncate the original ridges. With the surface fully
covered by oxygen (€ = 1ML), a fourth facet (0111) becomes prominent. This
morphological evolution is accompanied by the reduction of the average ridge length
along [2113], indicating that the (1121) facet is metastable.

Our work demonstrates that even in a simple adsorbate/substrate system, the
adsorbate-induced modification of the anisotropy of surface free energy can bring a

complex change of the surface morphology. This complex morphological evolution is

perhaps related to the low symmetry of the Re(1231) surface, which reduces the
symmetry constraint of faceted structures and leads to wider choices of facet orientations.
Theoretical studies are necessary to give detailed energetic descriptions of the bonding
characteristics between oxygen and Re on different facets, which, we believe, drives the
change of surface energy anisotropy. Since the morphology of the faceted structures can
be controlled by adjusting oxygen coverage, the faceted Re surfaces provide plausible
model systems to study structure sensitivity in Re-based catalytic reactions as well as

promising templates to grow nano-structures, perhaps nano-wires.

3.6 Acknowledgment

The work described in this chapter has been published in Ref. [49].



63

3.7 References

[1]
[2]
[3]
[4]

[5]
[6]
[7]

[8]

[9]

[10]
[11]
[12]
[13]
[14]
[15]
[16]
[17]
[18]
[19]
[20]
[21]
[22]
[23]

[24]
[25]

[26]
[27]
[28]

[29]
[30]
[31]

Q. Chen and N. V. Richardson, Prog. Surf. Sci. 73 (2003) 59.

R. E. Kirby, C. S. McKee and R. W. Roberts, Surf. Sci. 55 (1976) 725.

R. E. Kirby, C. S. McKee and L. V. Renny, Surf. Sci. 97 (1980) 457.

K. Pelhos, J. B. Hannon, G. L. Kellogg and T. E. Madey, Surf. Sci. 432 (1999)
115.
K. J. Song, J. C. Lin, M. Y. Lai and Y. L. Wang, Surf. Sci. 327 (1995) 17.

D. B. Danko, M. Kuchowicz and J. Kolacziewicz, Surf. Sci. 552 (2004) 111.

A. T.S. Wee, J. S. Foord, R. G. Egdell and J. B. Pethica, Phys. Rev. B 58 (1998)
R7548.

I. Ermanoski, K. Pelhos, W. Chen, J. S. Quinton and T. E. Madey, Surf. Sci. 549
(2004) 1.

M. Sander, R. Imbihl, R. Schuster, J. V. Barth and G. Ertl, Surf. Sci. 271 (1992)
159.

T. E. Madey, J. Guan, C.-H. Nien, H.-S. Tao, C.-Z. Dong and R. A. Campbell,
Surf. Rev. and Lett. 3 (1996) 1315.

T. E. Madey, C.-H. Nien, K. Pelhos, J. J. Kolodziej, I. M. Abdelrehim and H.-S.
Tao, Surf. Sci. 438 (1999) 191.

R. A. Campbell, J. Guan and T. E. Madey, Catal. Lett. 27 (1994) 273.

R. Barnes, I. M. Abdelrehim and T. E. Madey, Topics in Catalysis 14 (2001) 53.
W. Chen, I. Ermanoski, Q. Wu, T. E. Madey, H. Hwu and J. G. Chen, J. Phys.
Chem B 107 (2003) 5231.

W. Chen, I. Ermanoski and T. E. Madey, J. AM. CHEM. SOC. 127 (2005) 5014.
W. Chen, I. Ermanoski, T. Jacob and T. E. Madey, Langmuir 22 (2006) 3166.

L. S. Wang, R. Ohnishi and M. Ichikawa, J. Catal. 190 (2000) 276.

Y. Z. Yuan, H. C. Liu, H. Imoto, T. Shido and Y. lwasawa, J. Catal. 195 (2000)
51.

F. Solymosi, P. Tolmacsov and T. S. Zakar, J. Catal. 233 (2005) 51.

K. Liu, S. C. Fung, T. C. Ho and D. S. Rumschitzki, J. Catal. 206 (2002) 188.
A.S. Y. Chan, W. Chen, H. Wang, J. E. Rowe and T. E. Madey, J. Phys. Chem. B
108 (2004) 14643.

A. S. Y. Chan, G. K. Wertheim, H. Wang, M. D. Ulrich, J. E. Rowe and T. E.
Madey, Phys. Rev. B 72 (2005) 035442.

D. E. Gray, American Institute of Physics Handbook (3rd edition), 3rd edition ed.,
McGraw-Hill, (1972).

C.-H. Nien and T. E. Madey, Surf. Sci. 433 (1999) 254.

A. Szczepkowicz, A. Ciszewski, R. Bryl, C. Oleksy, C.-H. Nien, Q. F. Wu and T.
E. Madey, Surf. Sci. 599 (2005) 55.

R. Pantel and M. Bujor, Surf. Sci. 83 (1979) 228.

C. Morant, L. Galan and J. M. Sanz, Anal. Chim. Acta 297 (1994) 179.

M.-C. Desjongueres and D. Spanjaard, Concepts in surface physics, Springer-
Verlag, (1993).

G. K. L. Cranstroun and D. R. Pyke, Surf. Sci. 60 (1976) 157.

C.-H. Nien and T. E. Madey, Surf. Sci. 380 (1996) L527.

T.Suzuki, Y. Temko, M. C. Xu and K. Jacobi, Surf. Sci. 573 (2004) 457.



[32]

[33]
[34]
[35]
[36]
[37]
[38]

[39]
[40]
[41]
[42]
[43]
[44]

[45]
[46]

[47]
[48]

[49]

64

F. K. Men, F. Liu, P. J. Wang, C. H. Chen, D. L. Cheng, J. L. Lin and F. J.
Himpsel, Phys. Rev. Lett. 88 (2002) 096105.

D. M. Zehner and H. E. Farnsworth, Surf. Sci. 30 (1971) 335.

E. D. Williams and N. C. Bartelt, Ultramicroscopy (1989).

C. Herring, Phys. Rev. 82 (1951) 87.

M. Drechsler and A. Miller, J. Crystal Growth 3/4 (1968) 518.

R. Kumar and H. E. Grenga, Surf. Sci. 50 (1975) 399.

L. Vitos, A. V. Ruban, H. L. Skriver and J. Kollar, Surf. Sci. 411 (1998) 186 and
reference therein.

D. Yu and M. Scheffler, Phys. Rev. B 70 (2004) 155417.

H. P. Bonzel and M. Nowicki, Phys. Rev. B 70 (2004) 245430.

M. J. S. Spence, A. Hung, I. K. Snook and I. Yarovsky, Surf. Sci. 513 (2002) 389.
G. A. Wolff and J. G. Gualtieri, Am. Mineral. 47 (1962) 562.

S. H. Overbury, P. A. Bertrand and G. A. Somorjai, Chem. Rev. 75 (1975) 547.
Y. S. Avraamov, A. G. Govozdev and V. M. Kutsak, Phys. Met. Metallogr. 39
(1975) 84.

D. A. Walko and I. K. Robinson, Phys. Rev. B 64 (2001) 045412.

H. Wang, A. S. Y. Chan, P. Kaghazchi, T. Jacob and T. E. Madey, ACS Nano 1
(2007) 449.

C.-Z. Dong, S. M. Shivaprasad, K. J. Song and T. E. Madey, J. Chem. Phys. 99
(1993) 9172.

J. G. Che, C. T. Chan, C. H. Kuo and T. C. Leung, Phys. Rev. Lett. 79 (1997)
4230.

H. Wang, W. Chen and T. E. Madey, Phys. Rev. B 74 (2006) 205426.



65

Chapter 4 Facet stability in oxygen-induced nano-faceting of Re(123 1)

4.1 Introduction

In Chapter 3 we have reported a complex morphological evolution of faceting on
Re(1231) when the surface is covered by oxygen at 300K and annealed at T>700K [1,
2]. As shown in Fig. 4.1 (a) and (b), the Re(123 1) surface is atomically rough with 6
layers of atoms exposed; it has relatively high surface free energy and high probability to

form facets when covered by certain adsorbates and annealed. The morphology of the

0001

(a) (b)

Fig. 4.1. Ball models of the Re(123 1) surface showing two different stacking sequences (a) and (b). A
unit cell is also labeled in (a). (c) Stereographic projection of the hep lattice on the (1120) plane. The
(123 1) surface is labeled by a hollow circle.

faceted surface depends on the initial oxygen coverage on Re(123 1) and the evolution of
facets is believed to be induced by the change of surface energy anisotropy due to
adsorption of oxygen. When oxygen coverage (6) is between 0.7 monolayer (ML) and 0.9

ML, long ridges formed by (01 10) and (1121) facets emerge on Re(1231) upon
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annealing [1]; here 1ML refers to the saturation coverage of oxygen at 300K. According
to an early measurement of oxygen adsorption on another reactive transition metal
surface, W(100) [3], the approximate limit of oxygen concentration imposed by room
temperature exposure to Re(123 1) can be estimated as ~1x10"° cm™. For 0.9ML< 6 <
IML, the ridges become truncated by a third facet (10 10 ), which has the same surface
structure as (01 1 0) but higher tilt angle with respect to (123 1) [1]. When Re(1231) is
fully covered by oxygen (8 =1ML), a fourth facet (01 1 1) also emerges upon annealing
[1]. The spatial relationship between Re(123 1) and all the observed facets is shown in
the stereographic projection plot of the hep lattice in Fig. 4.1(c). It is not surprising that
(0110), (1010) and (01 11) appear as facets because they all have rather smooth
surfaces and thus low surface free energies. However, the last facet that forms, (1121), is
atomically rough with four layers of atoms exposed; this raises the question why it
appears as a facet. One clue lies in the experimental observation that the surface area
occupied by (1121) decreases when the initial oxygen coverage increases [1], indicating
that the (1121) facet may be metastable if oxygen coverage exceeds the limit imposed by
oxygen adsorption at 300K.

In this chapter we build upon our previous work [1] and demonstrate that the stability
of the (1121) facet indeed relies on surface oxygen concentration by investigating the
faceting behavior of Re(1231) when oxygen is adsorbed at high temperatures. In
contrast to the behavior observed for room temperature adsorption followed by annealing
[1], the (1121) facet completely disappears and a new facet (10 11) emerges together
with the other three facets when Re(1231) is exposed to >120L (1L = 10° Torr-s =

1.33x10* Pas) of oxygen between 800 and 1000K. Only at higher substrate
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temperatures (>~1200K) does the (101 1) facet become unfavorable, and the faceted
surface reverts to the previous morphology including the (1121) facet. Our results
demonstrate the complexity of surface morphology in adsorbate-induced faceting of hcp
metal surfaces and have important implications for Re-based catalysts that operate under

oxygen-rich conditions since the structure of the catalysts often affect their performance.

4.2 Experimental and computational procedures

The experimental procedures are similar to that described in Chapter 3. The major
difference is that oxygen is now adsorbed on Re(1231) at elevated substrate
temperatures in stead of room temperature. All the LEED and STM experiments are
performed after the oxygen-covered surface is cooled to room temperature. The STM
images are presented in the differential mode to enhance details of the facets: the
measured height variation is differentiated along the X direction and regions having the
same X-slope are represented by the same gray color. The high resolution soft X-ray
photoemission spectroscopy (HRSXPS) measurements are conducted on beamline U4A
of the National Synchrotron Light Source (NSLS) at Brookhaven National Laboratory
[4]. The UHV end-station chamber is equipped with a VSW 100 mm hemispherical
analyzer operating at a pass energy of 2eV and the total instrumental resolution is about
150 meV.

The O-Re binding energies on several Re surfaces are calculated by density
functional theory (DFT) using the CASTEP code [5]. Throughout the calculations,
optimized Vanderbilt-type ultrasoft pseudopotentials [6] and the generalized gradient

approximation (GGA) exchange-correlation functional suggested by Perdew, Burke, and
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Ernzerhof (PBE) [7] are used. The calculations are performed by Jacob and Kaghazchi

[8]. Re(lOTl), (01 10) and (1121) surfaces are represented by 14-layer 11-layer and
19-layer slabs with ~13 A vacuum, respectively. For each system, the bottom four layers
are fixed at the calculated bulk-crystal structure, and the remaining Re atoms and the
adsorbates are allowed to relax freely. For the oxygen-adsorbed system, the cutoff energy
is converged to 380 eV, and the Brillouin zone (BZ) sampling of the (1x1) unit cell is

converted to 4x4, 5x8 and 4x8 Monkhorst-Pack meshes for Re(1121), (01 10 )and

(10 1 1), respectively [9].

4.3 Results

Figure 4.2(a) shows a typical low energy electron diffraction (LEED) pattern from a
fully faceted surface prepared by dosing 120L O, at 300K followed by annealing at
900K. None of the LEED spots converges to the screen center when the incident electron
energy (E.) increases, indicating the surface is completely faceted. This LEED pattern is
almost the same as that in our previous report, where the surface is prepared by dosing
10L O, (8 = IML) at 300K followed by annealing at 1000K [1]. Following the procedure
described in chapter 3, we can identify representative but relatively weak spots from
(1121) facets as marked by arrows in Fig. 4.2(a). However, when the same amount of O,
(120L) is dosed at 900K, the LEED pattern changes: LEED spots from the (1121) facets
completely disappear and more streaky features appear (see Fig. 4.2(b)). Some of the new
streaky features (two examples labeled by arrows in Fig. 4.2(b)) also do not move toward
the converging centers of the facets seen in Fig. 4.2(a) as E. is changed, indicating the

formation of new facets.
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Fig. 4.2. LEED patterns of faceted Re(123 1) surfaces prepared by (a) dosing 120L O, at 300K followed
by annealing at 900K; (b) dosing 120L O, at 900K.

The morphological changes can be better revealed in scanning tunneling microscopy
(STM) measurements. Fig. 4.3(a) is a typical STM image taken from a faceted surface
prepared by dosing 120L O, at 300K followed by annealing at 900K. The morphology is
the same as reported before: four different facets of orientations (1121), (01 10),
(0111)and (10 1 0) are present [1]. Fig. 4.3(b) is a typical STM image taken after the
Re(1231) surface is exposed to 120L O, at 900K, in which we can identify three of the
four facets that appear in Fig. 4.3(a). However, a notable difference is that the (1121)
facet totally disappears and a new facet takes its place. This observation is consistent with
the LEED results. Since the area-weighted combinations of all the observed facets must
retain the orientation of the macroscopic Re(123 1) surface, the replacement of (112 1)by
the new facet is accompanied by the rebalancing of the relative amounts of the other
three remaining facets; for example, the (01 10) and (01 1 1) facets occupy more surface

area per projected unit area on Re(1231) in Fig. 4.3(b) than in Fig. 4.3(a). The
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(0111 101D
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Fig. 4.3. 500Ax500A STM images of faceted Re(12 3 1) surfaces prepared by (a) dosing 120L O, at 300K
followed by annealing at 900K; (b) dosing 120L O, at 900K.

orientation of the new facet can be identified by measuring the angles between the edge

lines of neighboring facets. The results of the angle measurements are shown in Fig.

4.4(a) and the only plausible facet that gives good agreement is (10 1 1) (see Fig. 4.4(b)).

(0110) (0110)

150.0°

99.8°
(1010)

(1010)

110.2°

(1011
(a) (b)

Fig. 4.4. (a) A 220Ax120A STM image showing measurements of the angles between intersection lines of

(0110),(0111) and the new facet. (b) Ideal angle values calculated from the projected intersection lines
between (01 T0), (01 11)and (1011) onthe (123 1) surface.

This morphological phase transition occurs only in a narrow temperature window.

Fig. 4.5(a), (b) and (c) show STM images of the surface morphology after Re(1231) is
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Fig. 4.5. STM images of faceted Re(12 3 1) surfaces prepared by dosing 360L O, at different temperatures.
(a) 800K, 300Ax300A4; (b) 1000K, 500Ax500A; (c) 1200K, 1000Ax1000A.

exposed to 360L O, at 800K, 1000K and 1200K, respectively. The average facet size
increases with temperature but the (1011) facet only exists when the substrate
temperature is between 800K and 1000K during oxygen exposure. When the sample is
heated at 1200K during oxygen exposure, not only the (1121) facet reemerges but also
the (01 11) facet almost disappears. Note that in Fig. 4.5(c) there are many steps on
(1121) facets. Although a combination of only (01 10), (10 10) and (1121) facets
cannot retain the macroscopic orientation of the Re(1231) (see the stereographic
projection in Fig. 4.1(c)), these steps lead to local effective orientations that deviate from
(1121) and help retain the macroscopic orientation.

The chemical properties of the faceted Re(123 1) surfaces prepared under different
conditions are investigated by HRSXPS. Figure 4.6(a) shows a Re4f;, spectrum taken
from the faceted Re(1231) surface prepared by dosing 10L O, at 300K followed by
annealing at 1000K. Besides the Re bulk peak at 40.3 eV, the Redf;, spectrum shows
distinct features on the higher binding energy side that reflect Re4f;, surface core level

shifts (SCLS) induced by Re-O bonding in different chemical environments. Four SCLS
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Fig. 4.6. HRSXPS spectra of Redf;, taken with normal emission angle from surfaces prepared by (a)
dosing 10L O, (6=1ML) followed by annealing at 1000K and (b) dosing 300L O, at 1000K. The photon
energy is 90eV. The peak components labeled as 1, 2, and 3 correspond to Re atoms bonded to 1, 2, and 3
O atoms, respectively. The peak components for Re bulk and surface oxides ReO and Re,0O; are also
labeled.

components are needed to fit the Re4df;, spectrum satisfactorily and details of the fitting
procedure have been described elsewhere [2, 10]. The components labeled as 1, 2, and 3
in Fig. 4.6(a) correspond to SCLS of 0.22, 0.45 and 0.73eV, respectively; they are
assigned to surface Re atoms bonded to one, two and three O atoms based on similar
shifts measured on the p(2x1)-O/Re(0001) surface [11]. The component with a 1.03 eV
binding energy shift is attributed to the formation of a surface oxide ReO by comparing
the shift with those for Re oxides and assuming that core level shifts are additive for
oxidation states [12]. Similar binding energy shifts (1-1.1 eV) observed on O-covered
polycrystalline Re [13] and Re(0001) [11] surfaces are also attributed to the formation of
ReO.

When the Re(12§1) surface is exposed to 300L O, at 1000K, the Re4f;,, spectrum
changes drastically (see Fig. 4.6(b)); not only the ReO component becomes dominant

among surface peaks, but also an extra peak with SCLS of 1.68 eV emerges. This new
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peak is attributed to the formation of a new surface oxide species Re,O; [13]. By
comparing the Re4f;, spectra in Fig. 4.6(a) and (b), it is clear that the surface oxygen
concentration upon adsorption at high temperature is larger than upon room temperature

adsorption, which may be the key factor to cause the morphological change.

4.4 Discussion

Faceting is believed to be thermodynamically driven by the anisotropy of surface free
energy but limited by kinetic factors such as nucleation and diffusion [14, 15]. When
surfaces are covered by thin layers of chemisorbed molecules/atoms, not only do their
surface free energies decrease due to the energy release from the chemical binding
process, but also the anisotropy of the surface free energy changes. This originates from
different adsorbate binding energy on inequivalent surfaces, associated with variations in
bonding geometry. Apparently, the adsorption coverage (cm™”) of available
molecules/atoms and their chemical states are important in determining the surface
energy anisotropy and the morphology of the faceted surface. For the O/Re(1231)
surface, we have demonstrated that the morphology of the faceted surface upon annealing
in vacuum at T>700K evolves as the initial oxygen coverage at 300K increases [1]. In
this process, the atomically rough (1121) surface always appears as a facet although it
occupies less surface area when the oxygen initial coverage increases. An important

characteristic of the (1121) facet is that it has the smallest tilt angle (12.0°) with respect
to the (123 1) substrate among all the facets observed. So for other facets that have tilt

angles higher than 12.0° to replace (1121), they must not only have a lower surface free
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energy than (1121), but the energy must be low enough to compensate the higher surface
area creation.

When the surface is exposed to oxygen at 300K, the maximum coverage of available
oxygen atoms is limited by the density of adsorption sites on the planar Re(1231)
surface. Here we neglect the possibility of oxygen diffusing into the bulk because the
exposure is moderate (< 360L). To explore possible morphological changes beyond this
limit, one can anneal the Re(123 1) surface in an oxygen atmosphere so that some facets
may become energetically unfavorable and undergo further faceting; our results show
that (1121) is such a facet. Upon dosing oxygen at high substrate temperatures, the total
concentration of adsorbed oxygen atoms can exceed 1ML, and is controlled by both the
total oxygen exposure and the substrate temperature; the latter affects the balance of
oxygen adsorption, oxidation and desorption. The fact that the (1121) facet disappears at
800-1000K and reemerges at ~1200K (Fig. 4.5) gives strong evidence that the instability
of (1121) is induced by adsorbed oxygen atoms exceeding some critical concentration.

Since the main morphological difference between the faceted surfaces prepared by
dosing oxygen at different temperatures is whether (1121) or (10 1 1) appears, we first
focus the discussion on how their surface energies can be affected by oxygen adsorption.

Using density functional theory (DFT) calculations, we find the surface energies of clean
(1011) and (1121) are very close: }/(CIIZ?HI)Z 2.13x10" eV-cm? and )/(CIIT;)Z 2.20x10"
eV-cm™. The calculated energies are in good agreement with the experimental value of

the average surface energy for Re surfaces, which is about 2.3x10" eV-cm™ [16, 17].

However, since the tilt angle of (10 1 1) with respect to (123 1) is 41.7°, much higher
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than that of (1121) (12.0°), the surface energy per projected unit area on (1231) for

clean (101 1) is much larger than that for clean (1121). The surface energy difference

Ay due to this tilt angle effect can be estimated as

clean clean

A}/} — 7/(10T1) _ 7/(1151)
cos41l.7” cosl2.0¢

=0.60x10"eV-cm™. 4.1)

When both (1121) and (10 1 1) are covered by low oxygen concentrations, (1121) is
still favored against (10 11). Figure 4.7 shows oxygen binding energies on Re(1121),
Re(1011)and Re(01 10) for different oxygen concentrations per projected unit area on
(1231) based on our DFT calculations. For a given oxygen concentration, a higher

oxygen binding energy on a facet helps reduce its surface free energy more. Clearly in

Fig. 4.7 even when the oxygen concentration is as high as ~1x10" ¢cm™, the approximate
limit of oxygen concentration imposed by room temperature exposure to Re(1231), the
O-Re binding energy difference for Re(10 11) and Re(1121) is only about 0.2eV-atom™,

not enough to offset the initial surface energy advantage of Re(1121). However, when

oxygen concentration is further increased by formation of surface oxides at higher sample
temperature, the O-Re binding energy difference for Re(1011) and Re(1121) may

increase and eventually cause Re(1011) to be more favorable. In Fig. 4.7, when the

oxygen concentration is about 2x10"> cm?, the O-Re binding energy difference for
Re(1011) and Re(1121) is increased to 0.5eV-atom™. Therefore, the binding energy
difference per projected unit area on (1231) is 1x10" eV-cm™, which is more than
enough to overcome the initial surface energy advantage of Re(1121) and to trigger the

formation of (101 1) facets. Although the above discussion is confined to the T=0 K

limit and does not include the effects of background oxygen pressure and substrate
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Fig. 4.7. Oxygen binding energies on Re(1121), (1011) and (01 10 ) as functions of oxygen

concentration per projected unit area on (123 1). The O-Re binding energies are referenced to gas phase
0,.

temperature on surface free energy, it already shows the importance of oxygen
concentration in determining the surface morphology of faceted Re(1231).

When the (1121) facet is replaced by the (101 1) facet, the relative surface areas
occupied by the other three remaining facets must also change to retain the macroscopic
orientation of the Re(1231) surface. Here we illustrate qualitatively that even after
considering energetic contributions from the remaining facets, the removal of (1121) still
does not occur at low oxygen concentrations. Because among the three remaining facets,
(01 10) has both the most close-packed surface structure and the smallest tilt angle
(22.1°) to (123 1), we neglect the (10 10 ) and (01 1 1) facets and focus on the effect of

(01 10). We do this by comparing the surface energies of a ridge formed by (1121) and
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(01 10) (type I) with a ridge formed by (1011) and (01 10) (type II). The cross
sections of these two types of ridges are shown in Fig. 4.8, and the structural transition

from the first to the second type of ridge can be regarded as follows: 31% of the projected
area on (1231) that is originally occupied by (1121) gets replaced by (10 11), 35% of

the projected area on (123 1) that is also originally occupied by (1121) gets replaced by

Fig. 4.8. Cross sections of ridges formed by (1121) and (01 10 ) as wellasby (101 1) and (01 10).

(0110), and the remaining 34% of the projected area on (1231) that is originally

occupied by (01 10) is intact. The surface energy of clean (01 10)is y<“* =1.83x10"

(0110)
eV-cm™ from our DFT calculations, so the surface energy difference Aj per projected

unit area on (123 1) between clean (01 10) and (1121) due to the tilt angle effect can be

estimated as

clean clean

7/(0170) _ 7(1151)

Ay, = =-0.27x10"eV-cm™. (4.2)
cos22.1° cosl2.0¢

When the surface is clean, the energy difference per projected unit area on (1231)
between type II and type I ridges is

AE =0.31Ay, +0.35Ay, =0.09x10"eV-cm™ > 0. (4.3)
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Therefore, a type 1 ridge formed by (1121) and (01 10) is favored against a type I1
ridge formed by (101 1) and (01 10) if faceting ever occurs on the clean surface. This
situation does not change when the surface is covered by low oxygen concentrations
(<0.5x10"°cm™) because AE remains positive due to the following reasons: Ay almost
does not change because the O-Re binding energies on (1011) and (1121) are
comparable while Ay increases because O-Re binding energy on (01 1 0) is much less
than that on (1121) at low oxygen concentrations (see Fig. 4.7). When the oxygen
concentration per projected unit area on (1231) is about 1x10" ecm™, the O-Re binding
energies on (01 10) and (10 1 1) both become ~0.2 eV-atom™ more than that on (1121),
so Ay and Ay are reduced to 0.4x10"° eV-cm™ and -0.47x10" eV-cm™, respectively. If
we put the new values of Ay and Ay into Eq. (4.3), the energy difference per projected
unit area on (123 1) between type II and type I ridges is now negative (AE = -0.04x10"
eV-cm™) and is able to trigger the structural transition of the ridge from type I to type II.
Considering the uncertainties in the O-Re binding energies and the fact that 1x10" cm™
is only a rough estimation of the saturation oxygen coverage on Re(123 1) at 300K, the
small total energy gain (~0.04x10" eV-cm™) from the structural transition of the ridge
suggests that the oxygen saturation coverage on Re(123 1) at 300K is close to the critical
oxygen concentration necessary for complete removal of the (1121) facet. When the
oxygen concentration per projected unit area on (123 1) is increased further to ~2x10"
cm™ , both the (01 10) and (101 1) facets become energetically favorable against the

(1121) facet, which is consistent with the experimental observation that the (1121) facet

disappears at high oxygen concentrations.
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When the Re(1231) surface is exposed to 300L O, at 1000K(see Fig. 4.6(b)), the
HRSXPS data show the formation of ReO and Re;O3 but no other Re oxides with higher
oxidation states such as ReO; and Re,05,. Since both ReOs and Re,O; are volatile at
1000K, one should consider the possibility that the new faceted surface morphology is
due mainly to surface etching by oxygen; for various reasons we believe this is not the
case. Jacobson and colleagues studied the Re/O interactions at elevated temperatures in
high pressure O/Ar mixtures and found that the Re weight loss due to oxidation at 1300K
with an oxygen partial pressure 0.2 Torr is about 0.025mg-cm™min” [18]. In our study,

the average depth of the trench formed by (01 10) and (1121) is # =~ 40A after the

Re(1231) surface is heated at 1200K in oxygen (3x10” Torr) for 20min; if removal of
ReO, is the cause, the etching rate could be estimated as p #/2¢ = 2.1x10™ mg-cm™min™,
where p is the bulk density of Re and ¢ is the heating time. Since the oxygen pressure
used in our study is about 6 orders smaller than that in Jacobson’s study, and our
maximum temperature is 100K less than Jacobson’s, it is unlikely that the assumed
etching rate is only 2 orders smaller; the morphological change upon oxygen exposure at
high temperature is attributed to surface diffusion of Re rather than etching by
sublimation of ReOx.

4.5 Conclusion

The surface morphology is very complex in oxygen-induced nano-faceting of
Re(1231): five different facets with orientations of (1121),(0110),(1010), (0111),
and (1011) are observed under different conditions. Only the first four facets appear
when faceting is induced by saturation adsorption of oxygen (# = 1ML) at room

temperature followed by annealing at T>700K. However, unlike (01 10), (10 10 ) and
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(0111), (1121) becomes unstable when Re(1231) is exposed to oxygen (120-360L) at
800-1000K. Evidence of ReO and Re,O; formation is found in this temperature region,
which is believed to further increase the surface energy anisotropy and lead to the

replacement of (1121) by the fifth facet (10 11). The (1121) facet reemerges when

Re(1231) is exposed to oxygen at 1200K and is attributed to reduced oxygen coverage at
this temperature. Surface etching by oxidation under our experimental conditions does
not appear to play a major role in determining the final surface morphology. Our DFT
calculations reveal the importance of adsorbate coverage in determining the surface

morphology by affecting the anisotropy of surface free energy.
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Chapter 5 Oxygen-induced morphological instability of Re(1121)

5.1. Introduction

To explain how catalysts work in the atomic scale is one of the ultimate goals of
surface science research. One important step in this endeavor is to study how various gas
molecules react with the single crystal metal surfaces that are used as the simplest model
systems for real catalysts. However, real catalysts, usually in the form of supported
particles in the scale between nanometers to microns, do not contain just one single
crystalline surface but many faces. A good approach then is to study adsorbate induced
faceting of metal surfaces and use the faceted surfaces as better model systems to study
catalysis. Examples include structure sensitivity found in ammonia decomposition [1]
and CO oxidation [2] on planar and faceted Ir(210) surfaces.

Rhenium is an important component of many catalysts [3-6], so the first step toward
understanding the reactivity of model Re surfaces is to investigate how the surface
morphology changes in the presence of adsorbates. In Chapters 3 and 4, we have reported
that the adsorption of oxygen on an atomically rough Re(1231) surface can induce
formation of various facets upon annealing. The morphology of the faceted surface

depends on the oxygen coverage and adsorption temperature. Among all the facets that
are observed on Re(1231), (1121) is unique since it persists when oxygen concentration
is low but disappears at high oxygen concentration [7, 8]. An interesting question is
whether the metastability of the (1121) surface remains if we start with a (1121) surface.

Also the (1121) surface has higher symmetry than (1231), so the faceted structures that
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form will also have higher symmetry than those forming on (1231), which may simplify
the interpretation of the facet orientations.

In this chapter we report oxygen-induced faceting of Re(1121) combining several
experimental techniques such as low energy electron diffraction (LEED) and scanning
tunneling microscopy (STM) as well as density functional theory (DFT) calculations. The
results suggest that the anisotropy of surface free energies between (1121) and the facets

changes as the oxygen concentration increases.

5.2. Experimental and computational procedures

The experimental procedure is similar to that described in Chapter 3. A Re(1121)
single crystal, 99.99% pure and aligned within 0.5° of the (1121) orientation, is used in
the study; it is ~8mm in diameter and ~1mm thick. A hard-sphere model of Re(1121)
and its position in the stereographic projection plot are given in Fig. 5.1. Oxygen is
adsorbed on Re(1121) either at room temperature or at elevated temperatures. All the
LEED and STM experiments are performed after the oxygen-covered surface is cooled to
room temperature.

The O-Re binding energies on several Re surfaces are calculated by density
functional theory (DFT) using the CASTEP code [9] with Vanderbilt-type ultrasoft
pseudopotentials [10] and the generalized gradient approximation (GGA) of the
exchange-correlation functional [11]. The calculations are performed by Jacob and
Kaghazchi [12]. Re(0110), (0111)and (1121) surfaces are represented by 11-layer,
14-layer and 19-layer slabs with ~13 A vacuum, respectively. For each system, the

bottom four layers are fixed at the calculated bulk-crystal structure, and the
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Fig. 5.1. Hard-sphere models of the two different terminations of bulk truncated Re(1121) shown in (a)
and (b). (c) is a stereographic projection plot of the hcp lattice on (1120). The (1121) surface is labeled by

a hollow circle. The <1700>, <2110>, <1210> and < 2113> crystallographic zones are also labeled in

(c).
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remaining Re atoms and the adsorbates are allowed to relax freely. For the oxygen-
adsorbed system, the cutoff energy is converged to 380 eV, and the Brillouin zone
sampling of the (1x1) unit cell is converted to 5x8, 4x8 and 4x4 Monkhorst-Pack meshes
for Re(0110), (0111),and (1121), respectively [13].

If the total surface area of a slab is denoted as 4, the Gibbs free surface energy per
unit area as a function of temperature 7'and oxygen pressure p is

y(T,p) =[G, (T, P, N, No) =Nty = Nopto (T, p)VA, (5.1)
where Gy, 1S the total Gibbs free energy of the slab, Ngz. and Ny are the numbers of Re
and O atoms in the slab, respectively, and wz. and po(7, p) are the chemical potentials of
Re-bulk and gaseous oxygen, respectively. Gyqp is determined from the total internal
energy of the slab with vibrational contributions neglected [14]. The temperature and

pressure dependence of y dominantly comes from wo(7, p), which is given by
1,(T, p) =[E, + 7, (T, p°) +k,TIn(p/ p°)/ 2. (5.2)
Here Eo, is the DFT-calculated total energy of an isolated O, molecule and z (T, p°)

is the standard chemical potential of oxygen gas at p° = 1 atm with the value taken from

the JANAF thermochemical tables [15].

5.3. Results and Discussion
5.3.1. LEED study
A. Oxygen adsorption at room temperature followed by annealing
No reconstruction is found on a a clean Re(1121) surface after being annealed at
elevated temperatures up to 2000K; a (1x1) pattern is always observed in LEED as

shown in Fig. 5.2(a). When the incident electron beam energy E. increases, all the LEED
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Fig. 5.2. LEED patterns from a Re(1121) surface when it is (a) clean and (b) exposed to 10L O, at 300K
followed by annealing at 1000K for 2 min. (c) is a kinematical simulation of (b) based on 2D lattices of

(1121), (0110) and (1010), in which the solid circles are beams from (1121) and the hollow circles are

beams from (0110) and (1010).
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spots converge to the center of the screen, indicating the surface is planar. When the
surface is exposed to oxygen at 300K, reconstruction is still not observed in LEED and
the pattern looks almost same as Fig. 5.2(a) except for a slight increase of the background
signal associated with random adsorption of oxygen.

New features appear in the LEED pattern only after the Re(1121) surface is exposed
to >3L oxygen and annealed at T>700K (see Fig. 5.2(b)). These new features move
toward two positions that are located outside the LEED screen when E. increases,
suggesting the formation of two facets that coexist with (1121). The diffraction beams

from the facets show an axis of symmetry along the [1 12 6] direction and imply that the

two facets are symmetrical to each other with respect to the mirror plane of (1121),
which is not surprising since the faceted surface must maintain the symmetry of (1121).
Moreover, the diffraction beams from the facets are streaky, indicating that the facet size
is small along one direction. It is impossible to identify the facet orientations on the basis
of the specular beam positions because they are located outside of the LEED screen.
However, a correlation is observed between the moving fashion of the facet beams and
that of the planar beams when E. increases, which can help identify the facet orientations.
Because of the symmetry between the two facets, here we only show how to identify the
orientation of one facet by analyzing the motions of some representative diffraction
beams. In Fig. 5.2(b), four diffraction beams are labeled as A, B, C and D, among which
A and C are from (1121) while B and D are from the facet. When E. changes, these four
beams change positions but they always stay on a straight line along a fixed direction. On
the basis of the Ewald construction of a LEED pattern [16], this observation indicates that

the reciprocal rods corresponding to these four beams are located in the same plane
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parallel to the incident electron beam otherwise A, B, C and D should fall on a smooth
curve rather than a straight line. The normal vector of this plane is the crystallographic
zone axis of (1121) and the facet, which is also perpendicular to the AC direction.

Because the LEED pattern from (1121) resembles its lattice pattern in real space rotated
by 90°, the zone axis can be identified as [2113] (see Fig. 5.1(a)). As shown in the

stereographic projection plot in Fig. 5.1(c), among all the surfaces in the <2113> zone,
(01 10) is the most plausible facet candidate because it is the most close-packed surface
near (1121). Fig. 5.2(c) shows a kinematical LEED simulation at the same E; as in Fig.
5.2(b) and based on the 2-D lattices of (01 1 0) and its symmetrical counterpart (10 10 ).
The positions of the diffraction spots in the simulated pattern are almost identical to those
in Fig. 5.2(b); this resemblance retains for other values of E., indicating that indeed the
facets are (0110) and (10 10) and they are not reconstructed. When the partially
faceted surface is annealed at ~1300K, the surface becomes planar again due to
desorption of oxygen and the LEED pattern reverts to that seen in Fig. 5.2(a).

When oxygen exposure is increased to 60L, new subtle changes are found in the
LEED pattern after the surface is annealed between 800-1100K. Figure 5.3(a) shows a
LEED pattern taken from a surface exposed to 60L O, followed by annealing at 1000K
for 2 min; it looks similar to the LEED pattern in Fig. 5.2(b) taken at the same Ee:
diffraction beams from (1121) coexist with those from (01 10) and (10 10) facets.
However, if we focus on the four beams labeled as A-D in Fig. 5.3(a) that are located in
similar positions as the A-D beams in Fig. 5.2(b), they are not on a straight line anymore.
This deviation from a straight line is also observed for other values of E., indicating that

the surface morphology must have changed from (1121) coexisting with (01 10) and
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Fig. 5.3. LEED patterns of Re(1121) taken after it is exposed to (a) 60L and (c)120L O, at 300K followed
by annealing at 1000K for 2 min. (b) is a kinematical simulation of (a) based on 2D lattices of (3364),

(0110) and (1010), in which the solid circles are beams from (3364 ) and the hollow circles are beams
from (0110) and (1010). See text for other labels.
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(10 10) facets. By observing how the diffraction beams move when E. changes, we
know the (01 10) and (10 1 0) facets are intact while the beams such as A and C in Fig.
5.3(a) are not from (1121) but from a new facet. The specular beam of the new facet has
almost zero intensity for different values of Ee, but its position can still be approximately
located on the basis of the following two observations: 1) the diffraction beams from the
new facet retain the mirror symmetry along the [1 126 ] direction, thus the specular beam
must be on the symmetry axis of the LEED pattern; 2) the A and E beams in Fig. 5.3(a)
move toward each other when E. increases, indicating the specular beam is also located
on the line connecting these two beams. As labeled by a hollow circle in Fig. 5.3(a), the
intersection point between the symmetry axis and the AE line is the specular beam
position of the new facet, whose tilt angle with respect to (1121) is then determined to be
~6°. The diffraction beams from the new facet are similar to those from (1121) because
the new facet is vicinal to (1121) and located in the <1100 > zone. Two possible
candidates for the new facet are (2243) and (3364 ), with tilt angles of 7.7° and 5.2°,
respectively. However, kinematical simulations of the LEED pattern based on 2-D
lattices of (2243) and (3364) reveal that only the latter gives a good match to the
experimental LEED pattern. Figure 5.3(b) shows a kinematical simulation of Fig. 5.3(a)
based on 2D lattices of (01 10), (10 10) and (3364 ); because (3364 ) can be regarded
as a stepped (1121) surface with the terrace width equal to one unit size of (1121),
among all the diffraction beams from (3364) only those close to the beam positions of
(1121) can have enough intensity to be detected experimentally. As a result, only those

diffraction beams from (3364) satisfying this criterion are shown in the simulation.
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Further annealing the surface at 1200K, the LEED pattern reverts to that in Fig. 5.2(b)
due to slight desorption of oxygen.

When Re(1121) is exposed to 120L of oxygen followed by annealing at 800-1100K,
the LEED pattern shown in Fig. 5.3(c) looks similar to Fig. 5.3(b) except for some new
faint streaks as marked by arrows in Fig. 5.3(c). These streaks are from new facets
because they do not converge to the specular beam positions of (0110), (1010) and
(3364) when E.increases. However, since the streaks are weak, it is difficult to identify
the orientations of the new facets. In the following section, we show that the unknown
facets become better developed and give stronger LEED beam intensity when Re(1121)
is exposed to oxygen at high temperature; the facet orientations can then be determined as
(0111)and (1011).

B. Oxygen adsorption at high temperatures

The LEED results in the previous section show that the morphology of a faceted
Re(1121) surface depends on the initial oxygen exposure at 300K before annealing.
However, with this facet preparation procedure, the maximum amount of oxygen is
limited by the saturation coverage at 300K. In order to go beyond this coverage limit and
explore the possibility of other facet formation, we dose oxygen with the Re(1121)
surface heated at high temperatures and then let the surface cool down to 300K before
conducting LEED measurements. This new facet preparation procedure has been proved
successful in our previous study of oxygen-induced faceting of Re(1231) [17].

Figures 5.4(a)-(d) show LEED patterns taken after a Re(1121) surface is exposed to
different amounts of oxygen ranging from 10L to 120L at 1000K. When the oxygen

exposure is 10L, the LEED pattern (Fig. 5.4(a)) looks similar to Fig. 5.2(b), showing the
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Fig. 5.4. LEED patterns taken after a Re(1121) surface heated at 1000K is exposed to (a) 10L O, (b) 30L
0,, (c) 60L O, and (d) 120L O,.

(0110) and (10 10) facets coexisting with (1121). Since the Re crystal is kept at
1000K for 20min, much longer than the 2min annealing time used for Fig. 5.2(b), the
diffraction beams from the facets in Fig. 5.4(a) are less streaky than those in Fig. 5.2(b),
indicating that the facets size increases with longer annealing time. When the oxygen
exposure is increased to 30L, the LEED pattern (Fig. 5.4(b)) evolves to look like Fig.
5.3(c): the surface is completely faceted with (01 10), (10 10), (3364) coexisting with
two unknown facets (see streaks marked by arrows in Fig. 5.4(b)). With further increase

of oxygen exposure to 60L, the LEED pattern in Fig. 5.4(c) looks similar to Fig. 5.4(b)
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except that the beam intensity from (3364 ) is weakened while the beam intensity from
the two unknown is enhanced. In Fig. 5.4(d), when oxygen exposure is increased to
120L, the diffraction beams from (3364) completely disappear and the surface is fully
faceted with (01 10), (10 10) and the two unknown facets. Further increasing oxygen
exposure to as high as 300L does not bring any new surface structures, since the

corresponding LEED pattern in Fig. 5.5(a) is almost the same as in Fig. 5.4(d).

68eV

Zone axis

(@)

@ 68eV
Sl facet 1 facet 2
S (b)

Fig. 5.5. (a) LEED patterns taken after a Re(1121) surface heated at 1000K is exposed to 300L O,. (b) An
Ewald sphere construction showing the relationship between two facets. (c) is a kinematical simulation
pattern of (a).

The diffraction beams from the two unknown facets are also symmetrical along the

[1126] direction; moreover, they form smooth curves together with the beams from
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(0110) and (10 10) for different Ecs (see Fig. 5.5(a)). According to the Ewald sphere
construction of a LEED pattern, beams on a smooth curve indicate that their
corresponding reciprocal rods are located in the same plane (see Fig. 5.5(b)). The fact
that the beams form a smooth curve instead of a straight line indicates the plane is not
parallel to the incident electron beam. Because the reciprocal rods are perpendicular to
their corresponding facets, the crystallographic zone axis of the facets is perpendicular to
the plane of the reciprocal rods. Five beams on a smooth curve are labeled in Fig. 5.5(a),
among which three are from (01 1 0) and labeled by solid arrows and the other two are
from one of the unknown facets and labeled by dashed arrows. The reciprocal rods
corresponding to the three beams of (01 10) are located in the (2110) plane, whose
normal direction is [2110 ]. Therefore, one of the unknown facets must be in the <2110>
zone and the other must be in the <1210> zone due to the mirror symmetry. As shown in
the stereographic projection plot in Fig. 5.1(c), (0111) and (1011) are the only
probable facet candidates because both are close-packed surface and may have low
surface free energy; (0001) cannot be the facet orientation because two unknown facets
are observed. Our previous study conducted under similar oxygen adsorption conditions

on Re(1231), a surface tilted 12.0° from (1121), found that (02 11) and (1011) also

appear as facets, so we propose that the new facets are (01 11) and (1011) as well.
Kinematical simulations of the LEED pattern in Fig. 5.5(a) are performed on the basis
of the 2-D lattices of (0110), (1010), (0111) and (1011) to confirm the facet
orientations. However, a good match between the simulated and experimental LEED
patterns can only be achieved by assuming that (0111) and (1011) are (2x1)

reconstructed (see the simulated pattern in Fig. 5.5(c)); the reconstruction is along the
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[1100 ] direction (see details in Sec. 5.3.4 below). For example, the two beams labeled
by solid arrows in Fig. 5.5(a) are the direct evidence of the (2x1) reconstruction because
the distance between them is about half of the value from an unreconstructed (0111)
surface.

So far we have shown the morphology of a faceted Re(1121) surface depends on the
oxygen coverage at 1000K. The effect of substrate temperature during oxygen adsorption
is two-folds: first, the substrate temperature affects the kinetics of facet formation; second,
the substrate temperature affects the balance of oxygen adsorption-desorption processes,
which determines the oxygen coverage that in turn determines the facet morphology. As
shown in Fig. 5.6(a), when the Re(1121) surface is exposed to 120L of oxygen at 700K,
only diffuse features associated with (01 10) and (10 10 ) facets can be identified
besides a few diffraction spots from the (1x1) structure of Re(1121). This suggests that
the size of the facets that form at 700K is very small and the growth of the facets is
controlled by kinetics. When the oxygen adsorption temperature is increased to 900K,
even with a reduced oxygen exposure (60L), facets become better developed as evidence
by sharper diffraction spots in Fig. 5.6(b). The surface also becomes completed faceted

because all the diffraction spots of (1121) disappear. In Fig. 5.6(b) the diffraction beams

from (0110) (1010), (0111) and (10 11) form four smooth curves just like those in
Fig. 5.5(a), however, there coexists another set of diffraction beams that converge to a
spot labeled by a circle in Fig. 5.6(b). These diffraction spots cannot be from (3364) as
in Fig. 5.4(b) and (c) because they form a rectangular pattern instead of a distorted
hexagonal pattern and the facet tilt angle determined from the specular beam position is

higher than that of (3364 ). The new found facet is metastable because it disappears with
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Fig. 5.6. LEED patterns of Re(1121) taken after it is exposed to 120L O, at different temperatures: (a)
700K, (b) 1000K, (c) 1100K and (d) 1200K.

further increasing of oxygen exposure; its orientation will be identified below. When the
oxygen adsorption temperature is increased to 1100K, the (1121) surface is completely
faceted with (01 10) (10 10) and (3364) (see Fig. 5.6(c)); note the diffraction beams
labeled as A, B and C in Fig. 5.6(c) are not in a straight line, which is the signature used
to distinguish between (3364) and (1121). When Re(1121) is exposed to 120L of O, at

1200K, the LEED pattern in Fig. 5.6(d) resembles Fig. 5.2(b) taken from a surface
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prepared by dosing 10L at 300K followed by annealing at 1000K; the Re(1121) surface
becomes partially faceted with (01 10) and (10 10 ) facets. The fact that the surface is
not completely faceted indicates 1200K is a temperature too high for the surface to
accumulate enough oxygen coverage for the formation of other facets.

To identify the orientation of the metastable facet observed upon oxygen adsorption
at 900K, we first determine the tilt angle of the facet by using the LEED pattern from
planar Re(1121) as a reference frame. Figure 5.7(a) shows a LEED pattern taken at E.
equal to 24eV from Re(1121) after being exposed to 60L O, at 900K, in which the
rectangular pattern from the metastable facet is clearly recognizable. The specular beam
of the metastable facet, labeled by a solid circle in Fig. 5.7(a), is located at the same
position in the LEED screen as the (01 ) beam from planar Re(1121) when Ee is 30£5
eV (see Fig. 5.7(b)). On the basis of the reciprocal lattice of Re(1121) and the Ewald
sphere construction of LEED patterns, the angle between the (01 ) beam and the incident
beam is 28 + 3° for E. equal to 30 + 5eV. Therefore, the angle between the specular beam
of the metastable facet and the incident beam is also 28 + 3°; the tilt angle of the
metastable facet with respect to Re(1121) is 14 + 2 °.

Since the metastable facet must be on the <1100 > crystallographic axis due to the
symmetry of the LEED pattern, the possible candidates of the facet is either (1122) or
(1120), whose tilt angles to (1121) are 14.6° and 17.2°, respectively. However, after
considering the spatial relationship between the metastable facet, (01 10) and (10 10)
(see the approximate specular beam positions of (01 10) and (10 10) in Fig. 5.7(a)),
(1122) must be the orientation of the metastable facet; the spatial relationship between

(1122), (0110) and (10 10) can be seen in the stereographic projection plot in Fig.
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Fig. 5.7. (a) LEED pattern of Re(1121) after being exposed to 60L O, at 900K; the solid circle labels the
specular beam of (1122). (b) LEED pattern of planar Re(1121) with the (01 ) beam labeled; (c) is a

kinematical simulation of (a).
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5.1(c). Figure 5.7(c) shows a kinematical simulation of the LEED pattern in Fig. 5.7(a)
assuming the (1122) facet is (2x1) reconstructed; the resemblance between Fig. 5.7(a)

and (c) suggests that the orientation of the metastable facet is (1122).

5.3.2. STM study

STM measurements are conducted to reveal the morphology of faceted Re(1121) in
real space and to confirm the LEED results. Here we focus on the morphology of the four
stable facets: (0110) (1010), (0111) and (1011). Figure 5.8(a) is a typical STM
image taken from a Re(1121) surface exposed to 10L O, at 300K followed by annealing
at 1000K, showing terraces separated by zigzag steps. The zigzag steps are actually made
of (0110) and (10 10) facets as shown in Fig. 5.8(b), a 3-D perspective view of the
same STM image as Fig. 5.8(a). The orientation of the terraces is confirmed as (1121) by
atomic resolution STM image taken from one of the terraces (Fig. 5.8(c)), in which a
squashed hexagonal pattern characteristic to (1121) is clearly seen. The orientations of
the two facets can be confirmed by measuring their tilt angles with respect to (1121) and
the angle of the intersection lines between the facets. The inset in Fig. 5.8(a) shows the
cross section profile along the solid line marked in Fig. 5.8(a), in which the slope of the
tilted line segment AB gives a tilt angle of 32 + 2°, agreeing well with the ideal tilt angle
(34.2°) of (0110) (or (10 10)) with respect to (1121). The angle of the intersection
lines between the facets and (1121) is measured to be 55 + 2° (see the two dashed lines
in Fig. 5.8(a)), also agreeing with the ideal value 54.2° calculated from the spatial
relationship between (01 10), (1010) and (1121). Note in Fig. 5.8(a) each (1121)

terrace is shaded in several different colors, indicating the (1121) terrace is stepped. The
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Fig. 5.8. 1000Ax 1000A STM images of a partially faceted Re(1121) surface prepared by dosing 10L O,
at 300K followed by annealing at 1000K. (a) top view with an inset showing a cross-section profile along
the solid line marked in (a). (b) 3-D perspective view; (d) X-slope image. (c) 80Ax 60A STM image from
the same surface as (a) showing atomic structure of the (1121) terrace.

distribution of the steps can be better viewed in Fig. 5.8(d) after taking height derivative
along the X direction; in the differentiated image the dark lines are the steps on the (1121)
terrace; since (0110), (1010 ) and (1121) alone cannot retain the macroscopic
orientation of the (1121) surface, these steps cause the local effective orientation of the
terraces to deviate from (1121), which makes it possible to retain the macroscopic

orientation.
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Fig. 5.9. 1000Ax1000A STM images of a fully faceted Re(1121) surface prepared by dosing 300L O, at
1000K: (a) raw image; (b)X-slope image. The oval in (b) highlights a 4-sided pyramid formed by four
facets; a model of the pyramid is also shown in (b).

When the Re(1121) surface is exposed to >120L O, at 800-1100K, it becomes
completely faceted with four facets: (0110), (1010), (0111) and (1011). Figure
5.9(a) and (b) show typical raw and differentiated STM images after Re(1121) is
exposed to 300L O, at 1000K. Four different facets can be identified in Fig. 5.9 and in
some regions they meet together to form 4-sided pyramids (see the pyramid marked by an
oval in Fig. 5.9(b)). The orientations of these four facets can be confirmed by measuring
the angles between facet edges. Figure 5.10(a) and (b) show the measured and ideal

angles, respectively; the good agreement confirms the four stable facets are (01 10),

(1010),(0111)and (1011).
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Fig. 5.10. Comparison of the angles between the facet edge lines. (a) experimental values; (b) calculated
values.

5.3.3. Theoretical insights

Adsorbate-induced faceting is believed to be driven by the increased anisotropy of
surface free energy due to differential adsorption of the adsorbates on surfaces with
different orientation. The total surface energy is minimized by forming facets with low
surface free energy although the total surface area may increase. The total surface free

energy of a faceted surface per projected unit area on (1121) is

=3 AL (5.3)

~"" cos6,’
where y; is the specific surface free energy of the ith facet, & is the tilt angle between
this facet and (1121), and 4, is a structure factor that accounts for the fact that the ith
facet when projected on (1121) only occupies part of the whole surface area; the

constraint for 4; is z;tl. =1. Since the completely faceted surface formed by (01 10),

(0111), (1010) and (1011) is the most stable structure under quasi-equilibrium
conditions (fixed sample temperature and constant background oxygen pressure), we
focus our discussion on comparing its surface free energy with respect to that of (1121).

Using ab-initial DFT methods, we have calculated the surface free energies of clean
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Table 5.1. Surface free energies for various clean surfaces from our DFT calculations. The tilt angles of the
facets with respect to (1121) are listed in the 3" column; the structure factors of the facets are listed in the

4" column for the case when (1121) is completely covered by (0110), (1010), (011 1) and (10 11).

Surface Surface free  Tilt angle
orientation energy(eV/IA?)  to (1121) Structure factor
(1121) 0.220 0° n/a
(0110) or(1010) 0.183 34.2° 0.228
(0111) or (10112) 0.213 29.7° 0.272

(1121) and the facets, as shown in Table I; the tilt angles and the structure factors of the
facets are also included in the table. For clean surfaces, although each of the facets has
lower surface free energy than (1121), the difference is not enough to offset the cost of

surface area increase. By putting the relevant information taken from Table I into

Eq.(5.3), we have ¥ " =0.234 eV/A? larger than y oo =0.220 eV/A% Therefore, a

(1121)
clean (1121) surface is stable against faceting, which agrees with the experimental
observation.

When oxygen is adsorbed on (1121) at room temperature, the saturation coverage is
limited by the total available adsorption sites on (1121). Only if the oxygen exposure is
extremely high, can the oxygen coverage exceed the above saturation coverage due to
oxygen diffusion into the subsurface and bulk.

For a surface covered with oxygen, since we cannot determine the actual coverage in
the experiment, we calculate the surface free energy of planar or faceted Re(1121) with
various initial oxygen concentration as a function of oxygen chemical potential. The
results are shown in Fig. 5.11(a), in which each line represents a planar or faceted surface

with different initial oxygen concentration. For a given background oxygen pressure, for
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Fig. 5.11. (a) (p, T) phase diagram of the O/Re(1121) system based on DFT calculations. (b)-(f) Calculated
adsorption structures that appear in the phase diagram. From Ref. [12].

example, 5x10™° atm used in our experiments, the oxygen chemical potential can be
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converted into temperature which can be compared with the critical temperatures found
experimentally. The surface-free-energy lines intersect with each other and the
intersections determine some temperature windows, in which the structure that has the
lowest surface free energies is the stable phase. Clearly the complete faceted surface with
(0110), (0111), (1010) and (1011) facets is favored against planar (1121) for
T<1250K, which is consistent with our experimental observations. When the temperature
is greater than 1250K, the oxygen-covered planar (1121) surface is favored. When the
temperature is even higher than 1700K, oxygen completely desorbs and a clean planar
(1121) surface becomes the most stable phase. Figure 5.11 (b)-(f) show the oxygen
binding sites with the highest binding energy on (1121), (0110) and (0111) for
various oxygen coverages; here 1 monolayer (ML) refers to 1 oxygen atom per unit cell

on (1121),(0110)or (0111).

5.3.4. Structure models of facets and their connections

In O-induced faceting of Re(1121), the surface morphology undergoes complex
changes depending on the oxygen concentration on the surface. Among all the facets,
(0110)and (10 1 0) are stable and appear in all the faceted structures ranging from zig-
zag chains to four-sided pyramids. This is not surprising since both facets are most close-
packed among those near (1121). However, for the other two metastable facets, (3364)
and (1122), one may wonder why they take the path observed experimentally to evolve
from one to another and eventually form (011 1) and (10 11) (Fig. 5.12(a)). Besides the
thermodynamic driving force, are there any internal connections between their structures

that may affect the kinetic process?
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Fig. 5.12. (a) A schematic view of the morphological evolution of the facets. (b) A hard-sphere model of
(3364) with two ways of viewing the surface shown. (c) A proposed hard-sphere model of (1122 )-(2x1).
See text for details.

Figure 5.12 (b) and (c) show hard-sphere models of the metastable facets. A close

look at these models indeed reveals a natural connection between them. At the beginning,
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when oxygen coverage is low, the surface is partially faceted with {0110} facets
coexisting with (1121). Then an increase of oxygen coverage leads to the emergence of
(3364), whose bulk-truncated surface can be regarded as a stepped (1121) surface with
the terrace width equal to one (1121) unit cell (Fig. 5.12(b)). So from the perspective of
mass transport, it is an easy transition from (1121) to (3364). With further increasing
oxygen coverage, (3364 ) evolves into (1122). This transition can be understood in the
sense that (3364) can also be considered as a stepped (1122) surface from a different
view angle (Fig. 5.12(b)). (3364) is like a boundary state between (1121) and (1122);
an increase of decrease of oxygen coverage can trigger (3364) to tilt toward one or the
other.

For the last transition from (1122) to {0111} at high oxygen coverages, there
seems no natural connection between the structures of these two surfaces. However, since
LEED shows that (1122) is (2x1) reconstructed, a simple model based on reconstruction
of the substrate may provide a clue. In this model (Fig. 5.12(c)), every other row of top-
layer atoms along the [1123] direction is removed, and the resulting (1122 )-(2x1)
surface contains micro-facets of (0111) and (1011). At high oxygen coverages, these

micro-facets grow in size and eventually evolve into large (01 11) and (10 1 1) facets.

5.4. Conclusion

The clean Re(1121) surface is stable against faceting upon annealing up to 2000K.
However, oxygen can induce faceting of Re(1121), and the morphology of the faceted
surface depends on the surface preparation conditions. For oxygen adsorption at 300K

with a moderate exposure between 3 and 60L, Re(1121) only becomes partially faceted
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upon annealing at T>700K; only (0110) and (10 10) facets are observed forming
zigzag chains and coexisting with stepped (1121) terraces. Further increasing of the
initial oxygen exposure, the (1121) terraces are replace by (3364) facets and eventually
(0110) and (10 10) facets also appear. For oxygen adsorption at high temperatures
(700-1100K), the surface morphology also evolves as the oxygen exposure increases.
First, the (01 10) and (10 10) facets appear and coexist with (1121); then a (2x1)
reconstructed (1122 ) facet emerges and the surface becomes completely faceted;
eventually, the (1122) facet disappears and the surface is completely covered by four
facets: (0110), (1010), (0111) and (1011). All facets disappear when the surface is
annealed at T>1300K due to oxygen desorption and the surface reverts to planar. A
connection between structures of the metastable facets is proposed, which may be related
to the kinetics of mass transport. Our results indicate that the oxygen coverage is crucial
in determining the morphology of a faceted (1121) surface. A (T,p) phase diagram of the
planar and faceted (1121) surfaces is generated by DFT calculations. The calculation
results confirm that the oxygen-induced enhancement of surface energy anisotropy is the

driving force for faceting.
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Chapter 6  Ammonia induced reconstruction and faceting on Re(1121)

6.1 Introduction

In chapters 3-5 we have demonstrated that oxygen adsorption can induce complex
morphological changes through facet formation on Re surfaces; the driving force is the
anisotropy of surface free energy which depends on oxygen coverage. One may wonder
whether other adsorbate species can also induce faceting on Re surfaces. If the answer is
yes, what are the facet orientations? Are they the same as those observed in O-induced
faceting? To answer these questions, we choose to study the adsorption of ammonia on
Re(1121).

Ammonia (chemical formula NH3) is one of the most significant products in
chemical industry; it is a key raw material for synthesis of fertilizers, nitrogen-containing
compounds and many pharmaceuticals. The worldwide production of ammonia in 2006
was estimated at 146.5 M tons [1]. It has been reported that rhenium and rhenium nitride
are good catalysts for the synthesis of ammonia, and their catalytic activity is found to be
structural sensitive [2-4]. It has also been reported that ammonia can induce faceting of
Mo(111) [5]; the facets have {433} orientations that are different from the {447} and
{211} facets found in O-induced faceting of Mo(111) [6]; If ammonia can induce
faceting of Re(1121), the faceted surface can be a good model system to study structural
sensitivity in ammonia related reactions.

In this chapter, we report a combined experimental-theoretical investigation of the
adsorption of ammonia on Re(1121), focusing on the surface reconstruction and faceting
induce by nitrogen that comes from the dissociation of ammonia. DFT calculations are

also employed to understand the thermodynamic driving force of N-induced faceting. For
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reference, a hard-sphere model of Re(1121) and its position in the stereographic

projection plot are given in Fig. 6.1.

0001

<+ <1126> > —

1010 2130

Fig. 6.1. Hard-sphere models of the two different terminations of bulk truncated Re(1121) in (a) and (b). (c
Stereographic projection plot of the hcp lattice on (1120). The (1121) surface is labeled by a hollow circle
and the <1 126> zone is labeled by a dashed line.
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6.2 Experimental and computational procedures

The experimental procedure is similar to that described in Chapter 3. The only
difference is that after the Re(1121) surface is cleaned, NH3 instead of O, is introduced
in the UHV chamber through a different leak valve for following experiments.

The DFT computational procedure is similar to that described in Chapter 5. The
calculations are performed by Jacob and Kaghazchi [7]. The Brillouin zones of the (1x1)-
surface unit cells of Re(1121), (1342), (0110),and (0111) are sampled with (4x4),
(3x3), (5%8), and (4x8) Monkhorst—Pack k-point meshes. These surfaces are represented
by 19-layer, 30-layer, 11-layer, and 14-layer slabs, respectively, separated by at least 13A
vacuum. For each system, the bottom four layers are fixed at the calculated bulk-crystal
structure, and the remaining Re atoms and the adsorbates are allowed to freely relax. In
the calculation, the system is assumed to be a N-covered surface in contact with a N, gas
reservoir rather than NHs-covered surface in a NHz environment. In section 6.3.1, we will
show that this assumption is reasonable since NH; decomposes on Re surfaces at room
temperature and the observed faceting is induced by N which desorbs as N, at high

annealing temperatures.

6.3 Results
6.3.1 AES and TPD results

The N/Re AES peak height ratio is measured after Re(1121) is exposed to
different amounts of NH3; at 300K. As shown in Fig. 6.2, after a rapid growth with
increasing NH; exposure, the N/Re ratio saturates when the NH; exposure is greater than

6L, indicating the surface reaches a full coverage.
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Fig. 6.2. AES uptake curve of NH; on Re(1121) at 300K. The electron energies of the N and Re peaks are
392 eV and 176 eV, respectively.

To understand the surface composition after NH3 adsorption, TPD spectra are
measured from a fully covered surface after being exposed to 30L NH3 at 300K (Fig. 6.3).
No NHs signal is found in TPD measurements and the only species detected are N, and

H,, which indicates that NH; dissociates completely into N and H on Re(1121).
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Fig. 6.3. TPD spectra taken after adsorption of 30L NH; on Re(1121) at 300K
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When the annealing temperature is slightly above 300K, adsorbed H aotms start to
recombine into H, and desorb from the surface. By ~600K, all the adsorbed H atoms
desorb in the form of H, and the surface is left only with N. The desorption behavior of
hydrogen is in agreement with previous studies on H/Re(0001) [8-10]. N starts to desorb
as N, when the annealing temperature is greater than 600K and completely desorbs by

1100K.

6.3.2 LEED and STM results

No reconstruction is found in LEED after Re(1121) is exposed to NH3 (up to 30L)
at 300K. The LEED pattern (Fig. 6.4(a)) is the same as that from a clean Re(1121)
surface except for a slight increase in the background signal due to random adsorption of
NHs. When the incident electron energy (Ee) increases, all the diffraction beams move
toward the center of the LEED screen, indicating that the surface remains planar.
Annealing the NH3-covered surface at 400-600K brings no change of the LEED pattern;
however, for NH3 exposure greater than 0.5L at 300K, extra beams appear in the LEED

pattern (Fig. 6.4(b)) after the surface is annealed at 600-700K. These extra beams are

located in the half-integral positions along the [1 126] direction and are more diffuse than
the original (1x1) beams. This (2x1) reconstructed surface remains planar since all the
beams still move to the center of the LEED screen when E. increases.

The (2x1) reconstruction only exists in a narrow temperature window because the
half-integral order beams completely disappear when the surface is further annealed at
temperatures higher than 800K. Meanwhile, new features start to emerge and coexist with
the (1x1) beams from (1121). These new features become well developed when the

annealing temperature is about 900K (see an example beam marked by an arrow in Fig.
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Fig. 6.4. LEED patterns taken in an annealing sequence after adsorption of 30L NHz; on Re(1121) at 300K:
(a) as dosed, (b) 700K and (c) 900K. See text for labels.

6.4(c)). When E. increases, these new beams do not move toward the screen center but
two off-center positions located on the [1100] direction, indicating that they are from
two facets. Just like the (1x1) beams, these facet beams also have a mirror symmetry
along the [1126] direction. Moreover, they always fall on the lines defined by the (1x1)
beams along the [1100 ] direction, which is an evidence that the reciprocal rods
corresponding to the new beams are in the same planes as those correspond to the (1x1)
beams along the [1100] direction. Two examples of such (1x1) beams are labeled as A
and B in Fig. 6.4(c), whose reciprocal rods should be in the plane normal to [1126]
based on structure of Re(1121); note that the (1x1) LEED pattern is rotated by 90° with
respect to the atomic structure of Re(1121) in real space. Therefore, the crystallographic
zone axis of the two facets and Re(1121) must be [1126]. In the <1126> zone, (0221)
and (2021) planes seem to be good candidates for the facets (see Fig. 6.1(c)). However,
a kinematical simulation of the LEED pattern based on their surface structures rules out
this possibility. Although the determination of the zone axis of the facets greatly reduces
the size of candidate pool for the facet orientations, it is difficult to identify the facets just

by this trial and error method; we need to know the tilt angles between the facets and
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Re(1121) by locating the specular beams from the facets. However, because the surface
in Fig. 6.4 (c) is partially faceted, the specular beams from the facets are weak whose
locations are hard to identify. In the following, we will show that this obstacle can be
overcome by preparing a fully faceted Re(1121) surface with NHs; exposure at high
substrate temperature. The partially faceted surface reverts to the unreconstructed planar
surface upon further annealing at T>1000K, which is due to desorption of N.

In the above LEED experiments, the highest coverage of N is limited by the
saturation coverage of NH3; at 300K. To exceed this limit and explore possible new
surface morphologies, we switch to NHj3 adsorption at high substrate temperatures.
Figure 6.5(a) shows a typical LEED pattern taken after dosing 100L NHs on Re(1121) at
700K. The surface is (2x1) reconstructed similar as that in Fig. 6.4(b) but with more
intense half-integral order beams, indicating the reconstruction is better developed. When
Re(1121) is exposed to 100L at 900K, the LEED pattern changes drastically (Fig. 6.5(b)):
the (1x1) beams completely disappear and the remaining beams are from two facets
same as those found in Fig. 6.4(c). The specular beams of the facets can now be easily
located because the beam intensity is higher than in Fig. 6.4(c) (see the two beams
marked by circles in Fig. 6.5(b)). The orientations of the two facets can be identified by

comparing their positions with the (1x1) diffraction beams from Re(1121).

Because the two facets are symmetrical along the [ 1126] direction, for
illustration purpose, we only need to focus on one of them: for example, the one whose
specular beam is on the lower right side of Fig. 6.5(b). This specular beam is located in
the same position as the (2, -1) beam from planar Re(1121) at E, equal to 100 * 5eV

(Fig. 6.5(c)). The corresponding angle between the (2, -1) beam and the normal direction
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Fig. 6.5. LEED patterns of Re(1121) taken after being exposed to 100L NH; at different temperatures: (a)
700K and (b) 900K. Specular beams of the two facets are labeled by circles in (b). (c) LEED pattern of
planar Re(1121) at E,=100eV; the (2,-1) beam (marked by a circle) is located in similar position as one of
the specular beams in (b). (d) is a kinematical simulation of (b) with the specular beams labeled.

(1121) is 30.9 + 0.9° on the basis of the Ewald sphere construction of the LEED pattern
of planar (1121) [11], which is equal to the angle between the specular beam of the facet
and the normal direction of (1121). Therefore, the tilt angle of the facet with respect to
(1121) is 15.5 + 0.5°, which, combined with the fact that the facet lies in the <1126>
zone, suggests that (1342) (or symmetrical counterpart (3142)) is the facet orientation;
the tilt angle between (1342) and (1121) is 15.4°. To confirm this facet identification, a
kinematical simulation of the faceted LEED pattern is generated based on the 2-D lattice

structures of bulk truncated Re(1342) and (3142). The simulated LEED pattern shown
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in Fig. 6.5(d) resembles the experimental pattern in Fig. 6.5(b), not only confirming the
facet orientations but also indicating that both facets are not reconstructed.

The fully faceted surface can also be revealed in real space by STM. Figure 6.6(a)
shows a typical STM image taken after the Re(1121) surface is exposed to 300L NHj at
900K. The two facets form ridges longer than 1000 A with an average width of ~50 A. A
cross-section profile of the ridges is shown Fig. 6.6(b), in which the symmetrical shape of
the saw-tooth like features agrees with the LEED observation that the two facets are
symmetrical with each other. By measuring the slope of each line segment, the tilt angle

of each facet relative to (1121) is 14 + 2°, consistent with the LEED results.

506 A 1006 A
(b)

Fig. 6.6. (a) 1000Ax 1000A STM image of a fully faceted Re(1121) surface prepared by dosing 300L NH;
at 900K. (b) shows the cross section profile along the line labeled in (a).

6.4 Discussion
The LEED results show that Re(1121) either becomes partially faceted upon
adsorption of NH; (exposure >0.5L) at 300K followed by annealing at 800-900K or

becomes fully faceted after being exposed to NH; (>100L) at 800-900K. In this
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temperature range for both cases, we know from the TPD results that the surface is only
left with N atoms that come from the dissociation of NHs. Therefore, the faceting
observed is actually induced by adsorbed N rather than molecular NHs. Since a fully
faceted surface is achieved only by dosing NH3(>100L) at 800-900K, one may ask if
rhenium nitride forms on the surface and contributes to the facet formation. A previous
study shows that rhenium nitride decomposes thermally to the metal above 645K [12],
therefore, rhenium nitride is not responsible for the faceting process.

Figure 6.7(a) shows a hard-sphere model of the (1342) surface; it is atomically
rough with eight atomic layers exposed while the (1121) surface only exposes four
atomic layers. It seems counter-intuitive that (1342) and (3142) appear as facets because
they are less close-packed than (1121) and may have higher surface free energy. The

answer is probably related to the unique structure of (1342). If we look at (1342) from a

(@) (b)

Fig. 6.7. Hard sphere model of the (1342) surface shown in (a) top view and side view, and (b) 3-D
perspective view.

certain perspective as shown in Fig. 6.7(b), we realize that (1342) is actually a vicinal



120

(01 11) surface with kinked steps and (01 1 1) terraces that are more close-packed than
(1121). With adsorption of N, the surface free energy of the terraces may be reduced to
the extent that even the stepped surface is more favorable than (1121).

The above qualitative discussion of the stability of {1342} facets is further
supported by DFT calculations of the (T, p) phase diagram (Fig. 6.8). In the phase
diagram, each line represents the surface free energy of a certain phase as a function of
the nitrogen chemical potential that can also be converted into a temperature scale for a
given background pressure. All the phases can be divided into three categories based on
their surface morphologies: planar (1121), ridges formed by (1342) and (3142) facets,
and pyramidal structures formed by (0110), (1010), (0111) and (1011) facets,
which are represented by solid, dashed and dot-dashed lines in Fig. 6.8, respectively;
phases within each category have different N coverages. For the experimental nitrogen
pressure (5x10™° atm), Figure 6.8 shows that a clean planar (1121) surface is the most
stable phase when the temperature is greater than 1080K. This agrees with both the TPD
result of complete N desorption at 1100K and the LEED result of a planar (1x1) pattern
at T>1000K. Once the temperature is below 1080K, the ridges formed by (1342) and
(3142) facets become the most stable phase; the lower the temperature is, the higher the
N coverage on the ridges. For this whole temperature range, the pyramidal structures
formed by (0110), (1010), (0111) and (1011) facets always have higher surface
free energy than the ridges, although they are the favored phase observed in O-induce
faceting of Re(1121). The facets observed in N-induced faceting of Re(1121) are

different form those in O-induced faceting of Re(1121); this demonstrates that even for
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the same substrate, different adsorbate-substrate interactions can lead to distinct pathways

of how the anisotropy of surface free energy changes as a function of adsorbate coverage.
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Fig. 6.8. Surface phase diagram for N-induced faceting of planar Re(1121) showing the surface free
energy as a function of the nitrogen chemical potential referenced as A, =, — 1 E . The solid, dashed
N N 2 N,

and dot-dashed lines represent substrate, two-sided ridges and four-sided pyramids. From Ref. [7].

The (2x1) LEED pattern of Re(1121) upon annealing at 600-700K can be due to
a reconstruction of either the N overlayer or the Re(1121) substrate. The half-integral
order beams show a weaker intensity than the integral order ones, which may indicate
that the (2x1) pattern is related to an overlayer reconstruction. However, since the unit
cell of Re(1121) is so large in comparison with the atomic size of N, one expects the

saturation coverage is higher than that of a (2x1) overlayer reconstruction. Moreover, a
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() (b)

Fig. 6.9. (a) A proposed model for the (2x1) reconstructed (1121) surface with every other row of atoms in
the top layer along the [1100 ] direction removed. The dash lines in the side view show that this surface is
made of two micro-facets; unit cells of the micro-facets are marked in the top view of the model. (b) A
certain view of (1342) as a stepped surface with terraces made of one of the micro-facets in (a); unit cells
of two adjacent terraces are marked.

(2x1) substrate reconstruction is appealing in the sense that it can provide a natural link
to the formation of {1342} facets. Figure 6.9(a) shows a proposed model of a (2x1)
substrate reconstruction of Re(1121), in which every other row of atoms in the top layer
along the [1100 ] direction are removed. The side view of the model clearly shows that
this reconstructed surface is made of two micro-facets whose unit cells are marked in the
top view of the model. On the other hand, each {1342} facet can be regarded as a
stepped surface with the terraces made of either of the same two micro-facets (example of
(1342) shown in Fig. 6.9(b)). Thus the (2x1) reconstruction can be considered as a

precursor state of faceting; the formation of {1342} facets may be hindered by kinetic
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barriers at 600-700K. Nevertheless, the very nature of the (2x1) reconstruction still needs

further investigations.

6.5 Conclusion

Ammonia dissociates completely into N and H upon adsorption on Re(1121) at
300K. Hydrogen desorbs completely in the form of H, by ~600K, the remaining nitrogen
atoms on the surface are responsible for the faceting observed upon annealing at 800-
900K. Nitrogen also desorbs completely from the surface in the form of N, by ~1100K.

Re(1121) becomes partially faceted when it is exposed to ammonia (>0.5L) at
300K followed by annealing at 800-900K. A fully faceted surface can only be obtained
by high dose of ammonia (>100L) at 800-900K. The facets are (1342) and (3142); their
stability is supported by DFT calculations of the corresponding surface free energies and
may be related to the fact that they are stepped {01 1 1} surfaces. A (2x1) reconstructed
LEED pattern is observed when the N-covered Re(1121) surface is annealed at 600-
700K. A model involving reconstruction of the substrate is proposed which suggests this
reconstruction may be a precursor state for faceting.

The drastic difference between N-induced and O-induced faceting of Re(1121)
demonstrates its surface morphology can be tailored by choosing proper adsorbate
species. This advantage makes Re(1121) a good substrate for studies of structure
sensitivity in Re related catalytic reactions; the various faceted surfaces can also be used

as templates for nano-structure growth.
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Chapter 7 Conclusions

We have studied adsorbate-induced reconstruction and nanoscale faceting of
atomically rough rhenium (Re) surfaces, which is the first systematic investigation of
morphological instability of hexagonal close-packed (hcp) metal surfaces. This research
is motivated by use of faceted surfaces as model systems to study structure sensitivity and
size effects in heterogeneous catalysis as well as templates to grow ordered
nanostructures.

We focus on two Re surfaces: Re(1231) and Re(1121), and take an approach
that combines both experimental surface science techniques and calculations based on
density functional theory (DFT). The results reveal a complex morphological evolution in
oxygen or nitrogen-induced faceting of Re surfaces depending on adsorbate coverage and
species; this is in great contrast with previously studied faceting of metal surfaces with
body-centered cubic (bcc) or face-centered cubic (fcc) structures, where simple surface
morphologies were often found.

Chapters 2 and 3 are devoted to oxygen-induced faceting of Re(1231). We have
found that the morphology of the surface depends on oxygen coverage. For oxygen

coverage ¢ < 0.5ML (monolayer, defined as the saturation coverage of oxygen on
Re(1231) at 300K), the O/Re(1231) surface remains planar upon annealing. However,
for 0.5ML < @ < 0.7ML, the O/Re(1231) surface becomes partially faceted upon

annealing at >700K. For 0.7ML < @ < 0.9ML, the O/Re(1231) surface becomes
completely faceted, forming long sawtooth ridges which are composed of (0110) and

(1121) facets upon annealing at >700K. The distance between the ridges is quite
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uniform and the ridges have atomically sharp edges. For 0.9ML < 8 < 1ML, similar
annealing treatment leads to the emergence of (10 10) facets which truncate the original
ridges. With the surface fully covered by oxygen (€ = 1ML), a fourth facet (0111)
becomes prominent. This morphological evolution is accompanied by the reduction of the
average ridge length along [2113 ], indicating that the (1121) facet is metastable.

In order to exceed the coverage limit imposed by oxygen adsorption at 300K, we
also expose Re(1231) to a large amount of oxygen (> 120L) at high temperatures (800-
1000K). Under this condition, the (1121) facet becomes unstable and is replaced by a
new facet (10 1 1). This transition is correlated with the formation of surface oxides ReO
and Re;0s;, as revealed by synchrotron radiation based high resolution soft X-ray
photoemission spectroscopy (HRSXPS).

The results also show that the facets grow in size to minimize the edge energy as
the annealing temperature or time increases. All the facets completely disappear when the
surface is annealed at T > 1300K due to desorption of oxygen.

Chapters 5 describes oxygen-induced faceting of Re(1121) and the results show
that the coverage dependence of surface morphology is a general phenomenon on
oxygen-covered Re surfaces. For oxygen adsorption at 300K with a moderate exposure
between 3 and 60L, Re(1121) only becomes partially faceted upon annealing at T>700K;
(0110) and (10 10) facets are observed forming zigzag chains and coexisting with
stepped (1121) terraces. Upon further increasing of the initial oxygen exposure, the
(1121) terraces are replaced by (3364) facets and eventually (0110) and (1010)
facets also appear. For oxygen adsorption at high temperatures (700-1100K), the surface

morphology also evolves as the oxygen exposure increases. First, the (0110) and
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(10 1 0) facets appear and coexist with (1121); then a (2x1) reconstructed (1122) facet
emerges and the surface becomes completely faceted; eventually, the (1122) facet also
disappears and the surface is completely covered by four facets: (0110), (1010),
(0111) and (1011). All facets disappear when the surface is annealed at T>1300K due
to oxygen desorption and the surface reverts to planar. Structure models for the
metastable (3364 ) and (1122) facets are proposed; we find a natural connection between
structures of the metastable facets, (1121) and {01 1 1} in the sense that each metastable
facet contains micro-features that resemble the next facet phase in the morphological
evolution sequence.

In Chapter 6 we discuss reconstruction and faceting of Re(1121) induced by
adsorption of ammonia. Ammonia dissociates completely into N and H upon adsorption
on Re(1121) at 300K. Hydrogen desorbs completely as H, by ~600K, the remaining
nitrogen atoms on the surface are responsible for the faceting observed upon annealing at
800-900K. Nitrogen also desorbs completely from the surface as N, by ~1100K.

Re(1121) becomes partially faceted when it is exposed to ammonia (>0.5L) at
300K followed by annealing at 800-900K. A fully faceted surface can only be obtained
upon high exposure to ammonia (>100L) at 800-900K. The facets are (1342) and (3142);
their stability may be related to the fact that they are stepped {01 11} surfaces. A (2x1)
reconstruction is observed in LEED when the N-covered Re(1121) surface is annealed at
600-700K. A model involving reconstruction of the substrate is proposed which suggests
this reconstruction may be a precursor state for faceting.

For adsorbate-induced faceting of Re( 1121 ), we also collaborate with

theoreticians to better understand the thermodynamical driving force in this process. The
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(T, p) phase diagrams generated from DFT calculations confirm that the anisotropy of
surface free energy is the driving force for faceting, and the predicted stable phases under
various conditions are consistent with the experimental results.

Our work has implications for Re-based catalysts that operate under oxygen or
nitrogen-rich conditions because the structure of the catalysts often affects their
performance. The results show great promise of tailoring the surface morphology in the
nanoscale regime by choosing appropriate adsorbate-substrate combinations, adsorbate
coverage and annealing conditions.

The dissertation work also provides guidance on future studies in the following
aspects:

1) How does the transition from one faceted structure to another actually happen in
real time and real space? Detailed information on this kinetic process can help us
understand the microscopic mechanism of mass transport in faceting. Preliminary
attempts of using low energy electron microscopy (LEEM) to study the transition
are not successful due to its resolution limits. However, with current technological
advances, it has become possible to study the transition in real time and real space
with a high-temperature, high- speed scanning tunneling microscope (STM).

2) Since the adsorbates studied in the dissertation are all non-metallic, a natural
extension is to search for metal-induced faceting of Re surfaces. Metal-induced
faceting has been widely observed in previous studies on W(111) and Mo(111); it

will be interesting to investigate whether the same phenomenon can occur on Re
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surfaces. Preliminary results in our group have shown that gold is a promising
candidate to induce faceting of Re(1231).

3) Another extension to the dissertation work is to study adsorbate-induced faceting
of other hcp metal surfaces, such as Ru and Co. Such studies may have potential
applications in catalysis and magnetic storage since both Ru and Co are important
components of industrial catalysts and Co is also a magnetic metal.

4) In section 1.4.2, we have shown successful growth of ordered Co particle arrays

using a faceted Re(1231) surface as a template. It is desirable to apply this

approach to growth of other materials of great interest.

! See Robert Baier, master’s thesis, Rutgers University, 2008.
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