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I. 1. Summary

During the term of this grant (02/15/11 to 02/14/16), we have been studying new aspects
of the relationships between nanoscale surface features and heterogeneous catalysis or
electrocatalysis. We concentrate on atomically rough and morphologically unstable surfaces of
catalytic metal single crystals (Re, Ru, Ir) that undergo nanoscale faceting when interacting with
strongly adsorbed species (e.g. O, N, C) at elevated temperatures.

The focus of our work is determining (a) the structure of the faceted metal surfaces, (b) the
reactivity and selectivity of the planar and faceted metal surfaces in chemical and electrochemical
reactions, and (c) use of faceted metal surfaces as nanotemplates for growth of metal nanoclusters
and synthesis of metal monolayer electrocatalyst for hydrogen evolution reaction.

Our objectives are (a) to identify the causes of faceting and other nanoscale growth
phenomena on faceted metal surfaces, and (b) to correlate surface structure and reactivity/
selectivity in heterogeneous catalysis and electrocatalysis with nanoscale features.

We have used multiple UHV surface science techniques for experimental measurements,
which include AES, LEED, TPD, STM, LEIS, XPS, and electrochemical reactions, and DFT in
combination with the ab initio atomistic thermodynamics approach for theoretical calculations.

We find that many planar metal surfaces that are rough on the atomic scale (e.g. fcc Ir(210),
hcp Re(1231), Re(1121) and Ru(1121)) are morphologically unstable and undergo faceting when
interacting with strongly adsorbed species (e.g. O, N, C) at elevated temperatures. The faceted
surfaces expose new crystal faces (facets) on the nanometer scale. We have used faceted surfaces
as nanoscale model catalysts for chemical reactions and as nanotemplates for growth of
nanoclusters and synthesis of nanoscale model electrocatalyst.

The main results since the last three-year report are (1) contributing an invited review paper
to a book entitled “Catalysis by Materials with Well-Defined Structures” (Elsevier, B.V.), (2)
discovering reversible transitions among various morphologies of the faceted Re(1121) surface
and identifying microscopic structural connections between the metastable facets that shed light
on the mass transport pathways in the reversible morphological transitions of faceted Re(1121),
which is the first observation of reversible morphological transitions between different types of
faceted metal single crystal surfaces, (3) discovering carbon-induced faceting of Re(1121) and
Re(1231), which is the first real-space observation of C-induced faceting of metal surfaces, (4)
finding nitrogen-induced reconstruction and faceting of Re(1121) where the (2x1) reconstructed
Re(1121) surface acts as a precursor state for faceting of Re(1121), (5) obtaining real-space images
from oxygen-induced faceted Ru(1121) and finding unique branching in oxygen-induced faceting
of Ru(1121), (6) determining the atomic geometries and energetics of adsorbates (N, C) on Re
surfaces of planar (1121) and facets as well as constructing surface phase diagrams of C/Re and
N/Re, (7) exploring reactivity and reaction pathway in oxidation of CO by NO on planar and
faceted Ir(210), (8) characterizing adsorption sites of CO, O, NO, CO+0O and CO+NO on planar
and faceted Ir(210), (9) finding and elucidating the origin of structure sensitivity in adsorption and
desorption of hydrogen on faceted Ir(210) versus planar 1r(210) by means of combined experiment



and calculation, (10) observing high reactivity of planar and faceted Ir(210) with 100% selectivity
to N2 in reduction of NO by acetylene at fractional acetylene pre-coverage as well as finding
beneficial effects of sub-monolayer surface carbon on C-containing product selectivity, (11)
discovering N2O formation from ammonia oxidation by pre-adsorbed oxygen on planar and
faceted Ir(210) as well as finding that product selectivity to N2, NoO or NO in the oxidation of
ammonia by pre-adsorbed oxygen on Ir can be tuned by oxygen pre-coverage, surface structure,
and facet size, which is the first observation of N2O formation in catalytic ammonia oxidation
under UHV conditions (1x10°° Torr), (12) preferential nucleation and growth of gold nanoclusters
on faceted O/Ru(1120) with regular spacing and narrow size distribution, (13) synthesizing a
nanoscale model electrocatalyst of Pt monolayer (ML) on faceted C/Re(1121) that exhibits higher
reactivity for hydrogen evolution reaction than Pt(111), which is the first application of faceted
metal surfaces as nanotemplates for synthesis of nanoscale model electrocatalyst with well-defined
(facet) structure and controlled (facet) size on the nanometer scale.

We have continued successful collaborations with theorists at UIm University in Germany
who have contributed substantially to our understanding of facet formation and reactivity of planar
and faceted metal surfaces. We have continued successful collaborations with experimentalists at
Princeton University (formerly at Lehigh University) who have made great contributions to the
understanding of nanostructured Pt monolayer electrocatalyst.

l. 2. Details of Results

Our earlier studies related to this work have been documented in a few review articles.*®
Below we will summarize the main results obtained since our last three-year report on surface
morphology and structure, surface chemistry and electrochemistry, growth of metallic
nanoclusters and synthesis of nanoscale model electrocatalyst. The well-defined facet planes allow
for detailed experimental and theoretical characterization and thus serve as nanoscale model
catalysts and electrocatalysts to bridge the materials gap between planar metal single crystal
surfaces and supported metal particles.

1.2.1. Adsorbate-induced Faceting of Metal Surfaces

1.2.1.A. Faceting of Re(1121)

Reversible Transitions among Various Morphologies of Faceted Re(1121). We have
finished a detailed study of oxygen-induced faceting of Re(1121) in a wide range of oxygen
coverage and sample temperature using LEED, AES and STM.® 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. We have discovered an unusual morphological evolution sequence on Re(1121) as a
function of surface oxygen coverage. Upon being exposed to O at 300K followed by annealing in
UHV at elevated temperatures, which results in a relatively low oxygen coverage, an initially
planar Re(1121) surface becomes partially faceted with zigzag chains formed by (0110) and
(1010) facets coexisting with (1121) terraces, as shown in Figure 1.1. At intermediate oxygen
coverage, two meta-stable facets of (3364) and (2x1) reconstructed (1122) are formed
corresponding to two different oxygen coverages. At high oxygen coverage obtained by dosing
Re(1121) with a large amount of Oz on Re(1121) at elevated temperatures, the surface becomes
fully faceted exposing four facets of (0110), (1010), (0111) and (1011). A schematic of the



morphological transitions of oxygen-covered faceted Re(1121) is shown in Figure 1.2. The models
reveal that each facet contains micro-features that resemble the next facet phase in the
morphological evolution sequence, which illustrates a natural connection among different
structures of the facets. When annealing the oxygen-covered faceted surface in UHV, leading to a
decrease in oxygen coverage due to partial desorption of oxygen, the morphology of Re(1121)
transforms to the one at lower oxygen coverage. This is the first observation of reversible
morphology changes on a faceted metal single crystal surface under UHV conditions. Our findings
provide microscopic insights into the pathways of mass transport in oxygen-induced reversible
morphologic transformation of faceted rhenium surfaces. This motivates a more detailed future
exploration of oxygen-induced morphology transitions on catalytically active metal single crystal
surfaces, which is of importance for design and development of new catalysts operating under
oxygen-rich conditions since the shape (morphology) of supported metal nanoparticles varies with
reaction conditions.”®
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Figure I.1. (a) LEED pattern taken at 68 eV from a partially faceted Re(1121) after it is exposed to
10L O, at 300K followed by annealing at 1000K for 2min. The inset in the lower right corner shows
a schematic model of the corresponding surface morphology. (b) Schematic diagram of the Edwald-
sphere construction corresponding to the diffraction spots A-D in (a). (c) Kinematic LEED



simulation of (a) based on the 2D lattices of (1121), (021 0) and (101 0), in which the solid circles
are diffraction spots from (1121) and the hollow circles are from (0170) and

(1020). (d) 3D representation of the partially faceted surface showing the zigzag chains made of
narrow bands of well-defined facets.
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Figure 1.2. (a) Schematic models of all the observed faceted structures on Re(1121). (b) Hard-
sphere model of the (3364 ) facet. The side view shows two different ways of viewing the same
surface. (c) Proposed hard-sphere model of the (1122 )-(2x1) facet.

Experimental Studies of Carbon-induced Faceting of Re(1121). We have initiated and
performed a detailed study of carbon-induced faceting of Re(1121) using XPS, AES, LEED and
STM.1® The motivation stems from two facts: 1) carbon-metal interaction has been studied
extensively in recent years because of its importance in catalysis, nanotechnology, and synthesis
of carbon nanotube and graphene,!*® 2) carbon in various forms has been used as catalyst and
catalyst support.!! We have searched for conditions for faceting to occur by varying exposures to
C2H2 and sample temperatures in a wide range. We find that upon CzH2 exposure at elevated
temperatures, an initially planar Re(1121) surface becomes fully faceted and covered by carbon.
The faceted surface is composed of three-sided pyramids exposing (0111), (1011) and (1120)



facets, as shown in Figure 1.3. This morphological transformation occurs only at low CzH:
exposures (0.3 — 6.0 L) and temperature > 800K.1” Kinematical simulations of the experimentally
observed LEED patterns from the faceted surface have been used to determine the facet
orientations, which are then confirmed by STM measurements. This is the first observation of C-
induced faceting of an hcp metal single crystal surface and also the first real space observation of
C-induced nano-faceting of metal single crystal surface.

a

Figure 1.3. (a) LEED pattern at 60eV from a faceted C/Re(1121) surface prepared by dosing 0.3L of
C2H; at 700K followed by annealing at 1100K; (b) kinematical simulation of (a); (¢) STM image
from the same surface as (a); (d) hard sphere model of a single pyramid from the faceted Re(1121)
surface.

Theoretical Studies on Carbon-induced Faceting of Re(1121). Using DFT in
combination with the ab initio atomistic thermodynamics approach,*® we have searched for the
most stable structures for C on Re surfaces of planar (1121) as well as {1011} and (1120) facets
that form three-sided pyramids on the faceted surface.'” We have investigated the binding sites
and binding energies for C on Re surfaces with varying C coverages. We find that at low to
intermediate coverage (0.25 — 1.0 GML) C atoms prefer binding at four-fold hollow sites on all
studied Re surfaces. However, at high coverage (2.0 GML), three-fold hollow sites are occupied
in addition to the four-fold hollow sites. Here, GML refers to geometrical monolayer, which is
defined as the number of C atoms per (1x1) unit cell of the surface. Using the calculated total
energies for C/Re surfaces including the substrate and the facets with different C coverages, we
then studied the stability of clean and carbon-covered Re surfaces of planar (1121) as well as
facets at different C coverage, which enables construction of a surface phase diagram of C/Re
surfaces. The calculations confirm the experimental findings that formation of three-sided



pyramidal facets is thermodynamically favored only at low carbon coverage as shown in Figure
1.4.
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Figure 1.4. Surface phase diagram for C-induced faceting of Re(1121) showing the surface free
energy of planar and faceted surfaces as a function of the carbon chemical potential.

Nitrogen-induced Reconstruction and Faceting of Re(1121). We have carried out a
detailed study on N-induced reconstruction and faceting of Re(1121) by annealing in NHz with a
wide range of NHs pressure and sample temperature.’® The motivation is based on the fact that
ammonia synthesis is highly structure sensitive on Re single crystal surfaces and a reactivity ratio
of 1:94:920:2820 was found for Re(0001), Re(1010), Re(1120) and Re(1121).%° It has been
shown that the first step in the ammonia synthesis is adsorption of nitrogen on the metal surfaces.?®
22 We find that no reconstruction or faceting exists on the clean Re(1121) surface, which is planar
even after being annealed at temperatures up to 2000K: a (1x1) pattern is always observed in
LEED. Upon dosing 100L NHs at 700K, the Re(1121) surface develops a (2x1) reconstruction
but still remains planar. When dosing 100L NH3 on Re(1121) at 900K, the (2x1) reconstruction
disappears and the surface becomes fully faceted and covered by N, which consists of two-sided
ridges formed by (1342) and (3142) facets as shown in Figure 1.5. This is the first observation of
N-induced faceting of an hcp metal single crystal surface with well-defined facet structure and
controlled nanoscale facet size. The stability of high index planes of {1342} facets is attributed
to the fact that {(1342)} is vicinal to the {1011} surface that is more close-packed than (1121).
The (2x1) substrate reconstruction is appearing in the sense that it can provide a natural link to the
formation of {1342} facets. Figure 1.5e shows a proposed model of a (2x1) substrate
reconstruction of Re(1121) which is made of two micro-facets. On the other hand, each {1342}



facet can be regarded as a stepped surface with terraces made of either of the same two micro-
facets as shown in Figure 1.5f. Thus the (2x1) reconstructed planar (1121) surface can be regarded
as a precursor state of faceting.

Figure 1.5. LEED patterns taken at 40eV from clean Re(1121) (a) and Re(1121) after being exposed
to 100L NHj3 at 700K (b) and 900K (c), respectively. (d) Kinematical LEED simulation of (c). (e)
A proposed model for the (2x1) reconstructed (1121) with every other row of atoms in the top layer
along the [1100] direction removed. The dash line 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. (f) The



(1342) surface viewed as a stepped surface with terraces made of one of the micro-facets in (e);

unit cells of two adjacent terraces are marked. B

Surface Phase Diagram of N on Re Surfaces of (1121) and Facets. Using DFT in
combination with the ab initio atomistic thermodynamics approach,'® we have determined the
atomic geometries and energetics of N-covered Re surfaces of planar (1121) as well as {1342}
facets that form two-sided ridges on the faceted surface.!” We have investigated the binding sites
and binding energies for N on the Re surfaces with varying N coverage ®n in GML (geometrical
monolayer, which is defined as number of N atoms per (1x1) surface unit cell). The energetically
most favorable structure at a given coverage of N on the Re surface is the one with the largest
average binding energy (BE). The adsorption of N on Re(1342) for coverage ranging from 1.0 to
6.0 GML shows almost comparable surface adsorbate densities as those on Re(1121) with
coverage ranging from 1.0 to 3.0 GML. For all studied @ the binding energy of N on Re(1342)
is much higher than that on Re(1121), which supports the stability of (1342) facets on the
Re(1121) surface. We then studied the stability of clean and nitrogen-covered Re surfaces of
(1121) and facets through surface phase diagram of N/Re surfaces as shown in Figure 1.6, which
indicates that nitrogen adsorption causes two-sided ridges combining (1342 ) and (3142) facets to
become thermodynamically favored at temperature below 1080K.
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Figure 1.6. Surface phase diagram for N-induced faceting of Re(1121) showing the surface free
energy of planar and faceted surfaces as function of the nitrogen chemical potential.

1.2.1.B. Faceting of Re(1231)

Carbon-induced Faceting of Re(1231). We have initiated a study of C-induced faceting
of Re(1231) for comparison with C-induced faceting of Re(1121).% Our preliminary LEED and
AES results show that upon annealing in C2H: at elevated temperatures, an initially planar Re(



1231) surface becomes fully faceted and covered by C. The faceted surface consists of two-sided
ridges formed by two facets that have been determined as (1120) and (011 1) by comparison of
the kinematical simulations of LEED patterns with experimentally observed LEED patterns at
various incident electron beam energy from the faceted surface. Figure 1.7 shows a typical LEED
pattern from the faceted C/Re(1231) and a corresponding simulated LEED pattern. The faceted
C/Re(1231) surface is a promising nanotemplate for  synthesis of metal monolayer
electrocatalysts. The detailed exploration of surface morphology and facet size distribution of
faceted C/Re(1231) in real space will be the subject of a future study as described in Section Il
(Renewal Proposal).
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Figure 1.7. (a) LEED pattern at 72 eV from a faceted C/Re(1231) surface; (b) kinematical LEED
simulation of (a).

1.2.1.C. Faceting of Ru(1121)

Oxygen-induced Faceting of Ru(1121). We have performed detailed studies on oxygen-
induced faceting of Ru(1121) by means of AES, LEED and STM?* for comparison with oxygen-
induced faceting of Ru(1120).2° The planar Ru(1121) surface transforms into a fully faceted
surface covered by oxygen upon annealing in NO2 (10 Torr) or Oz (10 Torr) at T > 600K. The
faceted surface consists of long and uniform ridges at T<900K. The ridges are formed by four
facets (1011), (0111), (1010), and (0110), and the ridge size grows as the annealing temperature
increases. Details of the facet structures and reconstructions have been observed. Figure 1.8 shows
X-slope STM images obtained from the same original STM image by differentiating the height
along the X (Figure 1.8a) and —X directions (Figure 1.8b), respectively. Differentiating the height
along the X (scanning) direction brings the left side of the ridges brighter, where (1011) and
(1010) facets are arranged as marked by the boxes. Differentiating the height along the -X
direction brings the right side of the ridges brighter, showing (0111) and (0110) facets are
arranged as marked by the boxes. These results are important for understanding the reactivity of
Ru-based catalysts operating under oxygen-rich conditions as these catalysts may experience shape
transformation due to the formation of new facet planes.
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Figure 1.8. X-slope
STM images of oxygen-covered faceted Ru(1121) obtained from the same original STM image by
differentiating the height along X direction (scanning direction) (a) and —X direction (b). The faceted
surface was prepared by exposing planar Ru(1121) to 60L NO; at 883K.

Branching in Oxygen-induced Faceting of Ru(1121). As described above, upon
annealing in NO2 at < 900K, oxygen-induced faceting of Ru(1121) occurs, leading to formation
of long and uniform ridges on the surface. However, when further increasing the annealing
temperature to > 950K, branching of ridges was observed on the oxygen-covered faceted
Ru(1121) surface as shown in Figure 1.9, in which wider ridges split into smaller ones.? This is
a surprising discovery and no previous report is found for branching on faceted metal single
crystal surfaces. The origin of branching on oxygen-covered faceted Ru(1121) will be the subject
of a future study as described in Section 1l (Renewal Proposal).

Figure 1.9. STM image (500 nmx500 nm) of faceted O/Ru(1121) by annealing in NO, at T > 950K.

Stability of Nitrogen-covered Ru(1121). Motivated by N-induced faceting of Re(1121)
described above, we have carried out experiments to search for N-induced faceting of Ru(1121)
by annealing in NHz with varying exposures (up to 300L) and sample temperatures (from 550K to
1000K). We find that annealing Ru(1121) in NH3 does not induce faceting of Ru(1121)) at all.
Although the presence of the adsorbate does enhance the anisotropy of the surface free energy,
which is the driving force for faceting, a sufficiently high sample temperature is required to
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overcome kinetic barriers for surface atoms to diffuse and facilitate facet nucleate on, i.e. there are
threshold (lowest) values of both adsorbate coverage and sample temperature for faceting to occur.
It is well known that the sticking coefficient for dissociative adsorption of N2 on Ru surfaces is
very small,?” and increased surface N coverage can be achieved by thermal decomposition of NH3
on Ru. The absence of N-induced faceting of Ru(1121) under our experimental conditions is
attributed to an inability to reach the threshold values for both conditions at the same time. In other
words, the lack of N-induced faceting of Ru(1121) is attributed to an insufficient nitrogen

coverage on the surface since TPD measurements from NHs/Ru (1121) show that nitrogen starts
to desorb at 500K and completely desorbs from Ru(1121) as N2 at ~700K.%

1.2.2. Reactions on Planar and Nano-Faceted Metal Surfaces

Upon annealing in O, (5x108 Torr) at T > 600K, planar Ir(210) converts to oxygen-covered
faceted Ir(210) that consists of three-sided pyramids exposing (110) and {311} facets. The
morphology of faceted O/Ir(210) is independent of oxygen coverage, and the average pyramid size
increases with annealing temperature from 5nm to 14nm while the facet structures on each pyramid
remain unchanged.?® * Clean faceted Ir(210) can be prepared in situ through reaction with H at
400K to remove oxygen from faceted O/Ir(210) while facets retain their original structure and size,
as shown in Figure 1.10.3% 3! The generation of clean faceted Ir(210) with tunable facet size on the
nanometer scale is unprecedented on faceted metal surfaces, which have been used to explore size
effects in chemical reactions.®® 32-3 New results since the last three-year report are as follows.

clean planar (210)

0, 1 600K (311) facet (311) facet

oxygen-covered
faceted Ir(210)

H, l 400K

clean faceted (210)

Figure 1.10. (a) Schematic of the process
to produce a clean faceted Ir(210) surface; (b) Schematic of a single pyramid from the faceted
Ir(210) surface.

(110) facet

Reactivity and Reaction Pathway in Oxidation of CO by NO on Ir. We have finished
investigating oxidation of CO by pre-adsorbed NO on planar 1r(210) and faceted Ir(210) with facet
sizes of 5nm and 14nm.3! Both clean planar Ir(210) and clean faceted Ir(210) favor oxidation of
CO to COz, which is accompanied by simultaneous reduction of NO with high selectivity to N».
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The TPD data indicate the same reaction pathway for CO, formation from oxidation of CO either
by pre-adsorbed NO or by pre-adsorbed O on planar Ir(210), which infers that the former reaction
on Ir(210) proceeds via reaction of CO with O that is generated by the decomposition of NO. Co-
adsorbed CO affects dissociation of NO at low NO pre-coverage on Ir(210) but not at high NO
pre-coverage on Ir(210). Planar Ir(210) is more active for CO, formation than faceted Ir(210) at
low NO pre-coverage as evidenced by much lower onset temperature for CO2 desorption and lower
CO: desorption peak temperature on planar Ir(210) than those on faceted Ir(210), similar to
oxidation of CO by pre-adsorbed oxygen at low O pre-coverage on Ir(210). Moreover, faceted
Ir(210) with smaller facet size is more active for CO, formation from oxidation of CO by pre-
adsorbed NO at low NO pre-coverage, in contrast to oxidation of CO by pre-adsorbed oxygen
where no size effects were found. The much lower barrier (~0.1 eV) for O 1D diffusion along the
... -T-D-B-D-T-... direction on Ir(210) than those on Ir(110) and Ir(311) as revealed by DFT
calculation, resulting in rather mobile O atoms with high binding energy (BE) on Ir(210) (Figure
1.11), may be the key to the higher reactivity of planar Ir(210) for formation of CO,. This work
demonstrates the novelty of faceted 1r(210) in exploring structural and size effects in catalytic
reactions. The size effects observed in this work exclude not only the influence of a support
material but also effects that result from changes in catalyst morphology induced by the changes
in particle size: two effects that are common to supported catalysts.

Ir(210) Ir(210

Ir(110)

Ir(311)

Figure 1.11. (left panel) Top views of hard-sphere bulk truncation models of 1r(210), Ir(110), and
Ir(311) showing possible adsorption sites. (right panel) Surface contour plots of the adsorption energy
distribution (with respect to gas phase O,) for binding 1 GML O onto the 1r(210), Ir(110) and 1r(311)
surfaces.

TPD and DFT Studies of hydrogen adsorption and desorption on Ir. We have
performed a detailed study of hydrogen adsorption and desorption on clean planar 1r(210) as well
as clean faceted 1r(210), consisting of {311} and (110) facets with facet sizes of 5-14nm, by means
of TPD and DFT in combination with the ab initio atomistic thermodynamics approach.®®
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Hydrogen dissociatively adsorbs on Ir surfaces at 300K. TPD spectra exhibit only one H» peak
from planar Ir(210) at all coverages, whereas on faceted Ir(210) a single H> peak is observed at
around 440K (F1) at fractional monolayer (ML) coverage and an additional H> peak appears at
around 360K (F2) at 1 ML, implying structure sensitivity in recombination and desorption of
hydrogen on faceted Ir(210) versus planar Ir(210), as shown in Figure 1.12 (top panel). However,
no evidence is found for size effects in recombination and desorption of hydrogen on faceted
Ir(210) for average facet sizes of 5-14nm. Calculations indicate that H prefers to bind at the two-
fold short-bridge sites on the Ir surfaces. In addition, we studied the stability of the Ir surfaces in
the presence of hydrogen at different H coverage through surface free energy plots as a function
of the hydrogen chemical potential as shown in Figure 1.12 (bottom panel). The calculations
revealed the origin of the two H. peaks from faceted Ir(210) observed in TPD: F1 is from
desorption of hydrogen on {311} facets while F2 is from desorption of hydrogen on (110) facets.
This work has been published in Physical Chemistry Chemical Physics (2013) and was commented
by the referee as “This paper is an excellent example of high level research where experiment and
theory go together”.
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Figure 1.12. (top panel) TPD spectra of H, from faceted Ir(210) and planar Ir(210) surfaces pre-
dosed with H; at 300K; (bottom panel) Surface phase diagrams for H on Ir surfaces showing the
surface free energy as a function of the H chemical potential.

Reduction of Nitric Oxide by Acetylene on Planar and Faceted Ir(210). We have
investigated reduction of NO by C>H> on planar Ir(210) and faceted 1r(210) with different facet
sizes (5nm and 14nm).3” Upon adsorption on the Ir surfaces, C2H- dissociates to form acetylide
(CCH) and H species at low C2H2 pre-coverage.3 For adsorption of NO on CzHz-covered Ir, both
planar and faceted Ir(210) exhibit high reactivity for reduction of NO with high selectivity to N>
at low CzH> pre-coverage, while the reaction is completely inhibited at high C>H, pre-coverage.
Co-adsorbed C>H: significantly influences NO dissociation. The N-, H- and C-containing reaction
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products are dominated by N2, Hz, CO and CO: together with a small amount of H>O. For
adsorption of NO on C-covered Ir(210) at fractional C pre-coverage, CO formation is promoted
while CO production is reduced (Figure 1.13), indicating the beneficial effects of surface carbon
at fractional coverage on the selectivity to C-containing products in the reduction of NO.
Reduction of NO by C2Hz is structure sensitive on faceted Ir(210) versus planar 1r(210) (Figure
1.14) but no evidence is found for size effects in this reaction on faceted Ir(210) for average facet
sizes of 5nm and 14nm. The results are compared with reduction of NO by CO on the same Ir
surfaces. Like the NO+C2H> reaction, the Ir surfaces are very active for reduction of NO by CO
with high selectivity to N2 and the reaction is structure sensitive on faceted Ir(210) versus planar
Ir(210), but clear evidence is found for size effects in the reduction of NO by CO on faceted
Ir(210). Furthermore, co-adsorbed CO does not affect dissociation of NO at low CO pre-coverage
whereas co-adsorbed CO considerably influences NO dissociation at high CO pre-coverage. Since
this work shows the beneficial effects of sub-monolayer surface carbon on C-containing product
selectivity in the reduction of NO, it merits further study using C-covered faceted metal surfaces
as catalysts as described in Section Il (Renewal Proposal).
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Figure 1.13. TPD spectra of N2, NO, H,, CO», H,O and CO from adsorption of consecutive dose of
0.5L NO on planar Ir(210) pre-exposed to 0.5L C,H at 300K.
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Figure 1.14. TPD spectra of N2 from adsorption of 0.5L NO on planar and faceted 1r(210) pre-
covered by 0.5L CzHa.

Selective Oxidation of Ammonia on Planar and Faceted 1r(210). We have initiated and
performed a detailed study on selective catalytic oxidation of ammonia by pre-adsorbed oxygen
on planar and faceted Ir(210) using TPD under UHV conditions.*® Selective catalytic oxidation of
ammonia to nitrogen is potentially an ideal technology for removing ammonia from oxygen-
containing waste gases, which has been extensively studied.**-%¢ Iridium was found to be more
active and selective to produce nitrogen than commonly used platinum.** Our TPD data from
adsorption of ammonia on O-covered planar Ir(210) (Figure 1.15) and faceted 1r(210) (Figure 1.16)
show the evidence for formation of N>O from both surfaces. This is the first observation of N.O
formation in catalytic ammonia oxidation under UHV conditions (< 1x10° Torr). The selectivity
of the reaction to N2, NoO and NO can be tuned by oxygen pre-coverage, surface structure and
facet size. The reaction exhibits strong structure sensitivity on faceted Ir(210) versus planar Ir(210)
and moderate size effects on faceted Ir(210) for average facet sizes of 5-14nm. On planar Ir(210),
at low oxygen pre-coverage, only N2 is produced. Formation of N> and N.O is detected at
intermediate oxygen coverage. High oxygen coverage leads to formation of N2, N2O and NO. The
observation of N2O is a surprising finding because formation of N2O from ammonia oxidation was
often observed under high pressure reactions but was not detected under UHV conditions. We will
perform HREELS measurements of ammonia oxidation by pre-adsorbed oxygen on planar and
faceted 1r(210) to identify the reaction intermediates and reaction pathways, which will be the
subject of a future study as described in Section Il (Renewal Proposal).

Adsorption Sites of CO, O, H, NO, CO+0O, CO+NO and CCH+H on Ir. We have
determined the energetically preferred binding sites and binding energies (BEs) of CO, O, H, NO,
CO+0, NO+CO and CCH+H on Ir(210) as well as on Ir(311) and Ir(110), which are involved in
the formation of three-sided pyramidal facets on Ir(210), using DFT.3136:3" The results enabled us
to better understand reactivity of planar and faceted Ir(210) in catalytic reactions of CO oxidation
by pre-adsorbed oxygen and NO, reduction of NO by pre-adsorbed CO and acetylene, and
adsorption and desorption of hydrogen.
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Figure 1.15. TPD spectra from adsorption of 0.2L NH3 on planar 1r(210) pre-exposed to 0.2L O,
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1.2.3. Nanotemplates For Synthesis of Nanoclusters and Nanoscale Model Electrocatalyst

Growth of Gold Nanoclusters on Faceted O/Ru. We have completed detailed studies on
the growth of Au nanoclusters over oxygen-covered faceted Ru(1120) by AES, LEED and STM.*/
Ru(1120) becomes fully faceted and covered by oxygen upon annealing in NO: at elevated
temperatures, and the faceted O/Ru(1120) surface consists of parallel and uniform ridges along
the [0001] direction with dimensions ~6nm wide and >200nm long, which are formed by four {
0111} facets.® Using the faceted O/Ru(1120) surface as a nanotemplate, preferential nucleation
and growth of gold nanoclusters has been achieved. Deposition of gold onto the nanotemplate at
room temperature without post annealing leads to formation of gold nanoclusters that are spaced
regularly and have a narrow size distribution, as shown in Figure 1.17. This is in contrast to growth
of Co nanoclusters on faceted O/Re(1231), which requires post annealing.*® Gold nanoclusters
nucleate and grow preferentially within troughs of the ridges on faceted O/Ru(1120) and their size
can be controlled by changing gold coverage. Our work demonstrates that faceted metal surfaces
are excellent nanotemplates for synthesis of metal nanoclusters at specific sites with narrow size
distribution.

Figure 1.17. X-slope STM image (50nm x 50nm) from deposition of 0.3ML Au on faceted
O/Ru(1120) at room temperature.

Synthesis of Pt Monolayer Electrocatalyst on Faceted C/Re(1121). We have
performed a detailed study of using the faceted C/Re(1121) surface as a nanotemplate to
synthesize Pt monolayer (ML) electrocatalyst. Pt is chosen based on the following two facts.®
First, our earlier study showed no evidence for Pt-induced faceting of Re(1231). This may be
attributed to intermixing between Pt and Re, which was evidenced by our synchrotron-based
HRXPS measurements (unpublished data). Therefore, Pt-induced faceting of Re(1121) under our
experimental conditions is unlikely. Second, the hydrogen evolution reaction (HER) is one of the
most extensively studied electrochemical reactions,*>* and Pt is commonly used as an
electrocatalyst for HER. Of particular interest is the use of Pt monolayer (ML) catalysts for the
HER in order to substantially reduce the Pt loading.>® °2 For example, it was found that the activity
of a Pt ML supported on planar tungsten carbide (WC) shows the same HER activity as bulk Pt.%2
We have successfully synthesized a Pt ML electrocatalyst by depositing one physical ML of Pt
onto the faceted C/Re(1121) surface at room temperature, denoted as Pt ML/C/Re(1121), as
shown in Figure 1.18a, whose activity for the HER has been tested and will be described below.
The Pt coverage was characterized by both LEIS and XPS, as shown in Figures 1.18b and 1.18c.
The LEIS spectrum in Figure 1.18b from the Pt ML on faceted C/Re(1121) (blue curve) displays
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only a Pt peak and a negligible Re peak, whereas the red curve shows only a Re peak in the LEIS
spectrum from the clean Re(1121) surface.
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Figure 1.18. (a) Schematic diagram of synthesizing Pt ML electrocatalyst on faceted C/Re(1121).
Surface characterization of a Pt ML supported on faceted C/Re(1121) by LEIS (b) and XPS (c). In
(b), the red curve was taken from a clean Re(1121) surface.

Reactivity of Pt ML Supported on Faceted C/Re(1121). After preparing a Pt ML
supported on faceted Re(1121), we have tested its reactivity for HER.X® Figure 1.19(left panel)
shows polarization scans for the HER using Re(1121), Pt(111), and Pt ML/C/Re(1121) samples,
which were performed in an Ar-purged 0.1 M HCIO;4 solution at room temperature with a scan
rate of 2mV/s. Figure 1.19(right panel) gives plots of the HER overpotentials as a function of the
logarithm of the exchange current density to produce the corresponding set of the Tafel curves.
Clearly, the activity of Re(1121) for the HER is much lower than Pt(111) as evidenced by the
large overpotential. However, the Pt ML/C/Re(1121) sample has a significantly improved activity
with even better performance than Pt(111). The exchange current (jo) values for Pt
ML/C/Re(1121) and Pt(111) are 6.30x10™* and 3.98x10“ A/cm?, respectively. This work is the
first application of faceted metal surfaces as nanotemplates for synthesis of nanoscale model
electrocatalyst with well-defined (facet) structure and controlled (facet) size on the nanometer
scale, which illustrates the potential for future studies of nanostructured bimetallic systems
relevant to electrocatalytic reactions as described in Section Il (Renewal Proposal).
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Figure 1.19. (left panel) HER polarization curves of (1) Re(1121), (2) Pt(111) and (3) Pt ML
supported on faceted C/Re(1121), in Ar-purged 0.1M HCIO4; and (right panel) corresponding Tafel
plots for the data in (left panel). The scan rate in the polarization measurements was 2mV/s.

I. 3. Concluding Remarks

This report includes the first detailed studies on faceting of metal surfaces induced by
adsorbate species (O, N, C) and their applications in catalysis and electrocatalysis. These results
are important for environmental- and energy-related applications and help understand the
mechanisms of possible dynamic structural rearrangements at the surfaces of highly dispersed
metal catalysts under high temperature and pressure as well as clarify the role of structural and
nanoscale size effects in catalysis and electrocatalysis under operating conditions.

As indicated above, these activities are enhanced by collaborations through which the
DOE funds are considerably leveraged. The factor that distinguishes this work from other studies
of model metal catalysts is our emphasis on atomically rough and high surface energy surfaces
that are morphologically unstable during reaction conditions. Our work leads to fabrication of
nanoscale model heterogeneous catalysts as well as nanoscale model electrocatalysts with well
defined facet structure and controllable facet size on the nanometer scale, which bridges the
materials gap between metal single crystal surfaces and supported metallic nanoparticles in
catalysis and electrocatalysis.
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In the past, we have been working with Prof. Jingguang G. Chen from Columbia
University (formerly University of Delaware) on the use of HREELS to characterize surface
chemistry of NO on clean and oxygen-covered planar and faceted Ir(210) as well as NHz on clean
planar and faceted Ir(210), with Prof. Timo Jacob from Ulm University and Dr. Payam Kaghazchi
from Free University on the DFT calculations of geometries and energetics of adsorbate (O, C, N)
on Ir and Re surfaces of substrate and facets as well as corresponding surface phase diagrams, with
Prof. Bruce E. Koel from Princeton University (formerly Lehigh University) on the use of LEIS
to characterize surface composition on metal (Au, Pt)-covered planar and faceted Re surfaces as
well as Pt monolayer supported on faceted C/Re(1121) surface, and with Prof. Torgny Gustafsson
and Prof. Leonard C. Feldman from Rutgers University on the use of HIM to characterize real time

surface morphology of faceted Au/C/Re(1231) at atmospheric conditions.
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