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Reading for this Class

Reviews by Norskov
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Key Topics from the Previous Class
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Absorption at Interfaces
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Absorption at Interfaces - Effect of Surface Coverage
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Absorption at Interfaces — Surface “Softness
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Figure 6.12. Models of surfaces divided according to their atom coordination, Atoms in the
close-packed (111) surfaces of fece metals have the highest coordination, their relaxation is
small, and chemisorption-induced restructuring is most difficult. These we call rigid surfaces.
Clusters have the lowest coordination accompanied by large relaxation and thermodynami-
cally favorable chemisorption-induced restructuring; these are the most flexible. The more
open fee (110) surface and stepped surfaces show intermediate flexibility [29].
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What is Catalysis?
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Why Surfaces can be Catalysts?

l} QOCQ/% m@m@ 7%% CQI/lQ&m?LfQ 109 (ifp@@cﬁbvﬁ

Pl = Ky p\

WA 5N C‘m%m‘

O OO0OEW R J - Q

2) gwg@@@ bond  can QJ/M(Q& Thg Qﬁ@/‘&zj QLV)J\\C@L/DQ
CO& The FQQ/QJWDW/\ Qﬂu?@f JFB N

a-®
/\\ A\L ( ¢ h(/\ BBSO(AH‘“:J
| L ) /Qj o dgorbud (L Cﬁ ol M&A
35 l\/)c(L&Ce owe J('Qp (Of The /?ZQCJL,OW

—@éwp&

&;NMlL@ EPFL



The Molecular Orbital Theory
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Bonding at Surfaces

THEORETICAL SURFACE SCIENCE AND CATALYSIS 9
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o ) ) i ) FiG. 3XThe local dengity of states at an adsorbate in two limiting cases: (a) for a broad
Fic. 2. Schematic illustration of the density of states of a transition metal, showing the surface band; (b) for a pArrow metal band. Case a corresponds to the interaction with a metal
broad s band and the narrow d bands (width W) around the Fermi level, &p. s band and case b is r¢presentative of the interaction with a transition metal d band.
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Bonding at Surfaces - Strength of Bonding

1

~~ 0 )

>

L \ d-bands

@ =5

(L \ Adsorbate state
after interaction
with d—bands

— 10 _

<+— Weak chemisorption Strong chemisorption ~—

Limit: Two—level problem
(perturbation theory applies)

O(2p)-Pd(3d)

-3 F

Interaction energy (eV)

4}

-5 " .
-2.0 -1.0 0.0
Pd d-band center, €, (eV)

Fic. 4. The local density of states projected onto an adsorbate state interacting with the
d bands at a surface. The strength of the adsorbate-surface coupling matrix element V' is
kept fixed as the center of the d bands &, is shifted up toward the Fermi energy (e = 0) and
the width W of the d bands is decreased to keep the number of electrons in the bands constant.
As g, shifts up, the antibonding states are emptied above &5 and the bond becomes stronger

(bottom). The calculation was done by using the Newns—Anderson model (37). Adapted from
Hammer (38).
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Fic. 3. The local density of states at an adsorbate in two limiting cases: (a) for a broad
surface band; (b) for a narrow metal band. Case a corresponds to the interaction with a metal
s band and case b is representative of the interaction with a transition metal d band.
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Bonding at Surfaces - Strength of Bonding
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Fic. 4. The local density of states projected onto an adsorbate state interacting with the
d bands at a surface. The strength of the adsorbate-surface coupling matrix element V' is
kept fixed as the center of the d bands &, is shifted up toward the Fermi energy (e = 0) and
the width W of the d bands is decreased to keep the number of electrons in the bands constant.

As g, shifts up, the antibonding states are emptied above &5 and the bond becomes stronger
(bottom). The calculation was done by using the Newns—Anderson model (37). Adapted from

Hammer (38).
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THEORETICAL SURFACE SCIENCE AND CATALYSIS
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Fic. 3. The local density of states at an adsorbate in two limiting cases: (a) for a broad
surface band; (b) for a narrow metal band. Case a corresponds to the interaction with a metal
s band and case b is representative of the interaction with a transition metal d band.
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Bonding at Surfaces — The Antibonding Molecular States
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Fic. 7. Local densitx of states projected onto the oxygen 2p, state (dark-shaded area)
for atomic oxygen 1.3 A above close-packed surfaces of late transition metals (cf. Fig. 6).
The light-shaded areas give the metal d-projected DOS for the respective metal surfaces
before the oxygen chemisorption. From Hammer and Ngrskov (40).
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Fic. 3. The local density of states at an adsorbate in two limiting cases: (a) for a broad
surface band; (b) for a narrow metal band. Case a corresponds to the interaction with a metal
s band and case b is representative of the interaction with a transition metal d band.
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The Chemical Bond
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Figure 6.3. Heats of adsorption of CO on various transition metals as a function of the heats
of formation of the corresponding oxides (per metal atom) [2].
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The Chemical Bond
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Figure 6.3. Heats of adsorption of CO on various transition metals as a function of the heats
of formation of the corresponding oxides (per metal atom) [2].
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Fic. 13. (Left) Calculated (PW91) and model estimates of the variation in the adsorption
energy of molecular CO compared to atomically adsorbed C and O for the most close-packed
surface of the 4d transition metals. (Right) Calculated (PW91) molecular and dissociative
chemisorption of NO. Solid symbols are DFT calculations; open symbols are Newns—Anderson
model calculations. For CO, dissociative chemisorption appears to the left of rhodium. For

NO, dissociative chemisorption appears farther to the right, i.e., also on rhodium.
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Dissociative Absorption at Surfaces
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Fic. 14. Compilation of experimental data for the ability of transition metals to adsorb
and dissociate CO, N, , and NO molecules. M, molecular adsorption; D, dissociative adsorption.
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Adapted from Broden et al. (57).
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Catalysis at Surfaces
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Fic. 19. (a) The potential energy surface (RPBE) for N, dissociating on a Ru(0001)
surface. The energy zero is a molecule far from the surface. The adsorption geometry is shown
in the inset. The distance of the center of mass of the molecule above the surface, Z, and
the N-N bond length, d, are varied. The minimum energy path is indicated, and in (b) the
energy along the path is shown. Note that here only two degrees of freedom have been
included. When the rest are included, the minimum energy path has a lower energy barrier
(Fig. 34). Adapted from Murphy et al. (71).
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Fic. 21. The DOS projected onto o, and o7 for H; in the dissociation transition state on
Cu(111), Ni(111), and Au(111), and Pt(111) surfaces. From Hammer and Ngrskov (40).
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The Sabatier Principle
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Real Surfaces: Strain
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Real Surfaces: TLK
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Real Surfaces: Edges

21 Lesson 14 — MSE 304 - Fall 2020 SuNMIL@ ePFL



Catalyst Poisoning
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Catalyst Regeneration
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Real Surfaces: Frontier Research

Catalyst development strategies
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Fig. 2. Catalyst development strategies. Schematic of various catalyst development strategies, which aim to increase
the number of active sites and/or increase the intrinsic activity of each active site.
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Why is this Important
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Fig. 1. Sustainable energy future. Schematic of a sustainable energy landscape based on electrocatalysis.
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Selective Catalysts
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Conclusions
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