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Overview

1} introduction and experimental

2) inert scattering Ar & N, at Ru{0001})

3) chemisorption and scattering CO / Ru{0001) &
H/Ru(0001)

4) inert and reactive: NO / H/RU(0001),
rotational excitation and orientation

5) total energy calculations

6) lateral interactions and islands CO & H /Ru(0001)

7} conclusions

Experimental Methods

Cropper Scattering: Sticking:

Detector
Pulse (£} | Pulse (E) lq incident fuw () "eflected fux (7))

5 T

- Energy transfer (E,, - Sp= I(E; &) Surface
- Anguiar distribution - 8=l{coverage)}

- Gas-surface Adsorption mechanism
‘ intaraction ‘ (activated, non-activated,
-PES direct, precursor-mediated)




Scattering from surfaces |
How does the surface for a molecule kook like?

Example 1 flat surface, puraly repulsive

Example 2: corrugated surface, purely repulsive
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Ar scattering at (H-)Ru(0001
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Narrow angular distributions, no difference for H coverage

From: R Ciobica, P;
Surl. Scl. in press.

pouos, Baranbak, van Santen, Kleyn,

N, interaction with Ru(0001)
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Morlensen. Hammer, Norskov,
Phys. Rev. Lett. B0 {1998) 4333

- Ru has recseived con-
siderable attention in tha past
yaars as probably the only
altemative to replace iron in
the ammonia synihasis
catalyst. The rate limiting step
in ammonia synthasis is N,
dissociation.

- In a recent theoretical study
Norskov and coworkers [1]
predicted the existence of a
néew metastable molecular
precursor state to dissociation,
with a 0.5 eV barrier.

- Can we see it with molecular
beams?




Nitrogen scattering from Ru(0001)
N, sticking negligible, Anguiar flux distributions:

W 25 30 5 40 45 50 % 0 &5 T
Scaltering angle 9, [deg.)
Note the broadening at more normal incidence with high E

Papagecrgopoulos, Berenbak, Yerwoest, Riadmilier, Stolte, Kleyn,
Chem. Fhys. Lelt. 305 (1999) 401

Two scattering regimes

(o ocs - Thermal gcattering at low incident
® noax% energies ( thermal motion of the
.'i M oa-d
L ]

W
% %am

surface important ).

-An initial decrease in FWHM with
: increasing E, due to a decrease of
Ty ¥ : .
thermal broadening,

| —— - Structyre scattering at higher
04 056 UE 10 1z - - .
E(eV) energies. Increase in width

explained by an increase of surface
comnugation.

£
z
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FWHM of the angular flux distributions
with increasing incoming beam energy

- A Dual repulsive wail

Papageorgopoutos, Bersnbak, Verwoest, Riedmdlier, Stolta, Kleyn,
Chem. Phys. Lett. 305 (1959) 401.

teraction potentials between N, and Ru{0001)

.
fmegy

1
1
i
)
* Molecular chemisorptionjstanding up t

= Act.vated melecular chemisorption lying flat A
= Dual repulsive wall L

—

Papageorgopoulos, Berenbak, Verwoest, Riedmdiler, Stelte, #leyn,
Chem. Phys. Lett. 305 (1999) 401.
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Scattering from surfaces I}
How does the surface for a molecula look like?

Exampie 2: corrugated surface, purely repulsive

>

A

Exampte 3: corrugated surface + attractive well

opical 1,

L]
CO scattering at (CO-)Ru{0001)

—— OO conered T 213K
—O— cham T2
—i—clem, T =350K

3¢
EmddeV 2077 u575x

o
ot

13

Scattered NO mtensity
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4, ldeg]

Broad anguilar distributions, no difference for CO coverage, trapping &

desorption atier chemisorption

From: Riedmdier, Ciobica, Papageorgopoulos, Barenbak, van Santen,

Kleyn, Surf, Sci. in prass.
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TOF pa)

NO scattered from Ru(0001)-(1x1)H

E=2.1eV: B=60% T,
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CO scattering at H-Ru(0001)
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Sharg: anquiar distributions, aimost alestic scatiering
From: Riedmdller, Clobica, Papageorgopoulos, Berenbak, van Santen, Kleyn,

Scattering from surfaces lil

How does the surface for a molacule look like?
Example 4: corrugated surface + H-passivated well

CO/NO sticking to (H-)Ru(0001)

L T Pt

H - - -
- M anll
- e, CO + HRU(Ra01)
. ©O + o001}
M HO + HRU(oG01)
. NO « Ru{(000T)

0.
00 0 D4 0B 0N Lo 17 14

d eV

*Stow fall off 1l|;r r’wn-acliva!ed sticking
with energy
*While:energy transter in scattering
inefficient: Orientation and site
*Wall depth of about 1.5 eV; no
dissociation occurring for CO
=Difference: for NO due to direct
dissociativie adsorption? E,ralEY)

Riedmutier. Papageorgopoulos, Berenbak, Ciobica, van Santen, Kleyn

10 1§ 20 25




Scattering from surfaces IV
How does the surface for a molecule look like?

Example 5: corrugated surface + partially -passivated well

NO-REMPI on Ru(0001)-(1x1)H
] 208 :
Corrugation Anisotropy

+ 1+1 REMPI

» Incidence angle fixed at 15°,

« Detection over large fraction of exit angles,

* Ry(0001)-(1x1)H, T, = 85K 9,=15°

— H-Ru(0001) 1 ;

= Aotational rainbow: inert
scattering. .
* Rotational distributions show
anisctropy like NO/AQ(111) i |

* No scattering from
chamisorption walk.

E

Berenbak, Stolte, Kiayn,
Auerbach, Reftner, 1o be publ. i




Rotational excitation for NO — H-Ru(0001)
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Rotational energy [eV]
Rotational temperature [K

A = (036
00 05
Beam energy [eV]
+ Extremely sharp anguier distributions,
= Close to slastic scattering (TOF's),
= ‘Inest’ rotational excitation

while;
= A high raactivity of the system (K&w).
~Bersnbak. Stoite, Kleyn, Ausrbach, Ratiner, to be pub.

Crientation dependent angular
distributions NO — H-Ru(0001)

Re3TTwhery

R

= Distributions can be fit with
broad and narrow angular
distribution
* N-and is broad:

adges of well
»O-end is narrow:

inert terace

Liasig
Re3ETATE

R rnrpery

from;
Berenbak, Stotte, Kieyn

Scattering from surfaces V

How doos the surface for a molecule look lika?
Exampie 6: oriantation dependent partiaily -passivated well
N




2x2 CO Coadsorbed with H
6.2,

adsorption energies:
17

-aidd

9.8
-idil
wld b

~afif5

repulsion increases with H coverage

L

1762

-154.2

on Ru(0001)
—0 (gas}

0.0
kJfmol

CO:

- fee

= hep

| ™ ootop
H:

foe (close)
fce (far)
fee

CO+H CO+3H
VASF code DFT caloutabion:
Clobica, Kleyn, van Santen

CO+4H

The structure:

-only structure which
leads to reasonable
adsorption energy

hcp (close)
hep (far)
hep

H has to shift

VABP code DFT calculation: Ciobica, Frechard, Hainer, Kleyn, van Santen

Static calculations:

-C-Ru bond fixed

—u— {mnt approach

—e— alow approach
4H fce

transition

state

T T t T T 7
20 22 24 26 28 30

dislance batween surfacs and C-stom

1.8

-slow surface can
relax

-fast surface cannot
relax

-minimum activation
barrier B=(0.25eV

- Ru move towards
CO molecule




Co-adsorption H and CO on Ru(0001)

L0

08
ARl 510" mbar

0.6 B pada 10 mbas
C pyy=5210" mbac
0.4 D po=2510" pobar
Eppo=lx10" mbar
F pogtnl ¢ mbar
G poyadn 10 mbar

0.2

CO-xposure [ML]

CO displaces 2 H at constant total coverage
Riedmaoiier of al,

JRU(0001): TEAS
= RROBOT
o Rw0001YIx1)H

lattice: gas distribution

CO forms faflice gas on Ru{0001); islands on H-Ru{D001)
Rledmier et al.

Adsorption CO on (H-)Ru({0001); TEAS

it mbar

1x10" sbar
< S0 mhar
s Lsa0” mba
»  Hfee suface

aocmalized Me-teflecavity

CO forms lattice gas on AL0001); flux dependent islands on H-Ru{0001)
Riedmdlier at al.




Island growth CO on H-Ru(0001): TEAS

0.0 LAl o
10 T T 1000

0.2

+ Pl 310" mhar
L]

02 03
am
Low CO fux: formation of CO, clusters
High CO islands growing in size
Riedmiiler 8t al.

Conclusions:
scattering from (passivated) metais:

an inert system: Ar / (H-) Ru{00G1)
activated chemisorption N, / Ru(0001),
| a dual repulsive wall
i chemisomption and scattering CO / Ru{0001): &
. complete passivation by H,
inert and reactive: NO / H/Ru(0001): sticking and
scattering, no corrugation but rotational excitation
I strong orientation and site dependence of interaction
| lateral intsractions CO & H /Ru(0001): rapid diffusion
and island growth




