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Nanocatalysis
Functional Nanomaterials
Nano-Energy materials

Nanomedicine
Molecular Self. Assembly

Nanofood
Nanophotonics

Nanosynthesis
Nanoanalysis tools
Nanolithography

www.inano.au.dk
www.inanoschool.au.dk
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215t Century Challenges
Scientific Social Responsibility (SSR)

gﬁ.«
/]

Minerals iR 90 Food production

Conflict
and
. terrorism
Population — the
driver
Biodiversity Water
resource
Energy
Health and security and
education supply Dave King
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Global energy consumption

1Photovoltaics

Global energy consumption is expected to Eﬂhm |
double by 2050 and triple by 2100. g

(fuel)
“Wind

power plants

Urgent demand for increased R&D effort! i!?; Wave an tdl

Worldwide Energy Consumption

in exajoule = 34,12 million tons of coal equivalent units

Renewable ] Non-renewable
= energies B energies ) Prognasis after 2000 =
— Assuming global economic
— growth of 3 percent per

year and a global
population of 9-bilfian
= people by 2050

¥ / _ 4Hydrocarbon

Saurce: Deutsche Shell

1900 1910 1920 1560 1570 1980 1990 20002010 2030 2050

o ®
A A RHUWUUS UHIVEESII‘ET--. l ANO
|




A change for energy and environment
related research in the 215t century




Energy strategy in the 21st century

Improve energy ...and develop a diverse
efficiency... mix of zero carbon sources
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Nano-Catalysis is more important than ever:
Green Energy, Green Fuel, Energy storage
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The Surface Science approach

Reactor Catalyst Porous ALO, Actice MoS,
£ Pellets Support Catalytic
z Nanoparticles

Gerhard Ertl
Nobel Prize in 2007

The surface science approach —

The complexity of a catalyst is stepwise
broken down into simplified problems
which can be dealt with in details under
well controlled conditions
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Catalysis : The Surface science approach

eactor Catalyst Porous Al,O; Active Model system

pellets support nanoparticles S
s e.g. Au111)

Nanoparticles syntesized on

metal oxide support
The complexity of a catalyst is stepwise broken down
iInto simplified problems which can be dealt with in
details under well controlled conditions
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Size Matters

natur
Au,, on TiO,(110) ature

nanotechnolog gy

Science 31 5, 1692 (2007) NANOMETROLOGY

Going beyond Moore's law

DRUG DELIVERY
Nanotubes hit the target

NANOMATERIALS
Self- assembled ceramics

Cuttm  edge
for nanodrystals _




Scanning tunneling microscopy: > PACS®
The "Aarhus STM”™

]
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Demanded
tunnel current

0:00:00

1=1.28nA V=5 2mV
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Examples of video rate STM movies

Atom-resolved
Video-rate STM




Scanning Tunneling Microscopy

Tersoff-Hamann: |, oc VtZl \va(@ I 8(E, —E;)

Contour maps of constant Local Density of States (LDOS) at the Fermi Energy (Eg)

Metal surfaces : Geometric Structure
Oxides, Sulfides, Adsorbates : Geometric and Electronic Structure
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Towards atom-scale design of new Catalysts
for Hydrogen production

« Steam Reforming of natural gas :
CH, + H,O 3 H,+CO

(CO +H,0 H, + CO,)
* |ndustrial Conditions

High Pressure ( 20 -50 bars )
High Temperature ( 500-1000 °C )

Small metal particles dispersed
on ceramic support

* High carbon activity leads
to graphite formation
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Metal-on-metal growth

Island Formation

Binary Alloy
Au-Ni(111)

2h
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Au-Ni surface alloy:
A new steam reforming catalyst

Besenbacher et al Science 279, 1913
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Design of a new catalyst based on

400} < 100 ————
<
= i)
S -500 g 98 I -
id >
) c
5 3
g -600 Q % [ 7
S 2
& S
: 5 — 16.4% Ni/ 0.3% Au
£ T 94 —— 16.8%Ni J
~700
| 1 1 | I
0 1000 2000 3000 4000
Position Time (s)

Besenbacher, Chorkendorff, Clausen, Hammer, Moelenbroek,
Ngrskov and Stensgaard, Science 279, 1913
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MoS,-based hydrotreating model cat
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HydroDeSulfurization Catalysis (HDS)

Gas (H,)

S-rich oil

s /

e Catalyst Particles
' . Co/MoS,

Gas (H,S) : 'o Desuglijlrized

In-situ EXAFS measurements:
single-layer MoS,-like ~1-3 nm at 400 °C
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Hydrodesulfurization - (HDS)
Sulfur emission => acid rain

\

Acid Rain and Snow
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Fundamental questions in HDS

J. Catal., 2004. 224: p. 94-106

J. Catal., 2001. 197: p. 1-5
J. Catal., 2004. 221: p. 510-522

JACS., 2006. 128: p. 13950

Adv. Catal., 2006. 50: p. 97-143 J. Catal., 2007. 249: p. 220-233
Catal. Today, 2006. 111: p. 34-43 Nanotech., 2003. 14: p. 385-389
Nature Nanotechnology, 2007. 2: p. 53-58 Phys. Rev. Lett., 2000. 84: p. 951-954
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Nano-clusters of MoS,

Sulfur

. . ‘ Molybdenum
A AL

A AAA.

A AAKXK

(1010)
S edge

(1010)
Mo edge

MoS, basal plane

: Cuttin;g edge
~ for nanocrystals
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Model substrate: The Au(111) surface

« High degree of df:s,pe’ _
. I\/IoS nanoclusl;e’rs SiZ¢
T’nlangular morpholo”gy

|_,_
\ i 1\'}'

(802:% 795 A?)’

Good model system
for a HDS catalyst
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Model substrate: The Au(111) surface




MoS, nanoclusters

The distinctive features of the MoS, nanoclusters are:

 Triangular shape

» Single S-Mo-S layer (Height: 3.16A)

« One-dimensional metallic edge state, resulting
in the observed bright brim along the edge

J. V. Lauritsen and F. Besenbacher, Adv. Catal. 50, 97 (2006)
S. Helvegq, J. Lauritsen, F. Besenbacher et al. PRL 84, 951
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Metallic Edge-states in MoS,

Mo edge with
S dimers (100%)

a'ate
W \J

DFT bandstructure

* Bulk MoS, semiconductor E_=1.23eV
« Edges in MoS, triangle are metallic

Metallic edge states

(I) Localized on S-dimers on Mo-edge.
(Il) Extending over the first three rows.

Bollinger, Lauritsen, Jakobsen,
Narskov, Helveg, Besenbacher
Phys. Rev. Lett. 87 196803
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Thiophene adsorption on MoS, Nanoclusters

Thiophene (C,H,S)

@

o,

/\

\Wi

C—C

H

HDS test molecule

VdW Size ~ 4 x 5 A2

Thiophene adsorbed
on top of BRIM sites

J.V. Lauritsen et al. Nanotechnology 14, 385 ; J. Catal. 224, 94
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Reaction of Thiophene — Energetics (DFT)

A A RHUUS

0.4 - Low T
Physisorption C.-S activation
0.2 2,5-dihydrothiophene
s H .

< i C,H,S(9) H N \cf..,H cis-but-2-ene-thiolate

0.0 - \ : :
Q + 3 S-H S— : o
> CyHiS.. SN LN
o 02 +3 S-H* ; L RN
I.I=J : b C=—c¢C
- : . / \

: : H
O 04} i E, :
- - .
o B
Q .
o R
§ -0.6 |- P \\/ \/‘/C""H : _ : j
/C——C\ C4 HBS ads C4H7Sads
-0.8 H H + S-H*
Thiophene Final
ol Configuration

Reaction Coordinate

Activation barrier E,

Reaction rate = 10"3-exp(E/kT) =

U NIV ERSITET

~1eV=>
10° reactions/sec at 673 K

J.V. Lauritsen, M. Nyberg et al. Nanotechnology 14, 385 (2003)
Journal of Catalysis 221, pp. 510-522 (2004)
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First step of HDS of Thiophene

Occurs on unusual active sites associated with the
one-dimensional metallic edge states in MoS,

Single bonded S -
much more reactive! o
s /
H _H AN N C/ "N "\ H
H ! 1N H ~ H C/
\\ // t 3Hyys — \_/ + Hags ﬂl/ \ . yd “H
C—C\ /C_C\ /C—C\
H H H H H
Thiophene (i) 2,5-dihydrothiophene (ii) cis-but-2-ene-thiolate (iii)
Thiophene physisorbed dihydrogenated thiophene - Intermediate adsorbed on cluster
on cluster (E,4 - -0.2eV) double bond flips over observed with STM
Next step:

Under reaction conditions S vacancies will be abundant
Final S extrusion of the thiolate may easily occur here

J.V. Lauritsen et al. Nanotechnology 14, 385 (2003)
Journal of Catalysis 221, pp. 510-522 (2004)
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Final HDS Pathway Involves
Edge Vacancies




MoS, : Cluster size distribution
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MoS, Cluster Stoichiometry vs. size

—m— Mo-edge (100%)

1 —a— S-edge (100%)
—0— S-edge (75%)
54 C —-— Mo-edge (50°%)
—a— S-edge (50%)
O Observed

.

IVloS

21766

Sulfur to molybdenum ratio (N_/N,, )

0 . 2 . 4 T 6 I 8 I 10 ' 12 . 14 T 16
Number of Mo atoms on edge (n)
Clusters with a S:Mo stoichiometry of more

than ~3 are not favored

£¥%, %
U weven !g‘é; f{&t S5
H . . = n=>5 n=4 n=4 nh=3

Two effects determine the edge termination: Mo. S Mo. S Mo. S Mo. S
» Lowering of the edge free energy

* Reduce the sulfur excess.

21736 15742 10730 10724 6~ 20

J.V. Lauritsen, J. Kibsgaard, F. Besenbacher et al.
Nature Nanotechnology 2 (2007) 53-58
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Detailed edge analysis

» Edge protrusions
out of registry

* Intensity variation

* Paring of S, dimers

J
Even n favored

» Edge protrusions
in registry

U

.#‘ﬂmﬁ”’%
é%
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* No intensity variation

S edge (100%)

vacancies

» Edge protrusions
in registry
* Intensity variation

U
S edge (75%)

- EEEP
INANO

Sulfur



Take Home message

« STM provides insight into the atomic- |
scale structure of MoS, nanoclusters §

STM images the active sites on the
cluster edges, which are not resolved
with other techniques

 (Characterization of size-effects shows
potential for improving the catalysts

based on atomic-scale insight e
(nanocatalysis) S
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Titaniumoxid (TiO,)

> AOP/disinfection — p—
'5_1_%“‘ of oagan M-ﬁﬂﬂ'\ﬁﬂm
h e Qb 1 : Photoreduction
> Hydrogen production L,gm[ # -
il _& Hj.im}rlnlul Organics
f e f : Photooxidation
> Solar cells L&) A ?m -
Haft 'm%?+%3

Hdmed ; T
@rio. e Figinme:
{Plast eller Glas AT 0, eF Ty Hlemolyt

Self-cleaning
surface (upper part
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Titaniumdioxide TiO,

Heterogeneous catalysis

CO+7%0,—-CO
Photocatalysis: water and air purification 2 2
0.3
c O T 7 | Au/TiO,
| TiO: 10, Ti0; 1 £ 02
-—-ﬁ- TiO: TiO2 TiO2 T -
Dark TiO: TiO: TiO: T ; 0.1
TlDa TlOz TiO:l T S
T : =
0.0 T "— : —e
1.5 3.5 5.5

Wang et al., Naturel__38.8__, 431 (1997) Cluster Diameter (nm)

O’Regan et al., Nature 353, 737 (1991)

Bamwenda et al. Catal. Lett. 44, 83 (1997),
Haruta et al., J. Catal. 115, 301 (1989),
Valden et al., Science 281, 1648 (1998).

Fujishima and Honda, Nature 238, 37 (1972) U. Diebold, Surf. Sci. Rep. 48, 53 (2003).
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Photo-electrochemical water splitting
H,O + hv = 20, + H,

Hydrogen
evolution catalyst

Oxygen evolution
catalyst

2H, -
0 4h
Semiconductor
4H" + O, nanoparticle

Linsebigler, Lu, Yates, Chem. Rev. 95, 735 (1995), Gritzel, Lewis, Domen, Li ....

En 7
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The structure of the rutile TiO,(110) surface

* Ar* sputtering @ RT

* Annealing to 823-973 K in vacuum

O, vacancy




The different defects observed by STM

STM-Height (A)
& & &

©
o

—_
(&)

-
o

o
o

STM-Height (A)

- o
o

-
o
—

o
3

STM-Height (A)

©
o

0 5 10 1520 25
Length along [110] (A)

S. Wendt et al PRL 96, 066107
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Preparation of hydroxylated TiO,(110)

Reduced (r-TiO,) Hydroxylated (h-TiO,)

+ H,0) + O,

OH,, groups

o oH oM

Oxide

OH,, groups
H H H

Oxide

O,-vacancies

Oxide

O, vacancy

O OH,, group
(hydroxyl, H adatom)

7 -
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H,O dissociation on TiO,(110)

TiO,(110) surface with O,, vacancies

Adsorption of H,O molecules from the gas phase Oxygen vacancies are
active sites for

H,O molecules diffuse along the 5f-Ti rows
Water dissociation

H,O molecules fill O,, vacancies

Proton transfer reaction along the O, row.

aamnus univensirer (AN i}IANO




Dissociation of Water monomers on TiO,(110]

187 K

S. Wendt et al Surf. Sci. 598, 226 and PRL 96, 066107

Matthey, Wendt, Hammer, Besenbacher, Science 315, 1692 (2007)
Wendt, ...Hammer, F. Besenbacher, Science 320, 1755 (2008)
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O, dissociation

5.5 %ML O,, vac.

O,, vacancy

.0, adatom

70 A x 70A

S. Wendt et al Surf. Sci. 598, 226 and PRL 96, 066107
Matthey, Wendt, Hammer, Besenbacher, Science 315, 1692 (2007)
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New O, dissociation channel in the Ti trough

r-TiO,(110):

6 LO,at127 K + flash to 266 K
8 %ML O,, vac.

pairs of
nearest-
neighbor
O, adatoms

50 A x50 A

S. Wendt, ...Bjerk Hammer, F. Besenbacher, Science 320, 1755 (2008)
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Ti diffusion toward the surface and:
Formation of new TiO, ad-structures

heated to 595 K heated to 698 K

S. Wendt, ...Bjerk Hammer, F. Besenbacher, Science 320, 1755 (2008)
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Formation of new TiO, ad-structures
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Ti diffusion toward the surface and:
Formation of new TiO, ad-structures

heated to 595 K heated to 698 K

S. Wendt, ...Bjerk Hammer, F. Besenbacher, Science 320, 1755 (2008)
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DFT:
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Take home message |

Defects (interstitials and vacancies) are of utmost
importance for surface redox chemistry on reduced
titania
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