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Molecular Understanding of the Science
and Ecotechnologies of Surfaces

Gabor A. Somorjai

Molecular Understanding of the Science
and Ecotechnologies of Surfaces

Gabor A. Somorijai

I am deeply honored and grateful to receive the Honda Prize for my research in surface
science and catalysis, which has led to a molecular understanding of these important fields of
science and ecotechnologies. The ecotechnology concept of the Honda Foundation that leads to
the implementation of technologies for sustainable development is very important in the 21st
Century. In this lecture, I would like to suggest that the success rate of eco-engineering is
greatly increased by connecting it to science pursued on the atomic and molecular level. In

turn, pursuit of ecotechnological goals has led to some of the most innovative science. (Fig 1)

Science === Technology

_ 7

The success rate of eco-engineeringin the 21

Century is greatly increased by connecting it to
science pursued on the atomic and molecular
level.

In turn the pursuit of ecotechnological goals has
led to some of the most innovative science.

Fig 1

32



Biointerfaces

Catalysts Nanomaterials

Tribology .. ™ C_Eatmgs
__Surfaces —

Elect roche?ﬁistrv / ™~ Corrosion

Magnetic Info rmation Inteérated Circuitry

Storage

Sensors

Fig 2 Major Applications of Surfaces

Surfaces have many applications that impact our daily lives (Fig 2). Of these many
applications I chose catalysis and biointerfaces as the focus of my investigations over the
decades. This lecture deals with catalysis and, by necessity, nanomaterials because most
catalysts are nanoparticles. I shall attempt to explain what catalysis is and why it is playing
such an important role in human life, including the ecotechnologies developed by Honda
Motor Co., Ltd. I will also explain how a combination of developments of experimental studies
and instrumentation led to an understanding of this phenomenon at the molecular level,
which in turn propelled catalysis to the frontier of science and technologies in broad fields of

human enterprise.

Evolution and achievements of Surface Science

What are surfaces? Figs 3a, 3b, and 3c show three types of surfaces. Fig 3a shows external
surfaces ranging from single crystals (flat, stepped and kinked platinum surfaces) to the green

leaf.

Single Crystal Surfaces

fece (111) fcec (755) fcc (10,8,7)

Green Leaf Surface

Fig 3a External Surfaces
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Atomic Force Microscopy image of Platinum Nanoparticles/SiO,
Fabricated Using Electron Beam Lithography

Post Reaction Sample

Size: 50 nm

Transmission Electronic Microscopy image of Platinum
Nanoparticle Synthesized by Wet Chemistry

Size: 7.2 nm

Fig 3b Nanoparticle Surfaces

Zeolite (Silicalite) Nanoparticles in Mesoporous
Silica (SBA-15)

* Pore size <2 nm * Pores of 2 — 50 nm with

; narrow size distribution
* Pores are ordered with

interconnections = Pores are ordered

Fig 3c Internal Surfaces

Fig 3b shows nanoparticle surfaces that can be catalysts and also provide the ordered
transistor components in the integrated circuit elements of a computer. Fig 3¢ shows internal
surfaces of solids full of micropores or mezopores, such as the structures of the human bone or
devices that adsorb large amounts of gases or fluids. The study of modern surface science
began with the discovery of the transistor, an amplifier device to be substituted for the radio
tube, and through the practice of space sciences. As transistors were made smaller and
smaller, they became faster and faster as the transmission of electrons became more rapid.

This gave rise to the technology quest of ever larger surface to volume ratios. Using the
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ultrahigh vacuum technology developed by space sciences, device surfaces could be studied

free of impurities to determine and control their properties on the atomic scale.

onodispersed nanopartic and 3D
Applications in Catalysis, Tribology, Polymers,
Biointerfaces, Microelectronics, Energy|Conversions,
Envirénmental Chemistry L

Interfaces

Surface Instruments at High Pressures, Liquid
M, SFG, AFM, QCM, RAIRS)

Sutface Dynamics
Rapid energy transfer between incident and product mglecules
Mobhility of the adsorbed molecules along surfaces dufing'catalytic/turnover

urface Thermodynamics
Adsorbate coverage dependent heats of adsorption
Coadsorption induced ordering
Surface segregation

Surface Structure and Bonding
ean surface reconstruction
Adsorbate induced restructuring

e defects (steps, kinks) are chemicallyactive

Model Surfaces - Single erystals, (Metals, Semiconductors)

Surface Instrumerkin Vacuuru'()(/PS, AES, LEED, SIMS)

Fig 4 Evolution of Surface Science

Fig 4 shows the surface science evolution in the 1965-1985 periods. The techniques to study
surfaces were electron, ion and molecule scattering, from clean surfaces of metals and
semiconductors. These studies uncovered the structure and bonding of surface atoms and
molecules, and the thermodynamics and dynamics of their adsorption, energy transfer and

mobility that leads to surface chemical reactions.

However, the most important surface phenomena that are part of our everyday lives occur at
high pressures and liquid interfaces, and not in vacuum, which was the focus of the early
surface science studies. In order to understand the molecular surface properties that play key
roles in corrosion, energy conversion, biointerfaces, environmental chemistry, friction and
lubrication I spent the next 25 years developing techniques that could be utilized to study the
molecular properties of surfaces at the buried solid-gas and solid-liquid interfaces (Fig 4).
Since I wanted to understand catalytic reactions on surfaces I had to extend my studies to

nanomaterials in the 1990s, since most catalysts are nanoparticles.
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Fig 5 In-situ techniques for molecular studies of high-pressure gas and liquid interfaces

The techniques I utilized in Berkeley, some of which were developed there, are shown in Fig 5,

and I shall show their applications in molecular studies later.

I would like to introduce briefly some of the ecotechnologies that use surfaces almost
exclusively. These include the catalytic converter on automobiles (Fig 6a) that is responsible

for removal of pollutants in urban areas like the Los Angeles basin (Fig 6b).

Three Way Catalyst (TWC) Design

—4— Hydrocarbon

14000
#— Nitrogen Oxides

) "

T 12000
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2 0000 \ = _:
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g 8000 5

W SNy

w G000 =

2 S

4000 \‘QL

2000 —

0

1950 1995 2000 2005 2010 2015 2020
Year

1975 1980 1965

In 2007, people drive above 300 million miles every day,

which has tripled since 1970.

Fig 6a Three-way Catalyst (TWC) Design Fig 6b Emission from Automobiles in Los Angeles

Energy efficiency through reaction selectivity, commonly called “clean manufacturing” or
“green chemistry,” means chemistry that yields only the desired molecule without any waste

by-products.
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Examples include the production of high-octane gasoline (Fig 7a), isotactic polymerization (Fig
7b), and synthetic fuel production from synthetic gas, CO and Hz (Fig 7c). Biointerfaces
produced via implant technologies (Fig 7d) is a rapidly growing area of biotechnology that is

responsible for the steadily growing life expectancy of humans.
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Exothermic reactions

Fig 7c Fuels and Chemicals

» Biomaterials improve our everyday quality of life
— NIH estimates 8-10% of Americans have medical
implants?

* Biological Compatibility of Materials
— Non-Specific Protein Adsorption?
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1. http://consensus.nih.gov/2000/2000Medicallmplantsta019html.htm
2. Ratner, B.D., Bryant S.1., Annu. Rev. Biomed. Eng. (6) 41-75, 2004.

Fig 7d Biointerfaces and Medical Devices

Approaches to nanoparticle catalyst

Let me turn to catalysis, which has been the focus of most of my studies past and present.
Catalysts are nanoparticles usually categorized into three distinct classifications: enzyme,
homogeneous and heterogeneous. Examples in Fig 8 show that sizewise, these nanoparticles

are in the 1-8 nanometer range.
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(a) Enzyme (b) Homogeneous (c) Heterogeneous

catalysis catalysis
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Fig 8 Catalysts are Nanoparticles

In attempting to move from single crystals surfaces to nanoparticles (NPs) for utilization as
heterogeneous catalysts (Fig 9a), our early efforts to synthesize them following the
nanolithography technology practiced in the microelectronic industry did not succeed. The
smallest nanofeatures (dots, rods) we could produce were 25 nm, much larger than the

particle sizes of catalysts which are in the 1-10 nm range (Fig 9b).

Pt single crystal surface

colloid synthesis lithography

Metal-oxide SR
Catalytic &g
nanodiode CACAL

2D nanoparticle array

(1-10nm, disordered) '/ ° (>25nm, ordered)
y ) — 11//

KX (Ti0,, GaN) Nanowire arra
2, ¢
3D nanoparticle

array

Nanoparticle array

Semiconductor
5Y,

Fig 9a Evolution of the Model Catalyst System
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Fig 9b Technically and Biologically Important Length Scales

We then turned to colloid science technologies, which are shown in Figs 10a, 10b, 10c, 10d,
and 10e. This proved very successful. The metal nanoparticles are capped by an organic
surfactant or polymer that prevents their aggregation and permits their storage. The porous
nature of these caps allows molecular penetration and reactions on the metal surface. A cap

can also be removed to obtain clean NPs.

- PVP: Poly(vinylpyrrolidone), surface regulating polymer
- Particle size control in the range of 1.7 ~ 7.1 nm

C14TABr
--513—“(:—' (C14TA*)P1Brs2-

s

NaBH4+H, NaBH,
low pH high pH

Cuboctahedra Cubes {100}

Lee, H.et al., Angewandte Chemie, 2006, 45, 7824,
Fig 10a Control of Size and Shape of Pt Nanopatrticles
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Pt nanocrystal shape control — silver ion

Fig 10c TEM Images of Rh,Pd;.x Nanocrystals
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Using inorganic oxide caps, which are also porous, the thermal stability of the metal NPs can
be greatly improved (Fig 10d) to overcome the low melting points associated with the small

size NPs (Fig 10e).

The bulk melting point of gold, T =337 Ki

Buffat and Broel, Phys. Rev. A 13,2287 (1976)

Fig 10d The Size Effect on the Melting Point of gold

Heated in static air at designated temperature for2 h

Fig 10e Pt@SiO; core shell structures of NPs with increased thermal stability

42



Catalytic selectivity of metal nanoparticles

In the 20th Century much of catalysis science focused on understanding reactions that formed
one product; ammonia synthesis, ethylene hydrogenation, carbon monoxide oxidation. In the
21st Century the focus is on catalytic selectivity; how to make only one molecule out of several

possible product molecules. (Fig 11).
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Benzene
3. Crotonaldehyde hydrogenation
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Fig 11 Reaction product selectivity in Multipath catalytic reactions

We studied many multipath reactions and the conclusion of the studies is that size and shape
of metal nanoparticles control both catalytic reaction rates and selectivities.
We show a few examples of this finding (Figs 12a, 12b, 12¢, 12d, and 12e). Clearly, the size

and shape of the nanoparticles control the product distribution.

10 Torr CgH,q, 200 Torr H,, 480 K

* M,

O - 1
Cyclohexens Cyclohexane oy ™ @
7 - Benzens

Apparent E (kcal/mol)

%

Cyelohexane

el
. T
-y ; Ak g SVUEWETL
: 2 4 6

Cyclohexens Benzene Particles size (nm)

Benzene {C6H6) selectivity

Cyclohexane (CgH,, )selectivity

2 4 [
Apparent E, for cyclohexene

dehydrogenation increases with
increasing particle size

Particle size (nm)

Benzene selectivity decreases with
increasing particle size

Fig 12a Effect of Pt Particle Size on Selectivity in Hydrocarbon Conversion Reactions:
Cyclohexene Hydrogenation/Dehydrogenation

43



H T
|
A +H, H;
N +2H , 1I'-> H, *Ha > N/ +NH
;. ; Butane and
Pyrrole Pyrrolidine ammania

pyrrolidine

-
2
2"
e
3
Q
3,

butans and ammonia
P b il
—

Pt size (nm)

4 Torr pyrrole, 400 Torr Hy, 413 K
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Fig 12d Benzene Hydrogenation over Platinum Single Crystals and Different Shapes of NPs
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The process of this control of product distribution by using selected NP sizes and shapes, we

call nanocatalysis (Fig 13)

Nanocatalysis

Nanoparticle Nucleation, Growth

Characterization

Two-Dimensional Film Assembly-Langmuir-Blodgett
Reaction Studies for Selectivity

Three-Dimensional Assembly on Mezoporous supports
Characterization

Reaction Studies for Selectivity

Fig 13

The question is why this is happening and why it was not utilized for the selective production
of molecules earlier. This brings to focus the flaw of catalytic studies in the past.

Catalysts were usually studied before-use and after-reaction. The lack of instruments and
experimental techniques to study the working catalyst while the catalytic reaction is in
progress was the reason for focusing on prenatal and postmortem studies.

The many techniques that are presently available to elucidate the structural and chemical
dynamics of the catalytic process. Below we show how the new techniques identify the

molecular factors that control catalytic selectivity.
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Sum Frequency Generation (SFG) Vibrational Spectroscopy

The unique surface sensitivity of SFG permits detection of reaction intermediates in catalytic

surface reactions (Figs 14a, 14b, 14c, 14d, 14e and 14f).

1800to

detector

# SFG intensity from a centrosymmetric 4
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y=-y Sl P TNTRNI ey BVl

232
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Koyz™ Linliylie) ™ Loy

113 is nonzero = surface-specific signal

Fig 14a Sum Frequency Generation in situ Surface-Specific Vibrational Spectroscopy

SFG of Catalytic Reaction Intermediates
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Fig 14b and 14c Reaction intermediates during ethylene hydrogenation
and cyclohexene hydrogenation and dehydrogenation
on platinum surfaces
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Pt(111) Single Crystal 10 nm Pt Nanoparticles

Fig 14f Reaction Intermediates during furan hydrogenation over Pt (111)
single crystal and 10 nm size Pt nanopatrticle

Surface composition detected under reaction conditions by ambient pressure X-ray

photoelectron spectroscopy

Capture electrons before they collide with gas molecules
by means of differential pumping stages and focusing lenses

to pump to pump to pump

1azAjeuy ASiauz

‘X-ray window

pumping stages

Fig 15a Ambient-pressure X-ray photo- Electron spectroscopy techniques (XPS)

Bimetallic nanoparticles undergo surface composition change driven by changing chemical

(oxidizing and reducing environment) (Figs 15a, 15b and 15c)
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High Pressure Scanning Tunneling Microscopy Detects Adsorbate Mobility and
Adsorbate-Induced Restructuring of Metal Surfaces
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Fig 16b High-pressure STM reaction studies:
The role of surface mobility under reaction conditions.
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Blocking of adsorbate (C,H,, H) mobility by CO poisons
catalytic reaction on Rh and Pt(111)
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crystaline coadsorbed
structures

High pressure scanning tunneling microscopy study af CO poisoning of ethylene hydrogenation an

Pt{111) and Rh{111) single crystals. D.C. Tang, K.S. Hwang, M. Salmeron and G.A. Somorjai. J. Phys.
Chem. B 108,13300 [2004)

Fig 16¢c Blocking of adsorbate (C2H3 H) Mobility by CO poisons catalytic
reaction of Rh and Pt

Pt(557) Pt(332)

gltgg’- afafatagahals il

=

Pt(557) Pt(332)
6(111)-(100) 6(111)-(111)
(a) (b)

Fig 16d Surface structure of Pt (557) and Pt (332) stepped crystal surfaces.
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Pressure-dependent Coverage and
Restructuring

P‘l{ 553"}I in CO .I
:

/ l

1

1

1

1

1

1

CO Coverage
=2
N

T
1E-11 1E$ 1E5 0.1 10
CO Pressure [Torr)

(d)

Fig 16e Pressure-dependent CO coverage and clustering of platinum atoms
at high coverage of CO

Pumpoutto |
108 Torr CO

Pt(557):
6(111)x(100)
S8

¢ Low pressure structure has regular terraces

* High pressure CO causes the step terraces to
break up into ~2nm clusters

» Cluster formation is reversible: Pump out reforms
terraces with increased kink sites

= CO-CO repulsion causes clustering

Fig 16f Reversible CO-induced Restructuring of stepped platinum surface
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There are several molecular factors that control catalytic selectivity, which could be detected by
techniques that monitor the catalyst surfaces under reaction conditions (Fig 17). In addition,

there are two more important molecular factors that could be identified in catalytic reactions.

e Surface Structure (Size, Shape)

Reaction Intermediates

Surface Composition

Adsorbate Mobility
Adsorbate-induced Restructuring
Oxidation State

Charge Transport

Fig 17 Molecular factors that control catalytic selectivity at surfaces

Change of Metal Oxidation State with Decreasing Size of Metal Nanoparticles which also
Permits Heterogenizing Homogeneous Catalysts.
High oxidation state of small size nanoparticles permits their ability to carry out homogeneous

catalytic reactions using small (0.8 nm to 1.5 nm) size heterogeneous NP metal catalysts (Figs

18a, 18b and 18c).

Rh Nanoparticles with
® Uncalcined NP size of 2-11 nm were

(Rh/SBA -15) used in this study
A |B2D film

3D Rh nanoparticle
catalysts (uncalcined Rh/

SBA 15) exhibit particle
size dependence, similar
to Rh 2D LB (Langmuir—
Blodgett)

film

TOF (/Rh site/s)

Rh Nanoparticle Size (nm

Fig 18a Size dependence of CO oxidation state activity
(200 Torr of O, 40 Torr of CO, and 443K) on rhodium nanoparticles.
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Rh 3ds/2
hv=510eV

Rh(X+)

306 312 310 308 306
BE/eV

Fig 18b Change of rhodium nanoparticle state oxidation state with NP size

Size (nm):
0.8

{ "pupeio) =13 s | pteset(o) = 0.16 piee

3
3

0.8 nm Pt Nanoparticles 1.5 nm Pt Nanoparticles
For clarity, the deconvoluted peaks for Pt 4f;;; are not shown in the XPS spectra.

Fig 18c Oxidation state changes with the size of Pt nanoparticles

55



Conversion of Homogeneous to Heterogeneous Catalysis using Dendrimers

Metal ion

Complexation

62 Tertiary
Amines

&4 Terminal
Groups

th ; i -
4" Generation PAMAM Dendrimer G4-OH Pt,/SBA-15

eThe metal clusters size (<1.5nm) is dependentin the number of tertiary amines

eDifferent metal clusters (Pd, Pt, Au, Rh) can be encapsulated in the dendrimer

Fig 19a Catalyst Preparation and Characterization

Homogeneous precedent:

PICL, (5 mol%) / CO (1 atm)
-

toluene, 80°C, 1.5 h 97% yield

Furstner, A.; Davies, P. W. J. Am. Chem. Soc. 2005, 127, 15024

Heterogeneous results:

Catalyst (4 mol%)

-0
-
PhICl, (12 mol%), toluene P

Ph Ar  oxidation Agent,

Pt,,G40OH/SBA-15 90% conversion; 85% vyield

Catalyst has been recycled more than 3 times.
Yields are equivalent to those previously observed.

Fig 19b Solution-phase heterogeneous catalysis of homogeneous reaction with
dendrimer encapsulated ~ 1 nm Pt4o nanoparticles supported on SBA-15

56



Pd40-G4OH/SBA15 T PHOGAONSRAIS [

—_—
Toluene, 100°C, Ar

Pt40-GAOH/SBA1S

~h

Nature Chemistry 2 (2010) 36;
JACS 132 (2010) 16771

Aud(-G40HISBAIS PrO

. . s PO
i = e e O
Aud0-GAOH/SBALS =t J Toluane, RT, Ar ]/ ‘j = L

Ma” "Me = Me” "Me

Cis isomer Trans isomer

Fig 19¢c Heterogenization of homogeneous reactions (Electrophilic reactions)

RhAD-GAOH/SBA-15
Rh40-GAOH/SBA15

Toluana, CO/M, 70atm, T0°C

T Sun. RA0-G4OH/SBALS
Rh40-G40H/SBA1S -

Toluene, Hy/CO Thaim T0"C

By

PRG0N SHALS

Pd40-GAOH/SBA1S i s LR

Fig 19d Heterogenization of homogeneous reactions (Hydroformylation and Decarbonylation)
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Energy dependence of absorption coefficient
WEY=In(I(E}/ I(E))

i
{i I 1
T T T T T T
201 XANES i

L5F Fermi Level

":; 1Ok L e a.a 2p
Ly = 2s

0S5 Oxidation Stare Coordination Number

X-ray

0.0 / B

1 1 1 | | 1 K - A 1s
000 7100 7200 7300 7400 7500 7600 7700

E(eV)

X-ray Absorption Near-Edge Structure (XANES)
Extended X-ray Absorption Fine Structure (EXAFS)

Fig 19e X-Ray Absorption Spectroscopy (XAS): What we measure?

The role of the oxidation state — X-ray Absorption Spectroscopy

EXAFS- Coordination number MNEXAFS — Oxidation state
(a) 80 (b) gn
o 50 =® ~ —-Pt(0)
k4 2 =Pl
Ea0 B 60 —a—PH{IV)
= @
é 3.0 & 45
g 20 5
5= Bl
g =
Pil 1.0 g 15
0.0 - S e | &
Reduction 1 Oxidation 1 Reduction 2 Oxidation 2 Oxidation 1 Reduction2  Oxidation2
H; Reduction PhICI; Oxidation
. X
e g _:. e
- s
° .e" “%

Yimin L, Jack Liu, Cate A, Witham, Wenyu Huang, Matthew A. Marcus, Sirine C. Fakra, Pinar Alayoglu, Zhongwel Zhu, Christopher M.
Thompsen, Arpana Arjun. Kiheng Lee, Elad Gross, F. Dean Toste and Gabor A. Somerjal JACS 133 (2011) 13527

Fig 19f The role of the coordination number and oxidation state during
heterogenizing homogeneous reactions using metal cluster on
dendrimer supports.
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Charge transport and catalysis at oxide-metal interfaces

.~ Changes in catalytic activity when the group
— 1 VIl metals Fe, Ni, Rh, Pt, Pd, and Ir, are
: ! supported on certain oxides (TiO,, TaO, Ce0,,
< NbO, etc.)

= For example, methane formation from CO or
Py J CO, and H, is enhanced by 3 orders of

AFM imagé5 of 50 nm Pt magnitude [4].
nanoparticles

S.J. Tauster, S.C. Fung and R.L. Garten, J. Am. Chem. Soc. 100 (1978) 170.
S.J. Tauster and S.C. Fung, J. Catal. 55 (1978) 29.

K. Foger, in: Catalysis, Science and Technology eds. J.R. Anderson and
M. Boudart, Vol. 6 (Springer-Verlag, Berlin, 1984) ch. 4.

G.L. Haller and D.E. Resasco, Adv. Catal. 36 (1989) 173.

J.P. Hindermann, G.J. Hutchings and A. Kiennemann, Catal. Rev. Sci.
Eng. 35 (1993) 1.

Fig 20a Strong Metal-Support Interaction (SMSI) Effect

Hydrogen and carbon monoxide catalytic oxidation generates a steady electron flow across
platinum (or other metals)/titanium oxide (or other oxides) Schottky diode. The thin metal
film (~ 4nm) provides the hot electrons (> 1 eV) that render the oxide-metal interfaces active

reaction sites (Figs. 20a, 20b, 20c, 20d and 20e).

A hot electron is not in thermal
equilibrium with the lattice

Creation of hot electrons
hv
- Energy transfer from photon,energetic

ions, exothermic chemical processes —
through non-adiabatic energy m-
dissipation

Low energy

- Injection of hot electron with oy . Mot electron
metal-insulator-metal junctions or : W3
STM tip

semiconductor

Fig 20b Hot electron generation in metals
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Deposit of energy due to
photon or
exothermic reaction

Metal
catalyst

Ballistic Mean Free Path of Electrons at 1eV above E;

* Gold 10-100 nm
* Copper 10-75 nm
» Palladium 3-9 nm
+ Platinum 5-10 nm

Inelastic mean free path at low energies given by L«cE2

Fig 20c Mean free path of hot electrons in metal surfaces

chami-
current

metal n-type
catalyst  semiconductor

Schematic and energy diagram of catalytic nanodiode

Fig 20d Hot electron generation by exothermic catalytic reactions
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& Chemicurrent
Activation energy
: 21 keal / mol

%

<
=
—
—
=
2
—
-
2,
c

In (turnover rate)

B Turnover rate
(molecules/Pt site /s)
Activation energy
: 22 keal / mol

O = N W & 00 O N @
O = N W & 00 O N @

0.002
1T (1/K)

Fig 20e Chemicurrent and turnover rate measure during carbon
monoxide oxidation

Fig 21

Charge transport at oxide-metal interfaces lead to the formation of charged molecules and to

acid-base catalysis (Fig 21).
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