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Oral Exams in January

Wednesday 21.01.2026:9 -6 pm

Thursday 22.01.2026: 9 -6 pm

To test your fundamental understanding of key topics and ability to
bring together the difference course material to solve problems.

Please let me know ASAP if you have or
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Oral Exams in January

A random number generator will pick a number associated with a
guestion. You have ONE opportunity to request another number, but then
you must keep that question.

20 min preparation (MXG032), 20 min oral exam (MXG 030)
During preparation, you may use whatever resources (internet, slides)
During the exam, you may not use any of these resources
Recap the questions you practiced answering during your

TA exericise sessions with the understanding that questions may come from
all the different topics covered during the semester!
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Plan of the Course: Fundamentals, Characterization, and Applications

1: Intro to Surfaces & Interfaces 8: Surface Chemistry

2. Surfaces in the Real World - Adsorption 9: Surface Patterning and Polymer Chemistry
3: Surface Energetics & Interfacial Phenomena 10: Probing Functional Interfaces

4. Atomic Structure of Real Surfaces 11: Surface Phenomena at the Nanoscale

5: Solid-Solid Interfaces 12: Biosensor Fundamentals

6: From Ideal Planes to Real Materials (Recap) 13: Biosensing applications

/. Characterization of Surfaces & Interfaces 14: Chemistry of Semiconductor Surfaces & Beyond
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Recap from Lesson 10 — Tools to Extract Surface Properties

* AFM can extract mechanical properties (forces) of surfaces
* FluidFM (AFM + fluidics) can interact with biology

* QCM-D can characterize the viscoelastic properties of surfaces and monitor real-time

assembly of “wet mass”
» Ellipsometry can extract optical properties and precise layer thickness

* Real-time monitoring of “ dry mass” changes can be conducted with SPR/OWLS
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Recap from Lesson 10 — Repertoire of Characterization Tools

STM

12.5 nm

N2

6  Lesson 11— MSE 304 - Fall 2025 C H E M % N A



Recap from Lesson 10 — Repertoire of Characterization Tools
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Outline of Lesson 11

* How material properties change at nanoscale dimensions

* Quantum dots and metal nanoparticles as case studies

 How different nanoparticles interact with light

* Effect of plasmon resonance that leads to color in metal nanoparticles

* Synthesis of nanoparticles

* How surfaces serve as catalysts (MO theory recap)
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Where We Started: Why Should We Study Surface Science??

Diverse applications in our lives

Catalysis

semiconductors Biosensing

metals

polymers
biomaterials

NS
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How Size Controls Surface Area

Breaking a material into smaller pieces massively increases surface area
At the nanoscale, almost every atom becomes a surface atom

|
e

Total Surface Area

bicm Tolal Surface Area

o cm’
(311 mm cubes) Total Surface Aread

60,000,000 cm?

IalInm cubes)

G”a.. e 2" e

3
10 million-fold increase in surface area!
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Fraction of Surface Atoms Dramatically Increase at Nanoscale

As particles shrink, the percentage of atoms on the surface increases, making
nanoscale materials surface-dominated and more reactive
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Nanoscale = Surface-Dominated

Dangling bonds make surface less stable and higher in surface free energy

Macroscale Nanoscale

+»
.* <+ |n erna

internal

o= s

P ~surface

®' 8" § “ :
b 4 ¢ Y e, surface
Many interior atoms keep structure stable Almost all atoms become surface atoms with
and maintain spacing between atoms fewer internal atoms to balance surface energy

NS
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When Surface Atoms Dominate, Material Properties Shift

Surface atoms have
fewer neighbors
=>» weaker bonding
=» easier to melt

Bulk melting point constant

=» atoms well bonded
=> high stability

NS
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Surfaces Dominate at Small Sizes - Welcome to Nanoscience

Study of objects and systems in which at least one dimension is 1-100 nm

Tryptophan  Antibody =~ SARS-CoV-2  Bacterium Red Blood Cell Width of hair Tip of pencil  Marble Mouse

Q";r —
Y G @ [ -
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/ ° \
: Nanoparticles 3
/
\
H \ Why do materials change
\ , .
o — \ behavior/properties at the bio
‘ Silicon NPs Micelle Liposomes Polymeric NPs \\ nanoscale? RENDER

/ \
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Why Properties Change at the Nanoscale

TwO main reasons:
1. High fraction of surface atoms
2. Quantum confinement effect

Electron wave

Smaller nanoparticle, less
space for electron wave

When particles are just a few nanometers in diameter, the space
available to electrons shrink = affects optical properties
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Size Controls Color (Optical Properties): Quantum Dots

Quantum dot: crystal of a semiconductor material typically 2-10 nm in size

QD Core Core size

A
QD Shell f
A

/ 4 NM

Protective Shell

150 atoms

Number of active centers

Shell materials: ZnS, CdS, ZnSe Core materials: CdSe, PbS, InP, CdTe
=» Passivate the surface to improve =» determines emission color
stability and tune electronic interactions

N
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Diverse Applications of Quantum Dots + 2023 Nobel Prize

Bioimaging and medicine Bright and Quantum information
3 narrowband emission
;1 0® o .
e : 2023 Nobel Prize in Chemistry
= Wavelength 0000 6 A
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Semiconductors have Size-Dependent Band Gaps

| D/ “

;,,0, Y
o | emmm-------- Band gap Band gap
o i
Valence
band T \ /
Valence band
Conductor (metal) Insulator Semiconductor

Note: boxes represent broad energy ranges rather than sharp edges
— each band shows a range of energies where electrons can exist

NS
Quantum
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Semiconductors have Size-Dependent Band Gaps

Bulk structure band 4 Nano structure bands L Nanoscale

Bulk semiconductor

have continuous Conduction
valence and

conduction bands

semiconductors have
discrete energy levels
(quantized)

= e e e = FErmMi energy level

Energy

Valance
band

Decreasing size direction
Increasing band gap direction

N
19 Lesson 11 — MSE 304 - Fall 2024 C H E M % N A



Quantum Dots Emit Different Light Colors Depending on Size

. % % % ? % (L @ QQ

Quantum Dots 250m () aom 5nm
Size dependent
color

Change in band
S W gap size alters
emitted light

Fluorescence

450 500 550 —— asn Size (nanometers) o

Wavelength (nm)
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Metal Nanoparticles: Size Controls Optical Properties

Optical properties of metal nanoparticles are dependent on their sizes and geometries

20 0 J130 o Jlfa0 v [ 50 vl 0 e 70 o J0 o
_\ "I ’ ' e * |

Gold nanoparticles

N
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How Different Nanoparticles Interact With Light

22

Semiconductors
(Quantum dots)

QD Core
QD Shell

Protective Shell

Electrons confined
Discrete energy levels

Size controls band gap = color
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Metals
(Gold, silver)

%

I/’ < p -\_1";\ -
Nanosphere nhty Ly / Nanostar

Nanoshell Nanocage
Nanorod Nanocluster

Electrons move collectively

Plasmon oscillations

Size/shape controls resonance =» color

ND
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Key Takeaways

* At nanoscale dimensions, almost every atom becomes a surface atom

* Properties change at the nanoscale due to high fraction of surface atoms and
the quantum confinement effect

* Semiconductors (quantum dots) have size-dependent band gaps

* Quantum dots vs. metal nanoparticles

NG
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Physical Mechanism that Enables Tunable Colors: Plasmons

The Free Electron Sea Light as an oscillating electromagnetic field
. Light wave
4 = ATTTIT
< Positive ions from the metal “ E] ectron cloud
@ -0 -
3 = < Electron cloud that e 6?/ -
doesn’t belong to Electric \
& - Q Q any one metal ion field

Copynght 1938 by John Wiley and Sens, Inc, All rights reserved,

Electrons in metal are affected by the electromagnetic field
from light incident to surface

N
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From Light to Plasmons: Collective Electron Motion in Metals

25

Metal

Incident light

<

@ Delocalized electrons

Electric field of incident light excites free
electrons on metal surface
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Incident light

<

— <« —> < Electron cloud is polarized

When all electrons oscillate collectively at
the resonance frequency, they move as a
polarized cloud = plasmon
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How Do Electron Oscillations Lead to Different Colors?

Metal

Q0O 0)0) Incident light Reflected light
00
00
00
Q00O
000
00
Q00O
000

000 | >
Y X 00 .
Electrons resonate with
00O 0 :
Reflected light short wavelengths

|
(absorbed)

Incident white light
(visible range)

Light absorbed as
heat

At resonance frequency, incident light energy transferred

to oscillating electron cloud (plasmon excitation) Relative contributions of absorption and

scattering determined by size and shape

This is the frequency where nanoparticle most efficiently . .
of plasmonic particles

absorbs energy from incident light

NG
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Plasmons are the Basis of Surface Plasmon Resonance (SPR)

Light excites electron Changes at the surface
oscillations at gold surface alters the resonance
oée( Association
a ‘o Phase
b
Polarized o Ll Dissociation
light . 2 Q Phase
light Z 0
prism o S baseline
Sensor Ch|p -E 8_ ............................................................................................................................
o o
|d fil
go umm d bangle load baseline
a  buffer /" flow chamber \ . baseline
c b
B Regeneration
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27 Lesson 11 — MSE 304 - Fall 2024

il
G arvare CHEMENA



Going Back Many Centuries (41" Century): Lycurgus Cup

The glass contains gold and silver nanoparticles 10-100 nm in size

Nanoparticles absorb
shorter wavelengths
(blue and green) and
remaining wavelengths
pass through and is
transmitted

Resonance scatters
green wavelengths

A

——
i o N
e -»:’%«:.‘1 'l

»

Lit from front Lit from behind Sy
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Broader Color Range with Asymmetric Nanostructures

° S-i: T k
) 400 600 800 1000 1200

1
Wavelength (nm)

Absorbance (a.u.)

While nanoparticles are
symmetric, nanorods are
anisotropic (different
resonant frequencies
depending on aspect ratio
leading to multiple plasmon
resonances

Transversal Surface Plasmon Resonance (T-SPR)

e
Garcia-Peiro et al., Catalysts, 10, 12, 2020 C H E M %NA

Longitudinal Surface Plasmon Resonance (L-SPR)
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Broader Color Range with Asymmetric Nanostructures

Nanorods  aspect ratio ———————————————

ey N 3 ¢ 3 3

50 nm
Nanoshells ~<«————————— shellthickness resonances

PR »
" . P—— - | — - - - - e wmme -~

While nanoparticles are
symmetric, nanorods are

) | ) \ \ \ \
| ’ anisotropic (different
resonant frequencies
depending on aspect ratio

leading to multiple plasmon

outer plamon modes with
tunable optical properties
based on shell thickness
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Nanoparticle Formation Stages — Nucleation vs. Growth

31
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Generation I

PR Nucleation Growth

Maximum supersaturation level

Critical | / Atoms Nuclei
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Minimim supersaturation level

®

Nuclei Nanoparticle

Atomic concentration (@)

Solubility concentration of nanoparﬂcleg

Time

N
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How to Synthesize Gold Nanoparticles?

Bottom-up vs. Top-down fabrication of materials like nanoparticles

T s s i e o AR e 2B e el -~

/ \
! \ I Bottom-up \
l I l I
| | | I
| | l |
| ! l |
| | |- |
I I l l
| | | |
' Powd ' ' '
‘ bl ,' Nanoparticles! Clusters Atoms ,'
\\ ____________ 25 \\ ____________ -

Physical methods Physical/chemical methods

N
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How to Synthesize Gold Nanoparticles?

Bottom-up vs. Top-down fabrication of materials like nanoparticles

laser
RE cavitation
In water bt el
ablatéd” . refI?ctlon
nanoparticles °

X
@ N
N

s | plasma |
Q@< formation

target

Physical methods
Laser ablation
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How to Synthesize Gold Nanoparticles?

34

Bottom-up vs. Top-down fabrication of materials like nanoparticles

laser

absorption__. cavitation
in water bubble

ablatiN reflection

nanoparticles °

o, o
° ’
o G
(] N
o

plasma citrate stabilized

formation AuNPs
— Nanoparticles Au’* + CeHg0, — Au
target Citric acid
(reducing agent)
Physical methods Physical/chemical methods
Laser ablation Turkevich method (citrate reduction)
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Key Takeaways

* Electrons excited by light oscillate collectively to create plasmons
* Size and shape of metal nanoparticles defined by the absorbed wavelengths
* Plasmons are the basis for SPR
* Nanoparticles nucleate then grow to a finite size

 Nanoparticles can be synthesized from the top-down or bottom-up

NG
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Importance of Catalysis: Sustainable Ammonia Synthesis

Catalysis is the increase in rate of a chemical reaction due to an added substance known as a catalyst.
Catalysts are not consumed by the reaction and remain unchanged after it.

Renewable
electricity

i E&aéa Thermal power
. 4" e Plants

N2 H.O Fuel M Industries
2 ~

’ - + J ) Transportation
53 :
&Eé y Storage ggg Clty gas
NH3 - O s Air conditioning
A = #2 B¥  Hot water supply
Electrochemlcal s
~  Fertilizer
device |

—eatures.

BY KARGER PUBLISHERS

Agriculture
W % Research

Lo o - y : - Material

Transportation -

Frrt e el (RS
iy - Polymers

o e e Catalysis is a surface phenomenon CHE M%NA



Different Interactions on Surfaces Influence Catalysis

Interaction between adsorbate and surface depends on coverage (0):

adsorption desorption | o
° 2dsorbate ° 9 Number of occupied adsorption sites
o o Number of adsorption sites present
substrate ® =0 clean surface
® =1 monolayer
Adsorption = Physisorption Absorption = Chemisorption
Electrostatic interaction (charge transfer) Geometrically defined interaction
non-specific and weak Chemical bond between adsorbate and substrate
multilayer growth possible maximum coverage is 1 monolayer ( 6 = 1)
e ®
o ° ¢ o
® © o0 0 o ? ¢ o009
substrate substrate

N
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Why Surfaces are Reactive: Intrinsically Dipolar

Unpaired valence electrons

l

Involved in bond formation

/* nucleus — Z core electrons

Core of a crystal:
() Nuclei in crystallographic positions
Core electrons

Since they are dipolar =» form bond =» driver for absorption

N
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Chemical Bonds of Molecules Rely on Symmetry and Geometry

ethylidyne

di-¢ bonded ethylene

The way a molecule sits on
the surface (orientation,
symmetry, bonding
configuration) influences
catalytic reactions

Pt (111)

Qi/
30 Lesson 11 — MSE 304 — Fall 2024 Somorjai & Marsh | Phil. Trans. A | 2005 C H E M%NA



Reconstruction of “Soft” Surfaces Due to Absorption

Adsorbates can induce surface reconstructions — reshape surface and alter electronic structure

B (b)

Absorb on surface
and pull the surface
based on
intermolecular
forces

O-induced
reconstruction

TiO, surface

Interaction different from facet to facet (ledge vs. kink. vs. terrace)
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How Surfaces Serve as Catalysts: Adsorption + Dissociation

Formation of CO,

"

f (1) iration of CO ‘(4) Dissociation of O, O'/“O
\ . (3) (3) (2) (1)

2 45 'F 2 A5

Adsorption of O,
Adsorption of CO

° Metallic NP © carbon O oxygen

NS
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How can Surfaces Serve as Catalysts?

1. Locally enhance the concentration of reactants

Physisorption ® @
Van der Waals interactions between Qo o
adsorbate and substrate CRSurface >> CRSqution
. 0000000000000000
(non-specific and weak) substrate

P(t) :Ka X CR

f Ratet.Of prOde[?t ﬁ 1\ Concentration
orm(iln gnLgVSe_:) ime Rate of of reactant
adsorption (s) (mol L)

Adsorption increases encounter frequency

NG
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How can Surfaces Serve as Catalysts?

2. Surface bonds can change the energy landcape of the reaction, lowering activation energy

Rate of catalysed reaction: function of E_, T, number of active sites on catalyst surface, surface concentration of reagents

—
No catalyst _~= TN 1 }
e \ —E
7 Complex \ a
// (adsorbed) \\ k — A e RT
4 E
7 a \
Reactant - \\ Arrhenius Equation
>, | Reactants __ 2
E’) ' Eacat \\
c \ AG remains
- B N\ ~ the same
Adsorbed N
reactants N_y¢ Products
Adsorbed Surface route has lower E,
products (faster and happens at lower T)

— ————

Reaction path

i N
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Electronic Configuration and Molecular Orbitals

44

Orbital:

2
8
Zn 5
2
Zinc
Oxidation states 1, 2 3
Configuration [Ar] 4s% 3d™
Expanded ... 2p® 3s? 3p® 4s? 3d™ 4
Energy levels 2.8 18,2
HOAO n=3, I=2, m=2
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3. Induce one-step reaction (molecular orbital theory)

region in an atom or molecule where there is high probability of finding an electron

1 2

1 2
H He

H1y§]irogen Helium

3 . 4

Li Be
Lithium Beryllium
1 2

" 12

Na Mg
Sodium  Magnesium
1 2

19 20

K Ca

Potassium Calcium Scandium Titanium

1

37 38
Rb Sr

Rubidium Strontium Yttrium

1 2

55 56
Cs Ba
Caesium Barium
1 2

87 88

Fr Ra
Francium Radium
1 2

s block
p block
d block
f block

Vanadium

Zirconium Niobium

Hafnium Tantalum Tungsten Rhenium

89-103
Rutherfordium Dubnium Se

Lanthanum Cerium

8 9

6d
5d
4d

3d ) A A AL

Chromium Manganese Iron Cobalt

26 27
Fe Co
23 23
44 45
Ru Rh

Molybdenum Technetium Ruthenium Rhodium

34 3

76 77
Os Ir
Osmium  Iridium
4 34
108 109
Hs Mt

8

61 62
Pm Sm

Praseodymm Neodymium Promethium Samarium Europium Gadolinium Terbium

3 3
93 94
Np Pu

Actinium Thorium Protactinium Uranium Neptunium Plutonium Americium Curium

5 4

Aluminium

Palladium Cadmium

Platinum Mercury Thallium

14 15 16 17 18

Pnictogens Chalcogens Halogens

Atomic

Symbol

Name
Weight

6 7 8 9 10
C N (0] F Ne

Carbon Nitrogen Oxygen  Fluorine Neon
-4 4 -335 -2 -1

14 15 16 17 18
Si P S Cl Ar

Silicon Phosphorus Sulfur Chlorine Argon
-4 4 -335 -2246 -11357

32 33 34 35 36
Ge As Se Br Kr

Germanium Arsenic  Selenium Bromine Krypton
-424 -335 -2246 -1135 2

50 51 52 53 54
Sn Sb Te I Xe
Tin Antimony Tellurium lodine Xenon
-424 -335 -2246 -11357 246
82 83 84 85 86
Pb Bi Po At Rn
Lead Bismuth Polonium Astatine Radon
24 3 -224 -11 2

114 115 116 117 118

FiL Mc Lv Ts Og

ium Bohrlum Hassium Meitnerium Darmstadtium Roentgenium Copernicium Nihonium Flerovium Moscovium Livermorium Tennessine Oganesson

Oxidation states are the number of electrons added to or removed from an element when it forms a chemical compound.

67 68 69 70 71
Ho Er Tm Yb Lu

Dysprosium Holmium Erbium Thulium  Ytterbium Lutetium

3 3 3 3 3

99 100 101 102 103
Es Fm Md No Lr

Berkelium Californium Einsteinium Fermlum Mendelewum Nobellum Lawrencnum

3
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Electronic Configuration and Molecular Orbitals

Orbital: region in an atom or molecule where there is high probability of finding an electron

Energy _
Catalysis depends on how

surface orbitals interact with
molecular orbitals

&L
CHEMENA
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Molecular Orbital Diagrams and Bond Order

" o* molecular orbital (antibonding) *Don’t forget the

o o Antibonding state Pauli exclusion principle
. Yy —Yy=0

' 1 e : _ : : _
O O = o O # Bonding e” — # Antibonding e
= Bond Order =
/ 2
ty Bonding state
. . 6 molecular orbital (bonding) _
Bonding orbitals 1/)?_1 4+ 1/)?_1 =0 Bond Order = 2 -0 — 1
stabilize the molecule o 2

= stronger bonds

Antibonding orbitals have
electron density that pulls
nuclei apart, destabilizing the
molecule = weaker bonds

¢ bonding molecular orbital o antibonding molecular orbital

Wy
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Molecular Orbital Diagrams and Bond Order

# Bonding e™ — # Antibonding e~

Bond Order = >

10 -6

Bond Order = > =2

O0=0

Surfaces can stabilize antibonding orbitals,
lowering the barrier for bond cleavage

e
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Bonding at Surfaces = Orbital Mixing

Surface bond = Molecular orbital between band of surface + orbitals of adsorbate

Energy | Band character Molecular character
)
® New orbitals
%
Adsorbate 0O
(molecule)
”,_k\~\
Surface ,/"/ \\\\
(solid) . C— NS
Distance determines \\~\ ,,/"/ . . .
Strength of interaction \\‘~~_«/’ Strong Interaction % brOadenlng
) Weak interaction - narrowing

il
Density of states (DOS)
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Bonding at Surfaces - Density of States (DOS) of Transition Metals

Transition metals have d-bands that
play a critical role in catalysis by
interacting with molecular orbitals

Energy
e DOS
Width
\ d bands
s band Narrow

Broad l

Key region for catalytic
bonding interactions
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Energy

S band of solid
surface

Mixing molecular orbital with s-band of
solid surface

d band of
molecule Narrow

il
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Molecular Orbital Interactions on Transition Metal Surfaces

Energy Transition Metal d-band Metal sp-band
: ] : : Molecule
metal Interaction Interaction
(7 —d)”
Kl,ey for e?er.gtyr/] New bonding and
alighment wi antiboding states
molecule!
Ferml -bomeamamamemdes - - - - - -
level
Broader

conduction bands
less involved in
bonding =—>

og —d d-band interactions weakens
| molecule’s internal bonds

Distance Metal surface — adsorbate molecule

N
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Strength of Bonding on Surfaces

51

Adsorption strength depends on orbital overlap—broad bands promote metallic

Oxygen on Pt(111)
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character, while sharp bands retain molecular character

molecule metal

Broad d-band

Sharp d-band =»

§ O ” ' molecular character
) \ d-bands
[z,

W, =5

c.lu Adsorbate state
after interaction

_10 with d-bands
Strong o o becomes broader =
interaction metallic character

il
Source: Hammer & Ngrskov C H E M%NA



Facilitating Dissociation via Antibonding Orbitals

Strong adsorption is
defined as clear peak of
o above the Fermi level

Filled 0 *weakens O-0 bond,
promoting dissociation

If 0" orbital remains o9 o,
unpopulated, O-0
bond remains strong
Cu, Ag, Au

Dissociation of
the molecule

~\

e N ).
. . . 5 10 15
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Example of Important Catalyzed Reaction: Ammonia Synthesis

Adsorption of N, Ammonia desorption

gas on Fe surface

Adsorption of H,
9 8asonFe surface

Ea=Edis
> A *
Reactants
N N Y Y Y Y Y Y Y Y Y YY"™T Products
Y Y Y Y Y Y Y Y Y Y Y Y Y O .
g 2 2 2 2 2 2 2 2 2 2 2 2 2. : ) R .
Y XYy N, dissociation N-H, , formation

Fe catalyst provides active surface that
adsorbs molecules, weakening their bonds

Nitrogen atoms easier to dissociate from
the surface

N
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Example of Important Catalyzed Reaction: Ammonia Synthesis

Adsorption of H,

gas on Fe surface
9 CO

.

Adsorption of N, Ammonia desorption

gas on Fe surface

Nj
> B B P B B B P D > B B >
-_»c> T > P * ™ B P T T M ™ ™ >
- T T T T T T ™ "™ ™ T ™”T ™ ™D O ™
> & 2 2 T P P "™ P ™ " ™ D
NO

Fe catalyst provides active surface that
adsorbs molecules, weakening their bonds

Nitrogen atoms easier to dissociate from
the surface
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Dissociated molecule (D) Molecule (M)
Sc Ti \ Co Ni Cu
D M

x Zr Nb Rh |Pd Ag
M

La Hf Ta Pt Au
M

Sc Ti \% Co Ni Cu

(D)
h 4 Zr Nb Rh Pd Ag
La Hf Ta Pt Au
(D)

SC Ti \% Cr Mn

b '§ Zr Nb Mo |Tc

La Hf |Ta W Re

Not every meta

can activate a molecule — only those
with the right d-band alignment can weaken bonds

CHEM%NA

3d

4d

5d
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4d

5d

3d

4d
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Balance Between Adsorbing Strongly But not too Strongly

“Volcano plot”

10”
Sabatier optimum ® Polycrystalline
Desorption Adsorption O (111) surface
limited limited

Activity

AAG°>AAG®

apex

AAG°< AAG? AAG?

apex apex

High Affinity Low 0.8 -0.4 AGo.c[) . 0.4 0.8
o [

NG
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Different Adsorption Energy from Gas to Gas/Metal to Metal

56
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Important Application: Gas Separation for Sustainability

Different molecules absorbing differently on different surfaces based on:
- Formation of specific bonds

d-band of the material Need materials with high surface area:volume ratio (Porous structures)
0, CH,
He H, (0.346 nm) (0.38 nm) C,H;
(0.26 nm)  (0.289 nm) CO, N, CHs (043 nm)
(0.33nm) | (0.364 nm)| (0.39 nm)
SOIid ) _ _ - = - e e o o o o o 4
r -
surface - R .
Gas 2 FORO) §5et
- cCReCH | B8O : TR o Y
SoD CHA | MFI ZIF-8 | Uio-66  HKUST-1 MIL-101
0.2nm (284)  (38A) 1 (53'554) 1nm 0.2nm  _(3apm)!_  (@6nm)  (©0.9nm) (1.2nm)
0 Q 0... ' # N 'l: :!‘ (&V
029:9 i‘% e e
' Gas 1 ¢ ¢ ) %9.‘-\. g XX S e %xa ‘\’,&
DDB LTA ZIF-7 MOF-801 MIL-53 MOF-74
(3.6*4.4 A) 4.2 A) (0.3 nm) (0.47 nm)  (0.65 nm) (1.1 nm)
Some typical zeolite structures Some typical MOF structures
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Catalysis Performance Metrics: Activity and Turnover Frequency

Specific activity: When the reaction rate is normalized to the surface area of the active component in the catalyst
Turnover frequency (TOF): Number of times a single active site on catalyst converts a reactant into a product per second

Provides measure of catalyst’s efficiency =» higher TOF means more active catalyst

T OF _ r Reaction rate (mol s)

(s) N active Number of active sites on catalyst (mol)

% .
< a a SIS pubs.acs.org/acscatalysis

“Turning Over” Definitions in Catalytic Cycles
Sebastian Kozuch*' and Jan M. L. Martin "

"Department of Organic Chemistry, Weizmann Institute of Science, IL-76100 Rechovot, Israel

*Center for Advanced Scientific Computing and Modeling (CASCAM), Department of Chemistry, University of North Texas,
Denton, Texas 76203, United States

Al
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Catalysis Performance Metrics: Selectivity

Selectivity completely depends on the catalyst surface chemistry

By changing a catalyst, completely different products can be obtained

Formation rate of a particular product

Selectivity =
4 Formation rate of all products

Two oxidation paths for ethylene:

10%
O: /
Ethylene AQ O
Q0% f E

Ethylene oxide

Commercial ethylene oxide procedure runs
CO, 4+ H.O with 90% selectivity

90% of the ethylene molecules are
converted into ethylene oxide

NG
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Same Reactants, Different Products — Catalys Controls Pathway

Selectivity completely depends on the catalyst surface chemistry

By changing a catalyst, completely different products can be obtained

Formation rate of a particular product

Selectivity =
4 Formation rate of all products

Methane

CO +H,

—'-.

~\ .
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Catalysis Optimization — Trade-Offs of Adsorption Energy

Adsorption Energy (E

Low E_4.

l

Reactants do not adsorb

l

Low activity

61 Lesson 11 — MSE 304 - Fall 2024

Catalytic activity

ads

Position in periodic table

I I I T T T T
Maximum catalytic activity

Increasing l Increasing
- -
dissociation desorption
-, ———————
Weakly adsorbed Strongly adsorbed

Adsorption energy (E._ )

): energy change when a molecule binds to the catalyst surface

High E_,.

l

Products cannot desorb

l

Surface sites are blocked

l

Low activity

N
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Nanostructuring for Increased Active Sites at the Nanoscale

Increased surface:volume ratio

)
> » ¥
P 5 » " » » » 3

= - » »

» » » »

3 3 -
. N i
# ' ‘
-

R b .

» »
R
9

Higher density of defects,

edges, corners, or steps =»
active sites

- . . T v X

c' ‘ '
. o N
'S 28 RR R R R R R R R R R LR LN N
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3 .
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. 2

More active sites exposed =»
more interactions

v

¥ . :
’ 0.“ 2 * s

‘ d 3 3
- e.‘:‘.‘.\.’.‘—"..\.‘
’ * :
~
.

]
!

Singtlel atfm‘—‘l Single-site «- J Atomically . | Nanocluster N |

catalysts ~ heterogeneous  dispersed <« Nanoparticle icl

i 2-30 atoms — | Particle

At the nanoscale, glectronlc catalysts  supported meta SR s 8 i
structure of materials can be catalysts

tuned to optimize E_,

Specific shapes can lead to greater selectivity
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Alloying Catalysts to Fine-Tune Adsorption

Alloying: combining metals to modify the surface’s electronic structure

Introducing Au changes the electronic
structure of Pd

Pd has a high d-band center (closer to E;)
(high E_4. = low TOF)

When alloyed with Au, d-band center of
Pd shifts downwards =» lowers E_,.

Incorporation of Au into Pd lattice

introduces strain = fine-tune surface
reactivity
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Key Takeaways

e (Catalysis is fundamentally a surface phenomenon
* The strength of adsorption is governed by orbital mixing (MO theory)
* Effective catalysts strike a balance — Sabatier principle
e Catalyst performance depends on both activity and selectivity

* Surface engineering can enhance catalytic activity

NG

64  Lesson 11— MSE 304 - Fall 2025 C H E M % N A



Summary of Today’s Class

At the nanoscale, materials behave differently — quantum dots and metal nanoparticles
* Plasmons arise from coherent oscillation of free electrons

 Bonding at surfaces is governed by the electronic structure of surfaces

* (Catalysis occurs through orbital mixing between adsorbate molecules and surfaces

* Optical catalytic activity requires the right adsorption strength

 Nanostructuring and alloying allows us to fine-tune materials for catalytic performance

NP
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