Please read the papers of your group!
Critical analysis is fine but ignoring the progress is wastefu



Theincompletelecture

A Catalysis is a mulsicale phenomenon.
A Refers to scales and times.
A We discuss somghysicechemical foundations.

A We discuss material dynamics at a molecular
level and place this in other temporal
phenomena.

A We almost omit alinesoscopicand macroscopic
phenomena related to chemical engineering and
material synthesis.



Catalysiss still phenomenologyor
oblackmagia@ tfie complexityissue

A The mechanisms and active sites of some homogeneously
catalysed reactions are known.

A In heterogeneous catalysis, the concept how the catalyst
modifies the course of a chemical reaction is well established:
adsorption and spatio-temporal separation.

A Proof-of-principle systems in heterogeneous catalysis have
been studied to a great extent (ammonia synthesis, oxidation
of CO).

A Many chemically only slightly more complex reactions are still
far away from a fundamental understanding

Avalidated sequence of elementary reaction steps
Aidentification of the rate determining step: selectivity
Anature of active site.
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The dirty dozen

Catalysissthe changeof areaction rate.

It is kinetics and not thermodynamics: the energy profile of a reaction can
change, but not the the beginning and the end of it.
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It functions without apparent consumption: it converts more moles of
reactants than its owmolarity:.

Conventional wisdom assumes reaction cycles as mechanism in which the
active part of the catalyst is regenerated.

We cannot determine a mechanism but only exclude options of a mode of
operation.
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Kinetic measurements have nothing causal in common with a mechanism.
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Only a small number of potentially active atoms are really active at a unit tin
the assumption that all accessible active atoms represent active sites is wro

For this reason it is at the present time impossible to determine the activity c
a catalyst: its efficiency in conversion per unit tittef) or during its lifetime
(ton).

We use approximate scaling (conversion or rate per surface or mass)



The standard model

In heterogeneous catalysis the
catalyst is assumed to contain
stable active sites that are
regenerated into their active
form after each reaction cycle.

The reaction is dynamical.
Reactants can diffuse after
chemisorptiont o fAihi gh
Si t e sdesord thrdugh
dynamics.

The catalyst material is static
and pre-determined by
synthesis: during operation no
structural modification but
participation of charge carrier
reservoirs are assumed.




Thesingle crystal approach (&rt)
Catalysis can only be understood if we know where
the atoms are

syste
ry finds

[im

Figure 8.9. Catalyst particle viewed as a crystallite, composed
of well-defined atomic planes.

Somorjai 1981



Catalysi®sScience
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The étandarg descriptionof catalysis

A

transformation

Energy

Intermediate

f— — — c— — — — — — — — — —— — -

Educts

catalyst Products

/\ H,0+CO,

\

Over-active
\ Reactivated

\
\

Adaptive site

- g Example:
tivat . ) ]
J_efc_'va_e selective oxidation

Reaction Coordinate



Catalysigieneral not as simple ag seems
A+B+cat 7452 A- cat- B (1) | H
A-cat- B2% P+cat (2)

A+Bieat + Aeat~B- Pioatt+A _caT
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Chemistryis energyscience
molecularenergyquantities
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Catalysiss energyscience
managemenbf molecularenergyguantities
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Microscopiocontrol of activation

A Two boundary cases of the activated complex between reactants
and catalyst:

I The activated complex is high in activation energy for adsorption: A
I The activated complex is high in activation for reaction: R
A For A the overall catalysis is dominated by adsorption processes.

A The classical case of LH kinetics and the only one theoretically
considered.

A For B the overall catalysis Is dominated by the reaction steps _
AYVO2t OAYy 3 ac¢cl et 2N aAidSaég | yR A
most frequent case in practical catalysis but hard to study as
strongly dependent on reaction conditions.

A We will for now concentrate on the simpler case A but not forget
that this is a boundary case of the general dynamic operation of a
catalyst.



Realbarrierscanbe quite substantial
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Consequencef molcularactivation

A The energy difference between catalyzed amtatalyzed
processes can be very large: more than 1000kJ/mole.

A The catalyst reacts in activated processes with educts and
products:

A When products are less stable than educts it will be difficull
to obtain them:

A Reaction networks with multiple reactions enhance the
complexity and lead to substantial amounts of the
thermodynamic preferred product.

A Mostly undesired water and G@ organic
transformations.

A Catalytic activation of already activated systems (biomass)
leads to enormous selectivity problems.



Ammonia synthesis: our test case
nature does it differently than chemical technoloc




ThermodynamicandKinetics

A It isintuitive that chemical elementary steps (what is this?)
depend for their velocity on the energetic difficulty.

A Steps with large barriers (energies to be invested) are slow.
A Steps with large energy liberation are fast.

A We apply this to a catalytic process and consider the liberatic
of the product as relevant step.

A Then we can consider the extent of reaction by the
thermodynamic mass law.

A The velocity of the reaction occurs form the partition functior
(statistical thermodynamics, Boltzmann law) of gductin a
translational coordinate describing the liberation of the
product.

A If we then assume that the equilibrium is always at the side C
the product and no back reaction should occur we can equal
the two worlds of kinetics and thermodynamics.



Thermodynamicandkinetics
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EW (ev/molecule)

Simplicity ammoniasynthesis

J. Phys. Chem. B, Vol. 110, No. 36, 2006 17721 Theoretical construction of the reactior
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profile of ammonia synthesis ov&uat
600 K.

Note the strong dependence of the
singlerdson coverage (pressure)

J. Phys. Chem. B, Vol. 110, No. 36, 2006 17729

(a) E=0.49ev  (b) Ea-O 57 eV (d) E=0.81 eV

(c) Es=1.25eV

(e) E=067evV  (f) E~0.71eV  (g)E~1.06eV  (h) E;=0.99eV
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Adsorption

A Concept of surface coverage:
A ¢ is surface coverage, {10 Yy dzYO SNJ 2F FNBS

A Other reactant is number afdsorbtivegpressure or
concentration).

A Then a kinetic derivation can be given.

A We consider the rate of reaction between free sites and
reactants.

A The complex functional properties of the bonding and de
bonding of the adsorptive forming theedsorbateis hidden in
reaction rate constants designated ads and des.



Langmuinsotherm

laas = kads p(l_ Q)

rdes = kdes Q
N Ks
kadsp(l' Q):kdesQ Q:N b=—"=
mono kads
Niono P
N = Nmonoandb are only constants for nen
b+ p specificadsoptionand become functions

of chemical potential of adsorptive
(reactants) when chemical processes
OCCur.
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The FeN/H system: basis dfaber Bosch
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How catalysisvorks
two simplecases

k

k . k
A+ B+cat m—= Aecat®e B——= Pecat—=— P+ cat

Aecate B= Aecatl+ Becat?2 LH

Aecat+ B= Aecat + B ER

gasphase



Relation ofelementarystepsand

Kinetics
r,=kpa(l- Q.- Q.) adrption
r-1 = k 1QA
r,=kQ, reaction
— I hi I hibits th
'3 =KQp desorption T o o
behaviour as the
Langmuir isotherm and
the enzymatic reaction
r = kaSPA

(k2+k3)a+(k1+k2)‘;j



Caseanalysif rate law:
Note:the simplestpossiblecatalytic
K, +k k, _reaction

P, low pressure
k, +k, k,
2 3
k1k2 _ k1 =adsorption
r » P, first orde k2 =reaction
k_ 1 + k2 k3 =desorption
P k 1 + k2 k3 hlgh pressu re It is apparent that from quantita_tive
A k + k k1 analysis of such rate laws it is
2 3 impossible to learn something abol
k k the molecular properties of the
[ » 23 7er 0 Order reaction:
k2+3 2 KFG A& F aNBFO

Why do we do kinetic modelling?
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Timegapof structure

A We tend to infer that rigorous catalysis science can only be
done if we know the exact location of atoms.

A We accept real structure as high energy sites.
A.dzi 6S A3IYy2NBE (GKS adAYS 3I
elevated chemical potentials of reactants.
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molecular flow [mmol/min]

Meanfield? Theprofile reactor
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validation

Mole fraction

Oxidative Coupling of Methane (OCM) Y
A Peculiar Catalytic Reaction

0.18
0.12

0.06

CH,/O, = 8, 6 bar, 2000 min/min 1200
' | ' I reaction path analysis
T Analysing main pathways from rates of production (CH, 74 %, O, 5 %)
" " + -OH + OH

0.04 -

0.00

++H *CH; coupling +M _ +-H
40 ' 60 y ~—— .’ 'CH3I
! . . . 'C2H5 + 0O,
CH "‘k + O3 N CoH,

co -
*CH;0
+ 'CH3 + ‘CH3
: ~H Radical pool

0.14

CH,O

0.07

*OH precursor of H,O
*H precursor of H,
*CH; precursor of C,Hg
*O,H

*C,H; precursor of C,H,
*HCO precursor of CO,

0.005

CO, Mechanismus:

::8:30 Dooley et al., Int. J. Chem. Kin. 42 (2010) 527-549

Norm

40 60 80 100
Position (mm)



Active sites

A The central concept in all types of catalysis.

A Act as coordination centres allowing to exchange
adsorbateqfragments) and electrons (oxidation state).

A Are modified during chemical bond rearrangement.

A In a catalytic cycle they are regenerated in to their mo:
active Initial state.

A Adaptivityrequired as mostly the reaction product is
more reactive than the starting species: selectivity
throughautogenougoartial deactivation.




Mode of operationof anactivephase
A frustrated structuraltransition

>

ABJ1au3 renualod

activation

operation

de-
activation
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Catalyticmaterials

A Catalysts are materials that canfi@m active sites_several
GAYSa Y OUKS aOFdlrteaano Oeo
work?

A The details of this rgeneration are unclear but decisive for
understanding the role of a material as catalyst.

A¢CKS dadlyRIFNR Y2RSté¢ 2F OF
site that does not need any regeneration other than
separation of the bond between reactant and catalyst.

A Reactions requiring only dissociation as difficult steps
follow this process: ammonia synthesis, CO oxidation SO
oxidation.

A Most other reactions where associations are complex and
can lead to different products (hydrocarbon
transformations) do not follow the standard model.



RealistidMaterials

A Most catalysts are nanostructures of active
phases supported on a phase with many
functions.

Al adz ffé& aaAay3atsS aariagsa
for a minimum of atoms active in a catalytic cycle

Al AAaG2NAOIffe | OGAGS |0
underlying band structure of the whole solid.

A The reality lies itbetween: both aspects co
operate.




Prototypicalsituations

E A
E, Fmmmmmmmmm e m e - -

T -’ GHs
E 5 =6.66eV

bulk depletion layer surface layer
(ca. 10 nm) (ca. 1 nm)



Prototypicalsituations

bulk ahQa 2F &dz2NFI OS
functional groups
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DemAnwendenmuss dafrkennernvorausgehen

Max Planck

Mache die Dinge seinfachwie moglichabernicht einfacher

Albert Einstein

Thank You



Fromconceptsto observation
Structuralcomplexityneedsto be rigorouslyaccountedfor

Heterogeneous Static surface
Catalysis LH model

Empirical
Surface §
reconstruction |
\ l
Static sites
Combinatorial "dissociate"

CO oxidation
ammonia
NO+CO

High energy
steps
Sub-surface
strained
Chemical
dynamics

Steady state
performance
system

Selective

transformations
Sulfuric aid

Dynamic sites
"associate"
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Activesites aristocratic

Ni

I\lli Ni
Ni—|\|li I\lli
I\|Ji—l\|li—Ni Ni—l\lli

Ni—Ni—Ni—Ni——Ni—Ni—Ni—Ni

Ni—Ni—Ni—Ni—Ni—Ni—Ni—Ni

A In metals potentiakitesdetectable(AGHRTEM).
A In compoundsmuchmoreinvolved(termination layer).

HughesStott Tayler
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Discover by STM that steps are
the dissociating functions even on
single crystal surfaces.

9ARSYOS GKIO aR
important for reactivity.

Was also found b$omorijai

earlier indirectly during
hydrocarbon conversions on Pt
and Pd single crystals (selectivity
control).

Ertl, Wintterlin, sciencel989

Ru (0001) and NO



Reactivestatesof metals stability

A Heating in vacuum
removes the defective res
structure of a metal
surface and transforms it
Into Its pure nonreactive
form:

A Under chemical potential
this process is dynamical
leading to a fluctuating
state of the system
between theinital and
final state seen ihsi
video
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Theory What coudbe possiblein HaberBosch
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intensity

Precisonn materials strainediron

0.4
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' r Norskovet al. 1999

50 10 150 200 250 Strained iron is a much better catalyst.
temperature / K

Experimental and theoretical evidence support this.
0 2 4 6 8 10 HedAd et al. 1995 : . . :
binding energy / €V Challenge: find a suitable compound, as iron metal will be
Freund et al. 1995 deactivated bynitridation.
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A Dynamics is not kinetics:
A Process following a potential gradient is kinetics.

A Process fluctuating around an equilibrium structure Is
dynamics.

A Chemical dynamics is a combination:

A Structural fluctuation as consequence of response of
chemical potential:

A Transient states between chemically stable states are
relevantd SEOA GSR aidliSaé¢aod

A Ordered translational structure is a boundary case in
catalysis (good for adsorption, poorer for reaction).




Dynamics: &aypeterm?

dynamics

charge carrier

"ultrafast molecules
dynamics"

fluids and
gasses

transport elementary
phenomena reactions

roto-vibrational chemical

dynamics reactions

"chemical vibrations in
dynamics" solids
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Isdynamicselevant ?
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Structure



