potential energy

reactants

A Eh\ml

Heterogeneous

catalysis

#llam

products
adsorbed reactants I AE g

T adsorbed products

reaction co-ordinate
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Affects the
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Bonding to surfaces

When atoms or molecules adsorb on ordered crystal surface, they usually
form ordered surface structure over a wide range of temperature and
surface coverages.

Two factors which decide the surface ordering of adsorbates are
Adsorbate-adsorbate (AA) interaction and adsorbate-substrate (AS)
interaction

Chemisorption — adsorbate-substrate interaction is stronger than adsorbate-
adsorbate interaction, so the adsorbate locations are determined by the
optimum adsorbate-substrate bonding, while adsorbate-adsorbate
interaction decides the long-range ordering of the overlayer.

Physisorption or physical adsorption — AA interaction dominates the AS
interaction — the surface could exhibit incommensurate structures.




Bonding to surfaces

Two classifications distinguished by the magnitude of their
enthalpies of adsorption

»Physisorption: long-range but weak van der Waals-type
interactions with negligible exchange of electrons and
enthalpies~AH_,,4 (-AHAp<35 kd/mol)

»Chemisorption: formation of a chemical bond (covalent,
ionic, metallic) with exchange of electrons and —AH,;>35
kJ/mol

Enthalpy of chemisorption depends strongly on surface coverage
(interactions)




Precursor state

If adsorbate collides with the surface and doesn’t stick, it may
not simply rebound, but rather form a weak bond
(physisorption) and diffuse for a period (losing energy) until a
vacant site is located for chemisorption to occur.

For adsorption to proceed, the gas needs to “dump” energy
into the solid, if not it will desorb. The longer the gas molecule
resides on the surface, the more likely is energy exchange
with the surface. Can write an Arrhenius-type relationship
between residence time and the enthalpy of adsorption at the
precursor adsorption site.




Lennard-Jones Potential for physisorption

3

potential energy

>

repulsive Coulombic interactions KL . 05 kJmol"
Pauli repulsion ads

attractive van der Waals interactions

/

/ z

AH

ads




Potential energy profiles

Potential energy

(@)

D(A-A)
\ !
A A
N ‘: P Distance
¢/ Precursor from
state surface
w

Not activated

(o)

Potential energy

Activated

\
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Precursor from
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Adsorption and Reaction at Surfaces

WEAK, LONG RANGE BONDING STRONG, SHORT RANGE BONDING
Van der Waals interactions (e.g. London Chemical bonding involving orbital overlap and
dispersion, dipole-dipole).. charge transfer.

NOT SURFACE SPECIFIC

Physisorption takes place between all
molecules on any surface providing the
temperature is low enough.

SURFACE SPECIFIC

E.g. Chemisorption of hydrogen takes place on
transition metals but not on gold or mercury.

AH,4s=-5..... - 35 kJ mol! AH 4, =-35 ..... - 200 kJ mol
Non activated with equilibrium achieved Can be activated, in which case equilibrium
relatively quickly. Increasing temperature can be slow and increasing temperature can
always reduces surface coverage. favour adsorption.

Surface reactions may take place:-

No surface reactions. ) . . .
Dissociation, reconstruction, catalysis.

MULTILAYER ADSORPTION MONOLAYER ADSORPTION

BET Isotherm used to model adsorption Langmuir Isotherm used to model adsorption
equilibrium. equilibrium..




(1) Adsorption of CO on Metal Surfaces.

sorientation of the molecule

scoordinated to one, two or three metal atoms

ﬁf 0 0
C I ] il
| AL, L
M M7 M M7 M M;CM
M M M
Terminal Bridging Bridging Bridging
"Linear" 2f site 3f hollow 4f hollow
(all surfaces) (all surfaces)  (fee(111)) (rare -
Jfee(100) ?7)

P P> B

* interactions between the adsorbed CO molecules at high coverages.
« dissociation / temperature




(1) Adsorption of CO on Metal Surfaces.

b &

CO gas

a
- :
2r Iz 2
M <=0 C o (o]
2n* ; 2
A -
top of d
band
' - 2"
E
of d band
== 50
- carbon
Ti V Cr Mn Fe Co Ni menoxide

2143 ecm
| Linear CO| | Bridged CO | [|Multi-bonded
1

2100 2000 1900 1800 1700

Wave number (cm-')

Dissociative adsorption

Figure 5.70 Superposition of the CO 5¢ and 27* levels on the metal d band (see text). With permis-
sion from R. Hoffmann, Selids and Surfaces: A Chemist’s View of Bonding in Extended Surfaces.

VCH, Weinheim, 1988.
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Al

A2,

Atop —> Brdge

. Hydrogen molecule approaching the W Surface end-on

Al. When the hydrogen molecule approaches
end-on to an atop site (i.e. from directly above a
W atom) the potential energy increases rapidly
for a molecule/surface separation of less than 2.3
A. The molecule is therefore repelled from the
surface.

When the hydrogen molecule approaches end-
on to a bridging site the potential energy
increases slowly and although some lengthening
of the H-H bond may occur with little
corresponding increase in energy, there is no
facile dissociation channel and the molecule is
weakly repelled from the surface.

11



Bl

H, - sutface distance

B2.

A

(

H, - sulface

B. Hydrogen molecule approaching the W Surface broadside-on.

Atop > Bndge

H,

distance

B1. When the hydrogen molecule approaches
broadside-on to an atop site then the molecule may
dissociate with considerable energy gain and there is
no activation barrier to this process (i.e. the potential
energy surface is strongly attractive). The deep well
in the lower right corner corresponds to the
hydrogen atoms produced by dissociation entering
the bridge sites of the W surface.

B2. When the hydrogen molecule approaches
broadside-on to a bridge site then the molecule may
again dissociate but the energy gain as the hydrogen
atoms enter the atop sites is less marked than in the
previous case (B1) and there is an activation barrier
of ca. 0.2 eV that must be overcome for dissociation
to occur.

12



Oxygen

Generally dissociative adsorption
Molecular adsorption (e.g. Ag, Pt).

Molecular adsorption state the interaction between the molecule and the surface
is relatively weak. Molecules aligned such that the internuclear axis is
parallel to the surface plane may bond to a single metal atom of the surface
via both

1. o-donor interaction, in which the charge transfer is from the occupied
molecular p-bonding molecular orbital of the molecule into vacant orbitals
of s-symmetry on the metal (i.e. M <- O, ), and

2. m-acceptor interaction, in which an occupied metal d-orbital of the correct
symmetry overlaps with empty p* orbitals of the molecule and the charge
transfer is from the surface to the molecule (i.e. M — O, ).

13



Although the interaction of the molecule with the surface is generally weak, one
might expect that there might be a substantial barrier to dissociation due to the high
strength (and high dissociation enthalpy) of the O=0 bond. Nevertheless on most
metal surfaces, dissociation of oxygen is observed to be facile which is related to
the manner in which the interaction with the surface can mitigate the high intrinsic
bond energy and thereby facilitate dissociation.

Once formed, oxygen atoms are strongly bound to the surface and, as noted
previously, will tend to occupy the highest available co-ordination site. The
strength of the interaction between adsorbate and substrate is such that the adjacent
metal atoms are often seen to undergo significant displacements from the
equilibrium positions that they occupy on the clean metal surface. This
displacement may simply lead to a distortion of the substrate surface in the
immediate vicinity of the adsorbed atom (so that, for example, the adjacent metal
atoms are drawn in towards the oxygen and the metal-oxygen bond distance is
reduced) or to a more extended surface reconstruction.

14



Chemisorption of Unsaturated Hydrocarbons

Unsaturated hydrocarbons (alkenes, alkynes, aromatic molecules etc.) all tend
to interact fairly strongly with metal atom surfaces. At low temperatures (and
on less reactive metal surfaces) the adsorption may be molecular, albeit
perhaps with some distortion of bond angles around the carbon atom.

Ethene, for example, may bond to give both a m-complex (A) or a di-c
adsorption complex (B):

Y /
Hl-. — ‘,ctH

(A) Chemisorbed  (B)
Ethene

15



Models of chemisorbed ethene and ethyne on

Studies of ethylene (ethene) and acetylene (ethyne) chemisorbed on Cu(l11), a

Cu(111)

surface with which they interact relatively weakly, have led to the following
proposed structures for the molecular adsorption complexes.

C,H ,(hollow)

A. Plan view of the
Cu(111) surface
showing the
adsorption geometry
of athylene and
acetylene molecules
at low temperatures.

16



B. Perspective view of the Cu(111) surface with an
adsorbed acetylene molecule, illustrating the re-
hybridisation of the carbon centres to a geometry more
closely associated with a C=C double-bond
configuration.

17



Adsorption kinetics

Taas = kp™ Macroscopic
(—. dN g Microscopic
Tads = @ FS

po_ P
(2mrmkT)1/2

Probability of molecule being associatively adsorbed may defined in terms of
a sticking probability, S.

_ rate of adsorption of molecules by the surface
rate of collison of molecules with the surface

S = So(1—0)" = fgyexp (~Fads /pr) 0<6<1

dNads f(B) p _Eads
Tads = =g = (2memkT)1/2 exp( /RT)

18



Desorption kinetics

Tdes = —

dNads

g = AL @ e (754 )

fley=6"

CO,ys — > COyy,

2 Oads 02 (g)

19



Langmuir isotherm

| Tads .

At the equilibrium:

Tads = Tdes

f(&) b exp (_Eaa!s /RT) = A f’(B) exp (_Edes /RT)

(2mmkT)1/2

UOR: =4 (ankT)lfzexp( N AHadS/RT)

f'e)

If:
* AH_,4, does not depend from 8

* gas flow described by ideal gas law

Omax = 1

AHuas = Eges—Eqas

20



Langmuir isotherm

Molecular chemisorption
S Iy +Ag
f(a) =1- 9

(1-6)p
g —Cm

Dissociative chemisorption

—>E SEA(S)
fley=18
Cay =1/, g _bp
T 1+4bp

ZS—D(S)+A2(g) ——= 2S-A,

fioy=(1—-08)*
(1-6)*p
?zc(ﬂ

floy=6%
Cry = 1/b (b p)'/?
1+ (bp)l/2

b 1/n
General equation (bp)

~ 1 (b p)i/n

21



Co-adsorption

Molecular chemisorption

SH |y +Ay =—=

_ bapa
1+ byps + bgpp

S - B(S)
05 bgps

" 14 bypa+ beps

22



Langmuir-Hinshelwood
I: unimolecular surface reactions

bapa

rate = Kpeefy = knecm

rate

Limit — |

Low pressure (p) Pa
low enthalpy of adsorption (b)

baps<<1

rate 5| Ko ba [Py oovvenn first order

exp

pA ’

% B
N':Et el / fast
®A I I khct I l

Limit
High pressure (p)
high enthalpy of adsorption (b)

baps>> 1

e W [ cox i zero order
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Langmuir-Hinshelwood
II: bimolecular surface reactions

ym bapabgps
" (1 + bapa + bgpp)?

rate = khet HAGB

24



Langmuir-Hinshelwood

Il: bimolecular surface reactions Pa b
o AB
bapab . P
rate = kper 8460p = Knet Ll A B
(1 + bapa + bppp)? Y’St e RDS / fast
k

e het
A e
For constant Py

rate

Rate limited by
surface concentration of A

Rate limited by

. . surface concentration of B

@
09
{‘ 0p>>0, . ...

25



Langmuir-Hinshelwood
II: bimolecular surface reactions Ps P '
AB

-k bapabgps
€U (1 + bypa + bpps)?

rate = khet HAQB

(0. |/7 0, —» B,
al 1
A
-
X‘ :A \‘4 ” 1‘}\
l’%___? O
1 \,
@ —_— O Q
/}"/1/('}(""/ 7 //‘/"/'. V‘/‘:';(":/f’"//
Oeley )

20 +| .| o, |, 0
wis e v 0, needs 2 sites to dissociate and react.
Il As p increases, the number of adjacent
(0, {3) sites decreases, reducing the rate of the

reaction.
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Langmuir-Hinshelwood
II: bimolecular surface reactions Pr B

B
fast <
\ ® RDS / fast
e khct

-k bapabgps
€U (1 + bypa + bpps)?

rate = khet 9,,—193

bgpg > bapa + 1

_ bapa B has a negative reaction order.
rate = khet %

B acts as a POISON of the reaction

27



Eley-Rideal

bimolecular surface reactions

An adsorbed molecule may react directly with an
impinging gas molecule by a collisional
mechanism

bapa

rate = Kper Oabp = khethm

@A:

Eley-Rideal

P

Note: For constant p,. the

rate is always first order 2
wrt py £
Ly
Limit — |

Low pressure (p)

Limit
High pressure (p)

low enthalpy of adsorption (b)

bap, <=1
rate = PAPE coeeee first order in A

k

exp

Pa high enthalpy of adsorption (b)

baps>> 1

rate = 1 — zero order in A

—e]

k

exp

28



potential energy

Transition State Model and Catalyst Activity

The Volcano Plot

There is often a relationship between CATALYTIC
ACTIVITY ( AE,,, ) and strength of chemisorption of
reactants AH, ..

reactants

adsorbed reactants

#liet

products

I adsorbed products

reaction co-ordinate
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The Volcano Plot
Rootsaert & Sachtler: Z.Phys.Chem. 26 (1960) 16
300 T T T T

350 - HCCOH —— CO, + H,

400 -

T (K)

450

500 -

we

550 1 1 1 1
200 250 300 350 400 450

AH; (k)/mol)

When —AH, 4 is small

bp<<l1 When —AH, 4 is large
©=bp a exp (-AG,,/RT) o exp (-AH,,/RT) bp>>1,and ®@=1
Increasing —AH, ;, will increase ® and hence Increasing —~AH,_ , starts to increase AE,
rate. and rate decreases (adsorbates too stable to

AE, ., remains unchanged. react.
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potential energy

Transition State Model and Catalyst Activity
The Volcano Plot

#hei

HCOOH, @ Mleseeesleace e mn e e
reactants

A i':In't

Limit of weak chemisorption CO, + H,
__________ products

Limit of strong chemisorption

AEhel

HCOO, + H,

reaction co-ordinate
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Measurement of Porosity and
Specific Surface Area by
Gas Adsorption

32



What are Porous Materials?

Porous solid
» High specific surface area
» High specific pore volume

Non-porous solid
» Low specific surface area
» Low specific pore volume

Porous materials have highly developed internal surface area that can be
used to perform specific function.

Almost all solids are porous except for ceramics fired at extremely high
temperatures

F. Rouquerol, J. Rouquerol, K. S. W. Sing, Adsorption by Powders and Porous
Solids, Academic Press, 1-25, 1999

All solids can be classified in to two categories; porous and non-porous
solids. Porous solids are those that have high surface area and high pore
volume where as non-porous solids are those that have low surface area
and low pore volume. In general, all solids to some extend are porous
except ceramics fired at high temperatures.
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Measure of Porosity

There are three parameters used as a measure of porosity; specific surface
area, specific pore volume or porosity, and pore size and its distribution.

Total surface area, m?2

Specific Surface Area, m?/g =
Mass of the solid, g

Porosity, % =

Volume of pores

X100
Volume of solid (including pores)

Pore size and
its distribution Specific Pore volume, cm?/g

Total pore volume, cm?®

Mass of the solid, g

The three measure of a porous solids are surface area, pore size and its
distribution and pore volume.
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Size of Pores (IUPAC Standard)

1
Mesopores 1 Macropores

ﬁ

Micropores

_

SR N

Zeolite, Mesoporous silica, Sintered metals
Activated Activated carbon ' and ceramics
carbon, |

Metal organic 1

framework '

N
3
3
o
o
=]
3

Porous material are classified according to the size of pores: material with
pores less than 2 nm are called micropores, materials with pores between 2
and 50 nm are called mesopores, and material with pores greater than 50 nm
are macrospores

Sing, K. S. W. et al. Reporting Physisorption Data for Gas/Solid Systems. Pure & Appl. Chem. 57,
603-619 (1985).

Pores can be open or closed. Open pores are accessible where as closed
pores are inaccessible. Open pores
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Shapes of Pores

Cylindrical

Conical

Interstices

Spherical or
Ink Bottle

F. Rouquerol, J. Rouquerol, K. S. W. Sing, Adsorption by Powders and Porous Solids, Academic
Press, 1-25, 1999
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Gas Sorption: Isotherm

Langmuir

P/P°

by Type Il

-

»Concave to the P/P° axis
»Exhibited by microporous
solids ( < 2nm))

macroporous solids (> 50nm )

»Point B indicates the

\-coverage is complete

>

P/Pe

- 1

(" »Exhibited by nonporous or

~Unrestricted monolayer-multilayer

) < adsorption

relative

pressure at which monolayer

S. Lowell & J. E. Shields, Powder Surface Area and Porosity, 3rd Ed.

Chapman & Hall, New York, 1991
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Va

Gas Sorption: Isotherm

A
Type lll »Convex to the P/P, axis
—) {;Exhibited by nonporous solids
>
P/P° 1
A
»Exhibited by mesoporous
Typaiv p < solids
~Initial part of the type IV follows
the same path as the type Il
,: g Lowell & J. E. Shields, Powder Surface Area and Porosity, 3rd Ed.
P/P° Chapman & Hall, New York, 1991




Va

Va

Gas Sorption: Isotherm

Type V -
i »Highly uncommon
—) »Exhibited by mesoporous solids
>
P/po 1
»Exhibited by nonporous solids
Type Vi with an almost completely uniform
surface
>
P/Po 1 S. Lowell & J. E. Shields, Powder Surface Area and Porosity, 3rd Ed.

Chapman & Hall, New York, 1991
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Gas Sorption: Hysteresis

A

Hysteresis

Va

—>
P/P° 1

»Hysteresis indicates the presence of mesopores.
~Hysteresis gives information regarding pore shapes .

»Types |, Il and lll isotherms are generally reversible but type
| can have a hysteresis. Types IV and V exhibit hysteresis.

S. Lowell & J. E. Shields, Powder Surface Area and Porosity, 3rd Ed.
Chapman & Hall, New York, 1991
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Gas Sorption: Hysteresis

Cylindrical Slits
Bottle neck

41



Adsorption Theories: BET

P 1

V,(P-P") V,C

where

c-0( P
+ ( ) [ J S.Brunauer, P.Emmett, E.Teller Adsorption

7 of Gases in Multimolecular Layers, J. Am.

v.C
Chem. Soc., 1938, 60 (2), pp 309-319

V, = volume of gas adsorbed at pressure P;

V., = volume of gas required to form monolayer;
C = BET constant (related to energy of adsorption of Ist layer); and

P .
— =relative pressure of adsorbate.

o

Adsorbate
g

> Modification of Langmuir
isotherm

> Both monolayer and multilayer
adsorption

> Assumptions:

(a  gas molecules physically
adsorb on a solid in layers
infinitely;

(b) there is no interaction between

Adsorbent each adsorption layer;

(c) the Langmuir theory can be
applied to each layer.
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Specific Surface Area Calculation

............ ST

. =: (C- I)T/PJ +—

— g ——= % At least three data points in the
W,(P-P°)} V,C AP ,G  relative pressure range 0.05 to 0.30

....... %

Vo= : ;
m+1 VI(Po/P)-1]

V,N,A

av [}

Weight of adsorbate : ' I

Total surface area =

v

I
0-1 02 03
prpe

SSA (Specific surface area) = Total surface area

Weight of sample




Va

Pore Size Distribution

The distribution of pore
Broad pore size yolume with respect to
digtbution pore size is called a pore
Narrow pore size Size distribution.

distribution POI'C Volume _ Z Va

i A ‘

Pore diameter, d

Unimodal pore size
distribution

~ Multimodal pore
size distribution

AN

Pore diameter, d
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Pore Size Distribution

1

1

1
-=1 »Adsorption or

, desorption isotherm.
1

--------------------- 1 »The desorption
isotherm is preferred
over adsorption
isotherm.

(P/Po)des (P/Po)ads

>

P/Po

{/_\Gdes = RT(INP,, - InPY) }
AG,y = RT(INP,4, - INPO)

AGdes < AG"ads

ads
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Pore Size: Kelvin Equation

In p _ 2 cos @ rk’j

p(} rkRT

where

P | pressure of adsorbate 1
saturated pressure of adsorbate |

p
y = liquid surface tension; »Multilayer formation
V' =molar volume of condensed adsorbate; occurs in parallel to
capillary condensation.
»Capillary condensation
R =real gas constant; is described by the
Kelvin equation.

7, = mean radius of curvature of the liquid meniscus;

T = temperature;

€ = contact angle between the solid and condensed phase.
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Pore Size: Kelvin Equation

Prior to condensation, some adsorption has taken place
on the walls of the pore, r, does not represent the actual
pore radius.

r, =1+t

ij ft l >e|vin \

w Actual radius of Thickness of the

radius of the pore adsorbed layer
the pore

Adsorbed layer
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Isoterma di chemiadsorbimento

Il numero di atomi di metallo superficiale Ny e la superficie attiva

del metallo Sy

| 4
N(s)M ZHV—NG

m

Zona di saturazione

Volume Gas
adsorbito

Sy = N(S)MS

Pressione

V¢ il volume di gas adsorbito,

Vi il volume molare del gas,

s la superficie occupata da un atomo metallico,
n numero di atomi di metallo necessari per adsorbire una molecola di
idrogeno

Ne il numero di Avogadro.
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Stechiometria di chemiadsorbimento

o0 o0

- e H2
M. .
” ~~ supporto

Rh:H =1:1 n=2

Diametro<1nm —>» n <2
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%

2018 e’ N

2088 cmi’!

Rh

Vi

C=0

2045 cni'

O—
=

Q o,
Y Vi

L,

777

1l
1890 cni’

Rh Rh

O o
298 K N\
473 K
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1.1% Pt/y-Al,O,

2.0

®
15 {/ff’:. b

1.0 10

G2 * 0.5

Adsorbimento di idrogeno

(10 molecole di k)
Adsorbimento di idrogeno
(1018 molecole di Ho * g-1)

0 10 20 30

Pressione di idrogeno (kPa)

Adsorbimento a 573 K di H,. Curva (a) adsorbimento su 2.031 g di
catalizzatore, (c) adsorbimento su 1.00 g di Al,O;, (d) adsorbimento su
quantita di supporto corrispondente a quella del campione (2.00 g) ed
espressa nella stessa scala della curva (a), (b) differenza tra la curvaa e d.
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Dispersione metallica

Niyw  numero di atomi superficiali di metallo

Nionm  numero totale di atomi di metallo.

Diametro medio delle particelle metalliche ( geometria sferica)

> Vi _GVM N (o1 ) m _6VM 1

dy =623 =
YA ay Niym ay Dy

=6 V/A
a,, l'area media occupata da un atomo di metallo

Vy ¢ il volume di un atomo di metallo nel "bulk".

Vi = AMW
Y
PN,
M, peso atomico del metallo, p la sua densita N, numero di Avogadro.
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Important industrial processes

Process Products

Reforming Syn-gas (H,+CO+CO,) from HC
Water Gas Shift H, purification

Haber- Bosch Ammonia synthesis
Fisher-Tropsch Synthetic fuel from syn-gas
Methanol Methanol from syn-gas

MTO Olefins from methanol

HDS & HDN Fuel purification
Hydrogenation Fuel upgrading

Hydrocacking Fuel upgrading

TWC Exhaust purification




Ammonia synthesis
3H>(g) + Na(g) = 2NH3

Haber-Bosch process
T=450°C, P = 100-300bar

—AH773x = 109 kJ mol ™!

Catalysts: BASF-S6-10
Fe,O, + Al,O, + CaO + K,O

Under reaction conditions, Fe;0, is reduced to Fe.
Al,O; and Ca0 have a structural effect, maintaining the surface area.

K,O has an electronic effect lowering E_,.

dpnm, — Ion [)3H2
dt “LPiNm,

i

i=0.50-0.67
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Ammonia synthesis

Surface composition of the catalyst

Table 8.3 Composition [atom%)] of a promoted iron catalyst in per cent (after G. Ertl, D. Brigge, R.

Schldgl, M. Weiss, J. Catal., 1983, 79, 359).

Fe K Al Ca (0]
Bulk composition 40.5 0.35 2.0 1.7 53.2
AES
Before reduction 8.6 36.1 10.7 4.7 40.0
After reduction 11.0 27.0 17.0 4.0 41.0

Reaction Rate Constant/bar™ sec™

0,06—

ad A o o
0,05—
0 04— ofresh catalyst
: s after 14 years operation
0,03—

| [ [ [}
450 400 350 300
Temperature °C

Extreme stability of the catalyst

At the operative temperature, the catalyst is
in a “quasi liquid” form, allowing constant
regeneration of the surface.
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Ammonia synthesis

Atomic or molecular route?

Ny(ad) +6H(ad) —» 2NH; (molecular route)

N(ad) + 3H(ad) — NH; (atomic route)

K

H, = 2H, Ties < 200°C
K.

N, ‘=g‘ N; (ad) Taes < —100°C

Itis possible to measure N,

K
Ny(ad) 2 2N(ad) Tges 450°C

NH; = NHj(ad) Taes < 100°C
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Ammonia synthesis

Molecular route:
the surface would necessarily be saturated with N, under steady-state conditions, since
there would exist no channel through which this species could be removed.

Atomic route:
The steady-state concentration of N, is:

&I\Id(%‘ﬂ =0= kg[Ng(&d)] = kO[N(ad)HH(ad)]r .
= kakapn, — koK) [N(ad)]pi{lz [N(ad)g, = kaHz

Niaq) Should decrease as p,, increases.

57



Ammonia synthesis

[Ngg) x10"(atoms /cm?]
25—
23—
214
19— —

17— \o

15— 4

13—
14
9—|
7—

Figure 8.17 Variation of the surface concen-
tration of atomic nitrogen ([Naqg] in the drag-
ram; N, in the text), in arbitrary units, of a Fe

9 (111) surface with the Hy pressure after treat-

B i ment in N3/ H; mixtures with a constant N,
2

T T T 1

pressure of 150 Torr at 580 K. (After G. Ertl,

71 ']
0001 001 01 10 100 1000 [Torrl  Catalysis, 1983, 4, 210.)

The reaction proceeds through the atomic route and formation of N, in the rate

determining step.

E 2N
Ediss
£
f ! N,
Ead
Nz,ad
2N,

Figure 8.18 Potential-energy diagram for dissociative adsorp-
tion of nitrogen on iron. The activation energy E* varies with
surface structure as well as coverage. The adsorption energy E,q
is ca 200 kI mol~'. (After G. Ertl, Angew. Chem. Int. Ed. Engl.,
1990, 29, 1219.)
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Ammonia synthesis

N+3H
fr T
75
NH+2H
913
— NH,*+H
335

200 1T y

Reaction steps

H; = 2H(ad)

N, = Nj(ad) = 2 N(ad)
N(ad) + H(ad) = NH(ad)
NH;(ad) + H(ad) = NH;(ad)
NH;(ad) + H(ad) = NHj(ad)
NH;(ad) = NH;

Potential energy diagram

Figure 8.21 Potential-energy diagram illus-
trating the progress of the catalytic synthesis
of NHj3 on iron. (After G. Ertl, Catalysis,
1983, 4, 210.)
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Ammonia synthesis

Effect of K
o
2o
el
¥ Vammn e
t
E K increases the sticking coefficient for N,.
2_
1 /ﬁ - o s 530 7
Figure 8.23 Variation of the initial sticking coefficient for
0 ; | "k dissociative N3 adsorption, o, with concentration of potas-

\
00 05 1}0 15 2!0 25 3|'0 sium ny on an Fe {100} surface at 430 K. (After G. Ertl,
x10™[K atoms cm2) S.B. Lee, M. Weiss, Surf. Sci., 1981, 108, 357.)

™)
n —
A% = ,
i __(/: 1 | | S - =<
et rj’__':;,,i)“
To favor N, dissociation, back- a =" T B
donation must be promoted. ¥
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Air pollution

MOBILE SOURCES

HYDROCARBONS (HC)
CARBON MONOXIDE (CO)
NITROGEN OXIDES (NO,)
SULFUR COMPOUNDS
PM10
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Possible solutions

Hydrogen car
Fuel cell
Electric car
Technical problem - batteries

Hybrid car
Catalytic converters — TWC

Cycling - walking
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CH, & GREENHOUSE EFFECT

Human Enhanced .
Greenhouse Effect

Lifetime in the atmosphere is much shorter than CO,

® More efficient at trapping radiation than CO,

Impact of CH, on climate change is more than
25 times greater than CO,

Source Identification
and Quantification

Other
2

b ° Manure o)

:

Management, 4
10%

NEEDS FOR S
CATALYTIC ABATEMENT .

Landfills
18%

Anthropogenic 26%
sources

Enteric
Fermentation

EPA, Emission Overvie
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CH, + 20, —
Noble metal-based catalysts (Pd, Pt, Au)

@ 2 active phases: PdO and Pd o

CO, + 2H,0

AlLO,

High T
Al,0, —
Low T
High specific activity

CH, conversion %

Pd(5%)/La-Al,0,

100

Lower specific activity

801

o
o
f

Y
o
L

~
o
L

0

Temperature (°C)

T T T T T T
200 300 400 S00 600 700 800 900

P. Gélin, M. Primet, Appl. Catal. B-Environ. 39 (2002), 1-37
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CH, conversion %

Pd-BASED CH, COMBUSTION CATALYSTS

100

80

60 ~

40 -

20 1

T

0 — T T T T T
200 300 400 500 600 700 800 900
Temperature (°C)

Maximize PdO - CeO,
interaction

Ce 1} Cell
CeO,
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Pd@CeO, SUPRAMOLECULAR STRUCTURES
Ce(IV) tetrakis(decyloxide)

Hydrolysis conditions:
THF + 30 eq H,O
(120 mol vs Ce) in4 h

MUA-Pd NPs

MUA: 11-Mercapto
Undecanoic Acid
Pd core size:

1.8+ 0.2 nm

e

Dispersible in CH,CI,,
toluene, hexane

Montini et al. J. Am. Chem. Soc. 132 (2010),
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b hydrophobic alumina

,

S{ SI Sj
(Me0)3Siv Ay 4 {)’
(TEOOS)
AlO; e o

.-o
WO _un
"b_HJJ
i s Sl Si,
on|

W <%, 7~
Pd@CeOz Calcinati
m _— m

HAADF-STEM

m

Intensity (a.u.)

0 5 10 15 20
Distance (nm)

Montini et al. Science 337 (2012), 713-717.
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CH, conversion (%)

CeO,
nanoparticles

Palladium modified Al,0, support

CH,+20,—» CO,+2 H,0
100 T(°C)
A o = jor 510200 270 250 230 210
o L P T T T T T

501 A = /‘ - }@(i?o _ 0 Pd@Ce0/ALO,

| o n ‘el Te; e "0 APd/CeO, IWI ezen
100408 gun” e OPd/Ce0/ALO, IMP "7

" T T T AAORRAART FELNAL U!ﬂ)’“- ;:'::

|B Aaﬂﬁiiﬁ““ a aaAﬂba 8 Ha!.‘i‘)

4 /“ e A Pd g
50 AA ‘y ‘ S Pd o0,

éﬁAA eO,| § 10° 4 .

TOG c T T T ooégoogvvvabvv g

1 <>o"o ot og? Pd =, Pd
50 /00 "0 CeO, % E -

4 o/ o 10" 4
o 0. 0
<0 o -"gf" , r - - T T +
150 250 350 450 550 650 750 850 17 18 19 20 2.1
Temperature (°C) 1000 /T (K)

Montini et al. Science 337 (2012), 713-717.




Engine exhaust:

Methane
Higher hydrocarbons

Ik 4

Diesel oxidation catalyst

Oxidation of methane, higher
hydrocarbons, and carbon monoxide
with a Pd catalyst

PdO DEACTIVATION

Catalyzed soot filter

Wall-flow filter removes soot

Water vapor

Tailpipe emissions:

co,
[ B
. H,0

Selective catalytic reduction

Converting nitrogen oxides with aid of urea
(which hydrolyzes to ammonia) into nitrogen

and water

Phosphates

R. Farrauto, Science 337 (2012), 659
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~

CH, conversion

¢
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Effect of water

100%

CH, conversion (%)

600 °C

100% 4

80%

60% 4

40% 4 ¢ ¢ I 'x ("'
20% | $ $

0% <ma

Dry

700 750 800

200 300 400 500 600 700 800 900
Catalyst temperature (°C)

0.5% CH,, 2.0% O,, 15% H,O (if
present), Ar balance,
Ozloz(stoichFZ, GHSV = 200000
mLgtlh1

H,O off o
T T T T T T 0 2 T = T =
2 4 6 8 10 12 600 400 200
time (h
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Montini (et E):ll. ChemCatChem 7 (2015), 2038-
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SOULEIL

SYNCHROTRON
12 (@) Dry ‘27(b) @ Wet
_ 10 =1 ;
Fresh -
x
2ol oy, L "
- 2 = n‘
Dry-aged L i wl—2 Ew
E = 08 2 Sw
5 S [ == 3
Wet-aged ol & [0 | e o5 [ B
— 57 (==
— " T e
02— 12 Bi—=" &
— 79min 00 |— B0 min b B ]
26350 24400 24450 Time (min)

24320 24340 24360 24380 26400 24420 24440 24320 240 24360 24300 4400 24420 24440

Energy (eV) Energy (eV)

Predreatimant Accessible Pd surface

area (m2/g)
Fresh 3.0
Dry aged 28
Reactivated after dry aging 3.3

Wet aged

Reactivated after wet aging

Montini et al. ChemCatChem 7 (2015), 2038-
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Pd@CeO, FOR CH, COMBUSTION

CH, CO, + H,0

Wet aging

® Reduction of PdO to Pd
® |ncrease in population of OH
® Wet aging reduces Pd accessibility

Montini et al. ChemCatChem 7 (2015), 2038-
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Properties of a suitable Three Way Catalyst

Conversion > 98%.

50-100 liters of exhaust to be converted in
1 sec per liter of catalyst.

H,0, CO, and N, as products.

working temperature 350-1100°C.

200.000 Km.
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Exhaust emissions vary as a function of
air-to-fuel ratio (A/F)

STOICHIOMETRIC COMBUSTION
(AIF = 14.6 - 14.7)

CoHyp + 1250, + 125*3.76 N,

l ¢

9H,0 +8CO, + 12.5* 3.76 N,

14 18 22
Air to fuel ratio, by weight

Hydrocarbons CO
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How is the exhaust converted?

3 way catalyst

« CO oxidation:
CO+%20,
* HC oxidation:
HC+ O,
* NO reduction:
NO + % CO 2N, + CO,

HC + 2 NO CO, +N, + H,0

Catalyst: Pt (Pd) / Rh / Al, O,/ Ce, Zr, 0O,
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Gas phase
diffusion

€@ N
Dissociative

adsorption Surface
diffusion  gyrface

reaction
® 8

Molecular
adsorption

Product
desorption

@ C

Adsorbed
product
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Three-way catalysts

Fermi Level

Rh Pd

nuclear charge Rh for NO reduction
Pt and Pd for CO and

4d 4d 5d HC oxidation

R. Hoffmann et al., J.Phys. Chem., 97 (1993) 7691.
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Temperature dependence of conversions
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Drawbacks of current TWCs

Low activity below 300 - 400 °C
Solutions:

» Active catalyst at low temperature
» Close Coupled Converter

Injector
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Oxygen buffer in TWCs

Conversion (%)

13
Air-to-Fuel

Need A/F close to the
stoichiometric value

2Ce0, < Ce0,,, + x/2 O,

CeO, is an oxygen buffer
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Why CeO,-ZrO, solid solutions ?

High thermal stability ( )
incorporation of CeO, in the solid solution
may prevent the undesirable fixation of
ceria in the 3+ state such as in CeAlO, or
Ce,(CO;,)s.
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Ce0,-Zr0O, structure

ce02'zr02
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Temperature programmed reduction of 0.5% Rh/CeQ,-ZrO,

Surface area
<1m?g

Bulk effects
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Temperature / K
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'

P. Fornasiero et al., J.Caftal.,

151 (1995) 168.
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Introduction

3. Chemical transformation of adsorbed reactants to adsorbed products

3a. Excitation of the SC by absorption
of photons of appropriate energy
(hv>E,p)

. Separation of photogenerated
species into quasi-free conduction
band electrons and valence band
holes.

. Interfaclal electron transfer to
adsorbed species and initiation of
surface redox reactions.

All photo-induced reaction processes are contained in step 3




Generation and fate of charge carriers

Excitation:

SC+hv > ey +hy,

Recombination: €, + hy, —> energy

Trapping:

€cg > €

4 +
ki — A

In the presence of an electric field
of sufficient intensity to overcome
Coulombic attraction forces, the
exciton may be separated in quasi
free electrons (CB) and holes (VB)

Major processes occurring on an illuminated semiconductor particle (hv2E,)
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Interfacial charge transfer and redox reactions

+etr o 4 A(‘ad) Dark reactions must be

i i much  faster  than
) IS AR DRI recombination reactions.

Interfacial charge A 3
transfer: i

) —w - +
Redox reactions: Ag,—>-—B e, +h, — energy

Dy >w—>C A +Diy > A,+D

(ad) (ad) (ad) (ad)

Major processes occurring on an illuminated semiconductor particle (hv2E ;)
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Interfacial charge transfer and redox reactions

The ability of a photogenerated electron (or hole) to initiate a specific redox
reaction depends on the relative position of £, (or E| ) with respect to the
redox potential of the adsorbed species.

For reduction of species A, E.; has Jl For oxidation of species D, E,; has
to be positioned above the energy [l to be positioned below the energy
level of A/A- couple. level of the D/D+* couple.

Interfacial charge transfer by capture of (a) a photogenerated electron by an electron
acceptor and (b) a photogenerated hole by an electron donor.
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Band edge positions and energy scales

In the NHE energy scale, the
zero reference point is the
standard redox potential of

GaasP GaP | H*/H, redox couple.
(;I-P) (y.p)

7| — Eu*/Eu*

— HyH

— — [Fe(CN) >+
— Fe2/Fe>

7| — Ruipyy++
— Co/Ce™

77
Band positions of the indicated SCs in contact with aqueous electrolyte at pH 1
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Response to sunlight

Semiconductor photocatalysts may become practically more useful if a
relatively cheap source of light is available, the obvious one being the sun.

Photon energy (eV)

5.0 3.0 20 1.0 05

L _visBLE NERARED

Radiation energy
(KW mr2 nm™)

1 -[E@ m\

“ Wavelength, % (nm)

£
=
o
=
:
>
o
o
©
c
©
=
el
8
o
T
o

1.0 1.5 20

Wavelength (um)

The portion of solar
light that is available
for photocatalyst
activation is given by:

A
1= IE(A.)dZ (Wm?)

Solar energy spectrum
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Methods of improving response to solar light

The most common methods employed to improve the inherently low
efficiency of wide bandgap semiconductors in harvesting sunlight include:

(a) Dye sensitization
(b) Doping with transition metals
(c) Doping with non-metallic elements
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Dye sensitization

The response of a wide bandgap SC toward visible can be expanded by
anchoring a colored compound, the sensitizer (S), onto its surface.

The dye is excited to either the singlet or triplet state (S*) by visible light.

If the energy level of the excited state is more negative than £, then the
electron may be transferred to the CB of the semiconductor.

The oxidized dye must be
regenerated by a suitable redox
species, otherwise it undergoes
oxidative degradation.

Visible light excitation of a wide bandgap
SC via the dye sensitization mechanism
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Doping with transition metals

The response of a SC to visible light may be increased by proper
modification of its electronic propetrties, i.e., by imposition of new bands in

the SC bandgap.

This can be achieved by doping of the semiconductor (e.g., TiO,) with
transition metal cations (e.g. V, Cr, Mn, Fe, Ni, etc.)

3
L
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@
o
c
©
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=
o
é
B4
c
=
=
©
=
3
e

400 500

Wavelength / nm

Expansion of the wavelength
range response of a SC
toward visible does not
necessarily result in a more
efficient photocatalyst.

UV-vis absorption spactra of TIO,
doped and Cr ion-implanted TiO,
photocatalysts (0-1.3 pmol g')

J. Catal. 216 (2003) 505
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Doping with non-metallic elements

Visible light responsive TiO, photocatalysts can be also produced by doping
with non-metallic elements, such as N, C, S and P.

TiO, Z., Z=N,C,S,P

In these materials, dopant atoms substitute oxygen atoms in the crystal

thereby resultlng in photocatalysts with narrower bandgap, compared to
TiO,.
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Deposition of metals

Photocatalytic performance may be improved remarkably by deposition of
metal clusters (e.g., Pt, Pd, Rh, Cu, Ag, Au) on the semiconductor surface.

An essential requirement is that the work function of the metal is higher than
that of the semiconductor (£, > E. o).

Metal crystallites act as traps of photogenerated electrons thereby enhancing
charge separation and retarding electron-hole recombination.

Metal particles may also behave
as classical thermal catalysts
and affect the rate of dark
catalytic reactions.

Effect of metal nano-contacts on
photocatalytic process
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Composite semiconductor photocatalystss

Heterogeneous designs, such as coupled semiconductor photocatalysts
provide an interesting way to increase the efficiency of a photocatalytic
process.

Increase of charge separation

Increase of lifetimes of the charged carriers
Enhancement of interfacial charge transfer
Expansion of wavelength response toward visible

Oxidation
reaction * Oxidation
reaction

J. Nanoparticle Res. 1 (1999) 439

Charge transfer in (a) a coupled and (b) a capped semiconductor system
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Applications

. ENVIRONMENT

Mineralization of organic pollutants present in wastewater

Oxidation of inorganic ions in aqueous media

Removal and recovery of dissolved metals

Water disinfection

Abatement of volatile organic compounds (VOC) in waste gas
Air purification and disinfection

. ENERGY

Production of hydrogen by cleavage of water

Production of H, by photoinduced reforming of biomass components
Production of H, from sulfur-containing compounds

Reduction of carbon dioxide

Reduction of nitrogen to ammonia (NH,), hydrazine (N,H,), etc.

. ORGANIC SYNTHESIS
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Mineralization of organic pollutants

semiconductor
hv=Ey,

Organic pollutant + O,

CO, + H,O + minerals

The reaction is non-selective and practically all organic pollutants can be
degraded under selected conditions.

Oxidizing species:
OR’; 0;, HO;; H,0;;...

_—

:: hy TiO,

Minerals

Organic Oxidized
pollutant intermediate

S

ﬁs O—' 1.“01-1 )Co L. {HO}, HO;, H,0,. "OH}

Oxidized \ A Ti "'OH H,0
inte nmdiau. i ()}IﬁT/
Minerals «— ——
Organic j ()H"
pollutant J. Photochem. Photobiol. A 108 (1997) 1

Photo-oxidative mineralization of organic pollutants over TiO, photocatalysts
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Mineralization of organic pollutants

TiO, photocatalyst

(A) Solar radiation (B) Visible ( > 400 nm) radiation

: 0 o
0 60 120 180 240 300 360 420 120 240 360 480 600 720 840
Time (min) Time (min)

Effect of initial concentration of AO7 on the decolorization rate of azo-dye solutions
with the use of (A) solar and (B) visible light (Int. J. Photoenergy 5 (2003) 59).
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Mineralization of organic pollutants

Pathways of photocatalytic degradation of AO7 over TiO2 photocatalyst with the use
of solar radiation (Appl. Catal. B 40 (2003) 271; 47 (2004) 189).
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Energy related applications

Reaction”

b

AGy, per
one
glectron (V)

AGE, AHZ,
(kcal morl'")  (kcal mol™)

H.0 > H, 410,

56.7 68.3 1.23

H,0 + CO, = HCOOH +%0:
H,0+CO, = H,+CO +0,

H,0+CO, - CH,0+0,

2H,0 + €O, —CH,0H + 20,

2H,0 + €O, —CH, +20,

3H,0 +2C0, - C,H,0H+ 30,

H,0 +CO, »1C,H,0, + 0,
ZH,0+=N, - NH,+>0,
272 4

2H,0+N, - N,H, + 0O,

68.4 65.4 1.48

118.2 1359 1.23

124.8 134.6

167.9

195.5

3183

1147

Examples of reaction involving water and atmospheric gases that can be used for
photocatalytic conversion and storage of solar energy
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Production of H, by cleavage of water

HO——™_H, %02

semiconductor

Photocatalytic cleavage of water to H, and O, over
an n-type semiconductor (e.g., TiO,)

2ecy +2H" > H,

2hy, +H,0 —>%O2 +2H"

Requirements
Ecg < E(H*/H,)
Eyg < E(O,/H,0)

Only semiconductors with
band energy levels which
“straddle” the hydrogen
and oxygen evolution
potentials can be used (e.g.,
TiO,, ZnO, Cds, CdSe).
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Photoinduced reforming of biomass

C.HO, +(2x —z)HZO — xCO, +[2x _Z+%jH

(or OH™)

Photocatalytic reforming of biomass (CXHYOZ) components and derivatives at room
temperature and atmospheric pressure
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