Active Sites/Centers in Catalysts



A surface of a Si (001) crystal plane

Imaging by B.S. Swartzentruber, 2002



A notional approach to crystallization
process of a crystal

The theory of Kossel and Stranski: “kink site position”, “half crystal

position” or growth site of the crystal

1) located in the lattice plane

as ad-atoms or ad-ions

B e
(3 o > - “ p
=
N S o
‘ﬁ‘a,

i) located in a crystal edge

= Direct _ =
i Transfer (step) or in a kink position
k"i,';kA-tom N iii) located in a kink position
AP Iv) incorporated in the crystal

lattice




“Kossel, Stranski and Volmer (KSV theory)”
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Possible lattice sites for the attachment of adsorbed
atoms: A. Surface site; B. Ledge-kink site; C. Ledge site.

shows possible attachment sites for adatoms at the growth surface.
The maximum binding energy between an adatom and the existing
crystal lattice occurs for incorporation at a kink in a surface
ledge, whilst at any point on the ledge the binding energy will be
greater than for an adatom attached to the flat surface. This
theory, together with those outlined below, form the basis of modern
crystal nucleation theory and have therefore been discussed in



“Burton, Cabrera and Frank (BCF theory)”
“Spiral growth theory”

One of the major drawbacks of early nucleation theories was
that once the kinked ledge had received sufficient adatoms to
move it to the edge of the crystal it could no longer function as a
low energy nucleation site. Generation of a new ledge then required

The calculated growth rate for this

mechanism is found in good
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Schematic diagram of the growth surface showing nucleation
sites (broken lines) at the surface step produced by an

emergent screw dislocation. Continued nucleation causes The spiral growth patterns have
the step to rotate in the arrowed direction, to the b b q | b
original position one atomic layer higher €en observead on a farge number

of crystals grown by different

methods.



A STM image of terrace in a Cu surface
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Exposure of cubo-octahedral particles to surfaces




Changes In # of active sites wrt particle size

10

20

diameter




]

N

olo
d

ol
olo
d

& HEE (conversion)

of
[

joil
R4

of
0l0
|

@ U3 E E 4= (rate constant)

& ™23 3=(turnover frequency)

K
IH

(molecules sitets?)



24-facet nanocrystals —

four times higher than
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Fig. 2. Schematic of a PEM fuel cell operation. Source: World Fuel Cell Council.
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Catalysis - multiplet theory

& Balandin's multiplet theory(Z & X}2| 0| &)
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4 Dehydrogenation of cyclohexane
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4 Multiplet theory for dehydrogenation of cyclohexane on metals
EHRAXIL 2V e 2 v B E Z0joi| M 2/E0| 0k FEE

3

ol
oot

* Multiplet: CH&M, C}

0>
m
=

H(



& MBHH

AW Lo

dl Z0fe| MI|HETof
— 20k Aot
[hat QL ARSHERA AFSHEES Ol A = .
- E g °
Zojg4do] rapa s 7
= 14 )
E L
% 12} [
120, + e..f — O .0 3 ol ’ 3
O-...i + CO_)COZ-OQOI I I I I I I I I I —
COZ-aooi_)COZ_i_eao.i g (/// :
CO +1/2 0, — CO, E Aﬁerroangé etal. After Vzesr\{)vgy etal. |
’l
~
A
_3_
-4} (b)
| | | | | | | | |
5 4 3 2 1 1 2 3 4
& ™Xe| 0| 50| Hoft e K= F AHE. 29 Cr,0, 296 Li,0
- MXEH HE Xo|7t g4 Xfo|e] o] * doping

log k



aHe HXE 9&

@ H7| HE K. specific conductivity, o
Z%go|Lt Zo| MI|FEE
i.e. THYl HE T £ = CHQ| Z 0| Zh(unit cross-sectional area and unit length)

THRl: ohmt cm?, ohmim?, S m? (where 1 siemen, S =1 ohm™)

108
Metallic conductor
=3 6 (ohm*cm?)
. . Superconductor
lonic (" lonic crystals < 108 -10* - 10
: . £
conduction Jd Solid electrolytes 102 - 10! ;;
Strong (liquid) electrolytes 103 - 101 § 1
- k5
o
o 2
Electronic Metals 10t -10° 8
_ 10
conduction < Semiconductors 105 — 102
Insulators <1022 Semiconductor,
~ 10¢

0 10 100 1000
Temperature, T/K




oo
o<
<
oj
ol

& BEN: M-O B MI7|7t S BEOAM, =20 w2t M AXLE F

& 2HH: M-0

olo

= M@= 7Isl = "Xt 0]

I(2HE, 9713)

AME
o o

AR =7t R7AL =2 x| 7L

1 MA

X
~

% Hxte| 015 7hs48 - Hoj2] Hxt

olo oo | olo olo
oozl | T 2d 00
do | TI&TE | B0 | B3
Tl | Jof <1 <d | <dTd | Rl il
oo | <4 <F R | I 0T | Ol
&M | <Fulol | I-<F | S ol
2+3
T T
=22 | O |50
= O _ IS
N = mlu O
T T | & m
oo| == m A
| N N o
mu + o+ S | §N
H| TO S |1
A
- P IO e
70 <1 = <0
il <k Rr | Ar
N
=
jol
il
O mn | “.m_u
= ol Klo NO
_ oy =
Rl Ar LH 8l
il ro E R




o
ol
I
4
ro

l |
350 400 450
(kJ mol™)

|
300

!
250

27

=M (volcano plot)

Spird
M7

F

Kr
fojn
|

0l0
o
|

U 2 5 20| TatA?

“+H-

HCOOH — HCOO

HCOO - — CO, + H -
2H'—)H2

HCOOH — CO, + H,

3N
0
=0

A

o
T

CRNY Y

!

= Xiol7h &

L ERR



(Continued)

olo

ol
HH
JJ

Ho

ol
olo
7l

e

jod
Kr
fojm

st x| 7t 2.

=2l A
=

20'
o—

- mHH

md

0lo
ol

fr

2gstoH x| 7t 3.

il

0jo
d

r

(=1
= .

2 gstoH x| 7} vl

o

-
o

=
= .

SO

k

o

— -’_llt—[lH



e

0x
oA
10
O

21-

— =
@ 2™, Z/dXIE| (active center, active site) 7 J ‘ : ‘
10% |~
@ 19259 Taylor 7} M| 2t o i g R
y T e o = | \\
© x-II?_I- E- % 104+ \ -
t \
1) Z01e| ™ MM 7} 2t-3of EO{5IX| 42 £ ol l -
2) 29| E(poison)dl| 2|8 =0 0| 249 g
X5, ¥ o E
3) Vd =X #+x0f a2l =0 g/do| 34| CHE.
- 10}~
_ 24 Z 0 e} Z0j 90| HEE D MHAO) )
AA ZHep. | 3
4) g3 =40 waf Zof g/do| 34| CHE. 1 el %
= — = o Copper content (at. %)

- =Ic->| EAC;Q-I '-H-'E xI-EI O.IIA-I?_I- = DHZII-%E LI‘EI.L&I- Figure 2.9 Activities of Ni-Cu catalysts for the hydrogenolysis of ethane to methane
and the dehydrogenation of cyclohexane to benzene (6). (Reprinted with permission
from Academic Press, Inc.)
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Symmetry

[Shriver & Atkins, Inorganic Chemistry, Fifth Ed., Oxford Univ. Press (2010)]



Rotational symmetry
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[Shriver & Atkins, Inorganic Chemistry, Fifth Ed., Oxford Univ. Press (2010)]



Plane symmetry

[Shriver & Atkins, Inorganic Chemistry, Fifth Ed., Oxford Univ. Press (2010)]



Inversion symmetry

[Shriver & Atkins, Inorganic Chemistry, Fifth Ed., Oxford Univ. Press (2010)]
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a
® CHE (symmetry): B, H, ¢
System Relationships between lattice Unit cell Essential symmetries
parameters defined by
Triclinic axb*c a=p=vy=90° abcafy None
Monoclinic a#b#c a=vy=90° B3 =90° abcavy One twofold rotation axis
and/or a mirror plane
Orthorhombic a*b#*c a=B=vy=90° abc Three perpendicular twofold
axes and/or mirror planes
Rhombohedral a=b=c a=p=vy#90° a One threefold rotation axis
Tetragonal a=b#c a=pB=vy=90° ac One fourfold rotation axis
Hexagonal a=b#c a=pB=90°y=120° ac One sixfold rotation axis
Cubic a=b=c a=pB=vy=90° a Four threefold rotation axes

tetrahedrally arranged




(Continued)
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[Shriver & Atkins, Inorganic Chemistry, Fifth Ed., Oxford Univ. Press (2010)]




Determination of bulk structure

X-ray diffraction technique

Bragg's law whenever the Bragg condition is satistied:

nA = 2dsinf




(Continued)

Detéctqrj f
Ne—— |

Diffraction intensity

.' Measuring \_ ;
e L

S8 18 a0 mod0
(b) Diffraction angle, 26/°

[Shriver & Atkins, Inorganic Chemistry, Fifth Ed., Oxford Univ. Press (2010)]
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Bravais lattice

4 14 Bravais lattices, 14 space lattices
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The letter P denotes a primitive unit cell, I a body-centered unit cell, F a face-centered unit cell, and C (or Aor B)
a cell with lattice points on two opposite faces.



Close-packed structure

a
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Hexagonal close-packed, hcp
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Cubic close-packed, ccp
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- dsHAMe| ZF BX|Hof| X}t E{E = i ${=+: 6
Structure Element
hep* Be, Cd, Co, He, Mg, Sc, Ti, Zn
fcc* (cep, cubic F) Ag, Al, Ar, Au, Ca, Cu, Kr, Ne, Ni, Pd, Pb, Pt, Rh, Rn, Sr, Xe
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cubic P Po

Body-centered cubic unit cell, bcc
* Close-packed structures.
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4@ Expression of lattice point
- 230 s EAI™: a,b, c
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(1,1,0)
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Miller Index

4 Expression of lattice point
- otLte| ZHEE M 7H2| ZHE S AHESHH HA|
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20p
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An example of the Miller index

<@ Miller index

o — . = e O H 7= (= T~ AL A =
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100 planes 110 planes 111 planes

o A

{a) Two unit cells of primitive cubic lattice

200 planes 220 planes 111 planes

Y S

RN

(b) Two unit cells of face-centered cubic lattice

200 planes 110 planes 222 planes

NN AN

‘!&1&.‘_&!&

SN
{¢) Two unit cells of body-centered cubic lattice

Figure 23.7 Planes through cubic lattices.

[R.A. Alberty and R.J. Silbey, “Pysical Chemistry”, 2" Ed.,
John Wiley & Sons Inc., New York (1997), 807.]
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| 0] 2(Band Theory)

b (@ N=1

Energy—>

1234567 89101112 =
Number of atoms, N

1 & ™| M= Tof HiE HEY, =,

M Aol w2 Sepd.

Energy
.
w
3
=
=2
Y

Average interatomic distance

FIG. 4.1 The change from a 3s level to a 3s band as the average interatomic
distance between sodium atoms decreases: d° is the interatomic distance in the

crystalline solid.
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& el d44d

Fermi level

Energy —>»
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2s {
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Figure 23.26 Energy levels for electrons in (a) a metal (potassium), (b} an insulator (dia-
mond). and (¢) a semiconductor. (From R. S. Berry, S. A. Rice, and J. Ross. Physical Chem-
istry. New York: Wiley, 1980.)
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4@ Energy gap
— ] ZEH 2 st p AOQ| oL X| X[0| o} & H =8t 7to| M= %8 M|7|of w2} C}E.
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H0|M = A07I 2K 2 FHOI0 st p M2 Z0| 02 H S
—sﬂpro°I X7} Bl M 5 = M StLe] HE5H QI I (s/p O])F Fd
< Insulator
- MXt2 2H-5| K 7! I (valence band, @ Xt7} )L} H| O Q= | (M 10f) Afo[2] o] Z
b |

sgrs| 2 2%
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z >
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Energy —

4 Semiconductor

- 2=7} FOfx|H

(Continued)

HIIHEE7L 371 = XL RIF

Mmool gl Y=gt

~

= (=]
T = aTr

= HXI7L 0| S 5= A0 MXHEH|
- 420 M HtENO HI|MEE = 250 AN Q| 2 EE(103S cm?)
- HAN At HtEHE FEot= 7|E: U] 742 37|
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@ Shape-selective catalysis(d & ME X =0 %-8)
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