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INTRODUCTION

In the last century and actnally uUp to World War II, che pover
and waalth of industrislized countriss could be measured by ctheir
steal and coal nining industries. For the period which followed,
this function can he Sacribed to the chemical and elactronical in-
dustry and the wealth of the country i very wall reflacted by the
leval of the country's sgriculture, The latter s again related to
the qricnlturll-chnical industry which as well ss the ssnufacty-
ring of new or currantly used matarisls of the wlectronical indus=-
€ry 1is dependent on uany chemical processes,

It 1s only a very rtough eatimate, but probably abt, 70% of a1]
chesical processes used has somathing to do with a phenoasnon called
“CATALYS1S™, Typical catalyeie processas are: productions of syle
phuric and nitric acid, ammonias synthesis, oxidation of olefines fate
athylsne-oxide. Smmoxidation of propylens into acrolein, nusarous
Polymarization Procasses and the whole production of gasoiine from
the crude ofl {s aleo “catalytic,

Catalysis 1s o kinetic phenomanon. Let us consider a hypothetic
Teaction of A and B giving & prodyct P,

vAA + U'B 2 vPP )

This reaction achieves finally an aquilibrium which is described by an
equilibrium conatant K. For & reaction at not too high pressures, K can
be expressed by partial prassures

tul,\
. P - - & (2)
Cen T T W)
PA .P'

vhare G* is & standard fres enthalpy (s changs from PA' B’ Pc each equal
1 bar, to the equilibrium premsures). By definition: AC* = AH® - Tas*,
being related to the enthalpy and entropy changes dus to the reaction.
A catalyst changes tha rates T and ¥, Since & catalyst does not parti-

‘cipate in aq.1 (this is his definition) it does not change the tharmo-

dynamic parameters AC® snd K. 1f the catalyst forms one phase with the
reactants we call it a homogeneous catalyst, Lf it forms 4 ssparated
phase, it's a heterogensous catalyst.

In - probably - wore than 90% practical cases,a heterogeneous catalyst
works as follows (since now on we shall consider only Lhe hetecogeneous
catalysts). The gasecus or liquid componants of a catalytic reaction
ara first adsorbed on the solid surface and in wmany cases trans-
formad into different spacies - by dissociation and rearvangements of
certain bonds. Various adsorbed complexss interact then with sach other,
giving desorbable Products which are obsarvable by snalytical means (gas-
chromstography, mass Spectromatry, stc.) in the gas or liquid phase.

This is most fraquently an easier way (catalycic reactions run under
lower temparatures) leading to a smaller group of products (i.e. the
nllctlvltz is higher) and the overall reaction can be batter controlled,
than vhen the reactions run without any catalyst. Some rsactions are seven
virtually impossibile without any catalyst.

Msorption complexes

The vary sssence of catalysis is thus the formation of proper adsorp-
tion complexes, and - of course - in tha past all kinds of spactroscopics
have basn alresdy mobilized to characterizs the sdsorption complaxes:
#lactronic spectra, vibrational spacira, magnetic rssonances apactra,
MBssbauer spectrs, ecc. It should not be forgotten that thers are also
imporcant chemical methods to characterize the adsorbed complexes and
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one of them (exchange reactions) is mentioned balow,

With regard to the physical methods - a short remark. When an adsorp-
tion complex is visible, by one or another spactroscopy, it does not necas-
sarily mean that this species 13 an active intermediate of the catalytic
reaction, It can be also a species on the end of a dead lock streat.

This does not mean again that an information on it is of no valus at all,
only - one has to think about it vhich spacies ars actuslly monitored by
the techniques used.

Let un confine in what follows to the metallic catalysts. Adsorption
complexes comprise then several astoms originating from the reactant wole~
cules and one or more atoms of the metal surface. It is to note ismadistaly
a very interesting problem: “how many metsl atoms are involved directly, by
forming chemical bonds, or indirectly by staying as ligands round the cen-
tral coordinated site {consisting of one or more stoms), in the formation
of catalytic intermediates or other adsorption complexes”. Exawples of in-
formation in this problem are prasented balow.

When more than one metal atom is involved in the formation of an sdsorp-
tion complex, the structurs, the geometrical srrangemants of the surface,
plays obvicusly a role. However, it is elso uo.Hh.ntvnnonlyoneilngl.iltll
atom is involved, smince properties of the surface atoms are also dependent
on the coordinating (1igand) atoms in the nearest neighboyrhood.

Thers are several ways how to get hold on this spsect of tha formation
of complexss and to study interdction of reaction componente on varying
atructures of surfaces. We shall review here three of the techniques.

Field emission microsocpy

For some raactions valuable information can be obtained by the Field

Emisafon Microscopy, introduced by the great German physicist E.W.Muller (l}.
Since this technqiue was not a subject of other coursas, a short description

of the techniqua, might be helpful (2)

The sharp tip (T) (50-100 nm) is in most cases formed from a single crystal
and it can be easily modelled by a hemisphere cutting the aingle crystal.
Under a high voltage, electrons tunnel into vacum and depict on the screen

a4 projection of varfous crystaliographic planes. A picture of this projection
with several planes identiffed (by comparison with a model) is shown {n fig.2,

Emisnion current is higher on places with lower work function . Work func~
tion differences cause that the most stable planes) highest density of a-
toms) are dark and the changes caused by adsorption or reaction are thus
Bost sasily decected on the rough planes (dus to the Smoluchowski affect
they h.vs.&k,dlnutst ¢ (3)). Techniques have been developed which allow to
follow AOYBy adsorption or reaction, on small spots on the surface, in-
cluding the dark regions (5).

Let us meation at least in brief, soms resulte cbtained by this tech-
nique (see e.g. ref,5-8). Oxygen adsorption follows an order in the reac-
tivity of various planes which reflects the strength of the M-0 chemi-
torption bond (M-metal). The strength is tha higher, the higher the number

"(coordination by-) of metal atoms which can potentially surrcund an - O -

atom (6,7). The reactivity of the M-C layer towards hydrogen follows just
the oppposite order, indicating that the relation catalytic activity « che-
misorption bond strengths is antipathic one. The picture becomes more com—
plicated with a slightly more complicated molecule NO. (8); the order in
activities in which NO {s being dissociatively adsorbed is:

Rh(321) > RK(331) > Rh(210) » Rh{100) » Rh(111)
(with Rh as #n example),
Obviously, hers play alsc some factors a role {electronic structure of sur-
faces), other than the coordination of adsorbed specias.

Msorption and catalysis on singla crystal planes

The devalopment of the vacum tachnqiue in the fifties made another ap-
proach possible in attacking the problems of crystallographic plane spe-
cificy (cryltlllogrlphicllly differsnt adsorption sites are assumed to va-

£y in parallsl): the use of well defined crystallopgraphic planes cut out
of single crystals. Kot only the most stable lowest indax planes can be
prepared but alse various high-index-planes, with a varying population of
steps, kinks, corners, etc, In the beginning, these studies were lintted
to low pressures, but soon, Somorjai and his colleagues {(a School which
Ploneered a1l this research) developed a technique which combines the pre-
paration snd characterization of well defined planes in the UMV chambers,
with the follcwing reactions at rather high pressures, up to several bars
9,10).
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The first papers reported axtrame differences in activity among varicus
planes claiming tha:’thn flat planes are inactive at all (11). Later re~
Search did not confirm those conclusions im all details, buc important
differences among diffsrant crystsllographic planes hava besn found, indesd.

Figure 3 can werve as an illustration of the results of such studies,
Howaver, a fev words on the subject, first.

Hydrocarbon rsactions on Pt fora & complicated netvork with a typical
pattern of products (sslaccivity) for each metal. With hexans ss an axample:

S d
CC(!CC. Ccccce
(isoxerization)
CCeeee | ¢ c_r, ot
4
+ B (+4 ‘\O)
H, (dehydrocyclization, aromatization) (%))

¢, €C, cCC, cCec, coco
(hydrogenolytic cracking)

(hydrocarbons represented by the catbon-skeletons, hydrogen stoms ommitced).
A close inspaction of product patterns and the usa of labelled (“c-.) mole-
cules revesled (13,14), that the same products of {somerization can be formed

from various adsorption complexes (involving 3 or § carbon atoms) or - through

& consecutive reaction via the §85 phase: desorption and readsorption of me-
thyl - cyclopsntans. It has been further eatablished that thare ave asveral
vell distingishable mechanisms of hydroganolytic cracking etc. As can be
derivad from figura 3, formstion ane reactivity of intermsdistes is related
to the geometry of the adsorption sites.

Important catalysts of the reactions (rstorpinl of naphta in the produc—
tion of high octans number 8asoline) modelled by schame (3) are "bimetallica®
(sowstimes - alloys). The most important bimetallics are the Pt/ke, Pe/1c
and PtfSn (15,16) combinations and a lot of fundamental work has besn also
done with model alloys such as Ni/Cu, Pr/Au, Pd(Ag, Pd/Au, Ru/Cu, etc.

(For raviav ses rafs. 15-19).,
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The importance of the surface geometric structure has been recantly
demonstrated sgain, but now with alloys. Somorjai st al. (20) studied
n-hexans skeletal reaction on the Au~Pt(ll]) and Au~Pe(100) planes.

With ctha ficst mentioned plans, isomerizatfon rate {par Pt atom avai-~
lable at the starc of the reaction) increases appraciably and soncto-
nously with incressing Au content, although Au ftself is inactive for
this reaction, while with {100) this increase is only moderate. In
contrast vith it, hydrogsnolysis decreages with A incressing, with
both planes. The authors conclude, that stloying of Pt with Au in the
{il1} tcc plane syamstry, crestes aitas particularly suitable for fso-
serization.

Hydrocarbon reactions mentioned above ara examples of structura san-
sitive reactions. However, not all hydrocarbon reactions belong to the
groups of structure .unlltiv- reactions. Hydrogenation of C«C bonds is
& much less sensitive reaction (21) and there are &lso some other resac-
tions, which macroscopically monitored (i.e. by measuring tha netto
oversll rates) manifest themeslves as structure insensitive reaction.
Oxidation of CO ssems to be ons of them (21).

Let us mention already on chis place that a surprisingly low struc—
turs or psrticles size sensitivity (see below) of certain reactions, has
taised & question whether in all cases tha sensitivity {or ingensitivicy)
sstablished experimentally, is an intrinsic proparty of a reaction, or
18 = perhaps ~ induced by some side affocis. For example, with a moleculs
of di- tertiarybutyl-acetylene (in which the tripls bond C & C 1s steri~
cally acreaned oy bulky tert-butyl groups and yet its hydrogenstion is
particla siza insensitive) & possibility has besn discusssd that the
Teacting molecule extracts g matal atom with which it rascts, out of ths
surface, making the original surface structure irrelevant for the rumping
reaction (22}, ‘

How many metal atoms constitute an adsorption site?

This 1s by no means a Purely academic question, It 1s a qeustion of
great importance for a rational way of catalyst preparation. However, ths
fundamentai valus of an answer is of courss, not negligible. The madern
theory of cheaical bond of varicus spectra, ste, of molacules like banzens
started in the last century by establishing the stechiometric ratio of ale-




ments: Cske,and by writing down tha simplest schamatic wolecular struce
ture - the Kekule form. A similar ratio cxnyn: comprising the surface
metal acons M, is not known for most of the adsorption complexes, what
dramatically documents the real level of our knowledge on adsorption
and catalysis. Nesdless to say that our current achematic description
of "metal ~ adsorption complexes” bonds s probably even less corract
than the Kekule's form used to be a century ago.

A few molecules form sn exception (23) and more is known about them.
Molecule CO is one of them. With regard to this soleculs quite a de-

is available *

tailed information on its sdsorption site” Bradshaw and Hoffmann (24)
suggested several conalusions on this subject which are now generally
accepted. With Pd(L11) s an exsmple:
1) at lowest coverages 9(C0), CO occupies threefold sites snd absorbs
IR at sbout 1920 em™} (9 < 0.35).
2) At higher coverages, CO can be shifted out of its optimal position
into the two-fold (bridge) sites:such sites are aleo populated on
Pd(100); CO in these sites absorb IR at 1880-200 ca),
3) At coverages 9(C0O) nearing saturation (calculating & in surface M-
stoms this happans at 6>0.5) single coordinated CO appesrs with ve=
2050~2100 cl_l- Various structures corresponding to various LEED patterns
are shown in figure 4.

Particle size sffects

With only a vary few exceptions (Fiacher Tropach synthesis of hydro=
carbons, amsonia synthesis), the fndustry does not uss "bulk" metals.
Since catalysis is & surface phenomencn, one tries to enlarge the sur-
face of the metal (i.e. tries to disperse it) as such as possible, un-
til! almost all metsl atoms in the system ara in the surfaces. Such sy~
stems must be prapared and then protected against the loss of surfacs
area by aggregation and by sintering. To this end the wetals are dispar~
sed over s surface of "supports", such ss 81035 Al30y and other oxides
or othar compounds. One can prepars metals with 0Dy dispersion (= number
of metal atims in the surface/nusber of all metal atoms) nearing unity.
The question immediately raises - by increasing dispersion - do we enly
change the aize of particles, keeping the metal chemically tha ssme or =

in other words - do the metal atoms of small particles resct in the same

table }

vay as thoss of the bylk metals? The answar 1s - no (for reviev ses
16,26),

Many reactions are particle size sensitive, the hydtocarbon skele~
tal reactions among them (18). Although the question of the particle
size senaitivity {s on the first glance rather straitforvard, it took
Quite a long time to learn to sppraciate the particle size affects and
to aknowledge in Proper proportions all eide affects of it.

It 1s & simple exerciss to imagine how small particles grow, going
from 1 to 2, 3, & and more and mors metal stoms (27). By invelving rules
uinimizing the snergy (maximizing the bonds and "bond-energy") one cen
deriva the Probable shapas of the smallest possible particles. This sim-

. Ple procedurs has lead to sevaral very interesting rvesylts (z27).

Formation of a metal in a fcc structure follows probably this sequence.
Threas atoms form obviously & triangle, four atoms ~ a tertrahedron.

Then, the straitforward grovth of foc frame ia intarrupted and five atoms
form a trigona]l bipyramid. Thia grows furthar into tripyramid and seven
atoms - rentagonal bipyramid. Purther growth follows the line to 13 atom
icosahedron, when coaing atoms are regularly placed above the existing
faces of the bipyramid, In the same vay the "complets” bodies are formed
48: 33 atom dodecahedron (made from pentagonal planes) and 55 atoms icop-
sahedron (s11 pianes {11)) 1ike).

Some of these smallast particles with unusual structure have baen
#lready seen by Electron Microsocpy or by EXAFS (28,29). The larger
plrticlpo are probably all shaped into boddies. reminding of a
cubo~octahadrons.

Raadlass to sgy that further analysis by EM and HREM of problems
like the shape of snallest particles itself, the relation shape ~
epita:y.llhnpc = glueing layer batween metals and carriars (oxide,
hydroxide, silicate layers, stc.) and similar ones, is still highly
deasirable.

It 1s interesting to notice once wore that thers are already data
aveilable showing that the Seomatry of the smallest particles follows
indesd, the indicated rules {27-29).

Particles smaller than a certain limit (arbitrery put 6.8, at 4.0 nm)
Sxpose the low coordination sites in excessive amounts such that their
= possibly- differsnt eatalytic behaviour should be observable (see

sphere -

‘table 1, ref,30),



Small particles of some traneition metals adsorb bydrogen to s higher
ratio; tl'mtll'[.“.1 than unity, es shown by KIp et al. (31). It means
that the "valency® of some surface atoms of smell metal particles of
setals as hh or Ir 1s differant from that of atoms constituting ma-
croacopic flat planas. This 1s a ;ury interesting finding but unfor-
tunately it also casts some doubts on dstermination of the total metal
sutface arsa (and from that, by using models - the particle size-) deter-
aination with supportad metals (26). This discovery (21) demonatrates
clearly hov {eportant it is to determine the particle size by other than
adsorption mechods, e.g5. Electron Microscopy or by EXAPS.

Low coordinated sitaa
S EARated sites

Discussion on the rola of low coordinated sites and on electronic
Structure effects induced by diminishing tha particle aixe (this af-
facts also atoms on the planes) has not started yestearday, .

Al.ro_ady in the fifties, vivid discussions took place hetween the
school of Roginskij (32) and Koboszav (33) on ons side sod the schoal of
Boreskov (34) on the other side; while the first mentioned scientists
clsimed & decisive role of the special (low coordinated) sites in all
catalyeic reactions, Boreskov stated that the steady state activity of
metals in any reaction is o function of the slectronic structures of me-
tal atoms and varies with the wetal particle aize only sarginally (with-
in one ordar of magnitude in rates). An important progress in these nat-
ters has besn achieved by Boudart (26, 35), who recognized that thare are
two types of reactions,

I. structure insensitive, or better to say now ~ particle size insen~
sitive and -
I1. particle eize sensitive reactions.

Simple hydrogenation reactions are an exampls of the first group,
hydrocarbon reactions or ammonis synthasis (here the dissociative sdsorp-
tion of Ny 15 the sensitive step) of the sscond one (36).

It has been shown that the smallest mersl narticlas have an snergy
Spectrum which fs rather different from tha eusrgy spactrum of bulk
matals (37-39),
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What is not known with a desired certainity is, whathar this is alac re-
flected by s substantial different catalytic behaviour of & matal atom
in small and large particle surfaces.

There has been meny speculations in the literature sbout the possible
effects of the so cslled “alectron defficiency” of small particles. It
is in principle possible {although not yet proven) that when s matal par-
ticle is placed above, an alectron acceptor center such as Al in 510,
Structurs, an alectron fs transferrad from a matal particle to the sup-
port, making the particle positivaly charged. However, some paople go
80 far that they expact a "catalytic transsutation (according to them)
by electron transfer. A particle of Pd should bahave more like Rh, that
of Pt more like Ir, Au should bacome active as Pt, stc. (40-4l), This
matter has been discussed elsevhere (42,43) and thus only very briefly:
& charge in a matal particle is very limitad, it is localized and scresned
and it should not substsntially influence the reactivity of all other me-
tal surface atoms. The catalytic “alchymis” is not possibls,

Side affects of the psrticle size variaticns

Small matal particles bahave in many reactions differently from the
large ones, but it does not slvays mean a size sensitivity of the main
reaction. This has baen corractly racognizad already by Xatzer (&4), who
also supplied the firec exsaples showing chat differences in the behaviour
towards side reactions simulate a parcicle size sensitivicy of a catalytic
reaction followed {in his case - oxidation of ammonia and/or ethylsne).

Lankhorst st al. (45) showed, that the skaletal reactions of hexana
(sea achems 3} sbove) are chatacterized by an activity and a selectivity
vhich does not vary too much in the critical range of particle sizes
(1.8 « 7,0 am), vhen tha particles are kspt clean. Bowever, vhen the cata-
lysts with different particla sizes wers subjectad to selfpoisoning (de-
position of carbonaceous non-rsactive layers formed from hexane), the
activity (remaining activity) of small particles was much higher than
that of ths large ones. Also salectivity changes can be induced by that.
Obviously, it is the behaviour towards a side reaction which induces a

particle size ssnsitivity of the catalysts in hexans skaletal teactions.
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Since the rola of side resctions (in the last mentioned case - the
sslfpoisoning by carbonaceous layers) varies in ite importance with
various wmetals, and {t can combine with the propetties of a metal -
one can expect all types of correlations of the catalytic aceivicy
with the particle aize sympathetic or antipatic onas or functioms with fig.5
A maximom (16). When going from one watal to another, or from one reac-
tion to another it is the task of scietice to sutablish, which is the
intrineic (not tnduced by side afefcts) correlation with a given reaac-
tion.

Multiple bond formation

Reactions of hydrocarbons are infitiated usually by a dissociation of
the firet C - ¥ bond. Howevar, vhen thervafter a ¢ - C bond has to be
eplit, probably (at least) two ¥ atoms have to be removed, to snable the
splitting to run with a low activation snergy:

f11g.6
[ / \

<-t- 4 ¢4 Y. %)
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There are good reasons to balieve thst alse isomerization and dehydrocy-
clizetion can profit from the external multiple bond (external formation
weans “outside the moleculs”) Formation, although in the latter casas,
the internsl multiple bond formation might be of greater importance (16,
46).

IN any casa hydrogenclytic cracking {s most likely most depandant of
all on the formation of the mstal carbon multiple bonds. In compliance
with this expectation Kemball (47) and Van Broekhoven (48) established
& very clear correlation betwesn the propansity of metals to form the
sultiple bonds (a) and the reactivity of matals in cracking (h)

{a) Ru<|l1<co<lr<lh«rt<?d
(b)) Kua NL »Co< Ir « Rh < Pt, Pd

Let us wmention that the propensity of & metal to form metal-carbon mulei-
ple bonds can be, for exanple, determined by wonitoring an exchange reaction

of & hydrocarben (CH‘ and cyclopentane have already been used to this
end (48)) with deuterium.
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Van Broekhoven decided to check whethar the formation of wultiple
bonds is particle size ssneitive, Ha used msethane/D, exchange with
vwhich the ratio of CD‘ICHJD in the initial product distribution can
bs taken as a measure of the sultiple bond formation. The results are
shown {n figure 5 (49).

It is evident that small particles of various matals form multiple
bonds lees readily, than the large ones.

In co-pll;nce vith the low activity in cracking the small particies
forn less readily carbonaceous layers and the curved surface is wore
difficult to be covered by carbonaceous laysrs than the flat planes.
This explains the finding by Lankhorst et al. (43).

Let us mention in passing that the smallest particles of various
metzls have been prepered by filling the cages of reolites by metal
precurser solution, drying (oxidaﬁlon of ligande) and reduction.

An EM photo of such materials is shown in figure 6.

CONCLUSIONS

Practically used catalysts consist often of small particles.
It {s important to study the structure, shaps, tharmal behaviour, stc.
of these particles. Surface structurs, the local site geometriecs, are
important for catalysis, as demonstrated by saveral examples abova.
In the menticned studies the EN and EXAFS are very important tools.
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TEXT FOR THE FIGURES

I.  Fleld emission tube .
Field emission tube vith a “probe~hole” faciliey
T-tip; § - ocreen; C - collector of alectrons
(Erom ref.2, with paraission)

2. F.EM. plcture of an gh tip; various regions indexed
(from ref.4, with permission)

3.  Meptana conversion on various single crystal planas.

Activity exprassed ap initial rate ac 573k,
. (from ref.12, with parmission)

4. ' CO sdsorbed on Pd(111). Various coordinations of CO indicated,
occurring at various surface coverages (see the text)
(from ref.24, with permission)

5. Propensity of metals {hera characterized by the CD‘ICDHJ ratio
Weasured at standard conditions) to form mtal-to-carbon multiple
bonde - as a function of the particle size. Pt, Ir and Ni,

(from ref.49, with peruission)

6, Pt in zeolites; HREM by H.W.Zandbergen, Leiden University, 1987
The regular zeolite lattice has baen partially removed by electron
bolbardoltnt. in order to visuslisze better the Pt particles.
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TABLE 1

Bizn and mirface pPropertien of stable pl-tinumiery-llh

~23-

Felare lonwth Relstive number of diatomn in
Total diffaunt states on murfnce Average ronndl.
onimime of | Fretion ol Patinn
= P R L o
y i in veptiows on adyen nn laceta
2 5.5 0 f 1 I n [ 4
3 8.25 ] 0es 0.33 0.0 0 5.0
4 T !l om o 0.aa 021 .04
[ 13.75 RS "8 .oy 086 | 0.8 7.40
8 10.50 140 "n? 0.0 047 0.47 7.78
] 10.23 B[ e .04 0.41 0.83 .87
19 218 () 0.49 n.o2 20 .00 8.31
15 41.25 2 255 0,38 0ol 020 "9 H.54
18 4.8 3 03 0.008 0.17 a3 K04
0 R2.8 motn 010 0.3 nt0 0.00 A.748
50 1278 36 444 I n132 00006 0.on 0,94 8.87
o no ' =n 1] 1) 1] 1 9
N.B. Calculations made for octahedral crystals, More exact

calculations involving "unfinished"
do not differ appreciably.

ete.

crystals, cubo-octahedrons s






