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chapter 1 

GENERAL INTRODUCTION 

1.1 lNTRODUCTORY REMARKS 

The last thing one dis covers 
in writing a book is what to 
put first 

Blai se Pa scal 

The rate and the pathway of a chemical reaction can 
be controlled by the manipulation of but a few variables. 
Beyond the basic ones (pressure, temperature and composition 
of the gas phase) the most common is the use of a catalyst. 
The mysterious ("recondite") catalytic power of substances 
was for the first time recognized by Berzelius in 1835 
in his annual report to the Swedish Academy of Sciences 
in which he reviewed some of the workof Davy (1320), 
Döbereiner (1822) and Thenard (1823). Only in comparatively 
recent times the aura of the occult seems to be finally 
exorcized from discussions on catalysis. 

Catalytic processes have become of such importance in 
the chemical and petroleum industries that very large 
sums of money are being spent on the development of new 
chemical syntheses depending on catalysts. The combination 
of (a) the need of the industrial society for hydrocarbons 
and hydracarbon derived products, (b) the relative shortage 
of crude oil and (c) the price policy and cooperation 
among oil producing countries (OPEC) resulted in a 
considerable growth of research effort concerning hyd ro 
cracking, catalytic hydrotreating, catalytic refo r ming, 
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coal liquefaction and coal gasification. The latter 

process will eventually be followed by the production of 

gaseaus and liquid hydrocarbons either via the Fischer

Tropsch or via the Methanol/ZSM-5 route. 

Supported metal catalysts, the main subject of this 

dissertation, forma key to many of the processes 

mentioned. An understanding of their catalytic behaviour 

(activity, selectivity and stability) is therefore of 

prime importance. Investigations concerning supported 

metal catalysts are, from a scientific point of view, 

hampered by the difficulty to distinguish between in
fluences on properties of supported metals due to metal

support interactions and due to the intrinsic metal partiele 

si ze. 

In this introduetion first some results concerning 

supported and unsupported metal particles will be given. 
followed by results which are supposed to arise solely 

trom metal-support interactions. 
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1.2 SMALL METAL PARTICLES 

The structure, properties and methad of preparation 

of highly dispersed transition metals have been studied 
extensively in the past 50 years especially in relation to 
their role in catalysis. More recently, theoretical and 
experimental physicists focussed their attention on the 
modes of formation, stabilization and the unusual properties 
of very small metal particles. Excellent reviews on this 
subject do exist already (1, 2, 3). 

A simple but basic question concerning the formation 
of metal particles is: what is the packing structure of 
metal clusters? It is generally accepted that metal 
clusters consist of three-dimensional particles, although 
deviations from this rule have been reported. The axioma 
of the presence of three-dimensional particles does not 
necessarily lead to the formation of normal face centered 
cubic (fee) structures. One of the most striking observa
tions on small particles is the existence of small 
particles with pentagonal symmetry as frequently observed 
with electron microscopy (4) (figure 1). 

Figure 1 ELectron micrographof a pentagonaL Ag partieLe (4). 
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Pentagonal symmetries are not restricted to silver (4) 

particles, also rhodium ( 5) and gold (6) particles wit h 

a five fold symmetry axis have been seen with elect ron 

microscopy. From elec t ron micros copy it is not (yet ) clear 

whether platinum particles also e xhibit this symmetry. 

Moraweck et al. concluded from EXAF S measurements t hat 

for platinum this symme t ry exists (7, 8) . Basicall y , 

when a very small metal partiele is grown atom by at om in 

vacuum a thirteen ato m icosahedron will always be f ormed. 

This s tructure i s di f ferent from that of fee particles, 

because it has five fold rotational axes. Note that t he 
icosahedral 13 atom partiele has 42 nea r est neighbou r 

cantacts whereas the corresponding fee particles have only 

36 nearest neighbou r contacts. Also multiply-twinned fee 

tetrahedra lead to deca- or icosahedral structures, and 

they hav e been ob se rved with electron micros copy (9). 
One interesting feature of these structures is the 

existence of unusual surface sites, with no analogues on 

single crystal surfaces. For instanee on the actual twin 

boundary the atoms have he xagonal closed packed coordination 

rather than fee, so that the d orbita ls will be dif f erently 
oriented. Furthermore sin ce structu r es with five f old 

symmetry are not completely space filling elastic strain 

may occur. This, of course, may go tagether with a 

change in properties . 

Apart from structural differen ces between s mal l 
metal particle s and extended metal surfaces the metal 

partiele size may influence various physical and catalytical 

properties. A very ni ce example of this can be found in the 

workof Primet et al . ( 10) (figure 2) . They studied a 

series of Pt/Al 2o3 catalysts with var i able partie l e size 
and reported a decrease of the vibr a t i onal frequency of 

actsarbed NO with increa s ing parti e le size. Th e ex planation 
was thought to be due to the back donation from the metal 

to the antibonding orbitals of NO. The larger particles 

have generally more electrans per surfac e atom avai l able 

for back donation, which lowPrs the NO frequency. 
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Figure 2 Variations of the frequ ency of the . v(NO ) band 

vs. the part ieLe size deduced from e Lectr on 

microscopy me as urements (1 0). 

In complete contradiction with this work is the work of 

Solomennikov et al. (11} who studied Pt/Si0 2 and Pt/Al 2o3 
systems with CO adsorption. Whereas Primet et al. find the 

highest NO frequencies at the smallest particles, this 

group observes the lowest CO frequencies for the smallest 
particles and again the concept of back donation was called 

in to explain this, but now it was argued that a metal 

atom with a low coordination number can have a large back 
dönation to the CO molecule . 

The division of catalytical reactions in structure 
sensitive and insensitive reactions indicates the relation 

between partiele size and catalytic activity. If the activity 

expre sse d per surface atom, changes only slightly with 

partiele size the reaction is called structure insensitive. 

If, however, the specific activity is strongly influenced 
by the metal parti e le size, and he nce by th e availability 

of adjacent surface atoms, then the reaction is called 

structure sensitive (12). 
This again br ing s us t o th e stru ct ure of metal 

particles and to the fact that not all surface a toms behave 
id e ntical. Somorjai et a l (1 3 , 14) clearly demonstrated 

that surfaces containing an increasing number of surface 

irre gulariti es ( s t e ps , kinks, terraces) are much more 
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active in for instanee hydragen di s sociation. They observed, 

among other things, important geometrie influences on the 

H2-Pt collision, leading to dissociation of hydragen 

molecules. They prepared in a controllable way surface 

defects by cutting single crystals at small angles away 

from low Miller-index planes. 

(a) Pt-(ÏII) 

(b) Pt- (S57) 

(c) Pt- (679) 

Figure 3 Steps and kin ks can be produced in controlled 

amounts on plati num surfaces by cutting the 

crystal at a small angle from the (111 ) orienta

tion, as in the examples shown here (14). 
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In figure 3 examples of idealized surfaces are given. 
Of course when we are dealing with small metal crystallites 

the number of crystal defaults is hardly controllable and 

we can only speculateabout their influences on catalysis, 
but let us stress once more that they certainly change 

the properties of small metal particles. 
In this part of the introduetion without pretending 

to be complete, examples of small metal particles have 

been given which demonstrate that the properties of those 

systems are different from those of massive metal particles. 
In case of a study of small metal particles on a support 
the effects of metal-support interactions interfere with 
this difference in behaviour between small metal particles 

and bulk metal. 

1.3 METAL-SUPPORT INTERACTIONS 

Highly dispersed metal particles on a suitable support 

find wide application in a number of technically significant 

processes (15, 16). Among the more obvious practical 
advantages of such catalysts are ease of handling, 
suitability for use in fixed or fluidized bed flow 

reactors, and high thermal stability. Indications have 
accumulated in recent years that in certain instances the 

support can influence the metal phase and the catalytic 
reactions in ways other than simply pertaining to 
dispersion of the metal. Around 1950 for instanee the 
proposal of bifunctionality occurring in reactions over 
metals supported on acidic supports was one of the first 

radical departures from the conventional concept that the 
support could be treated as inert. Subsequently the feeling 

arose that the support should be expected to exert some 
influence on the metal. Actually the first deliberate 

~ttempts to explore metal-support interactions (and to 

manipulate them) were performed by Schwab (17) and 
Solymosi (18). The conceptsof these investigations were 
basedon semi-conductor physics. From these theories it 
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followed namely that an electron transfer takes place 

between two solids with different Fermi levels (19). So 

by doping the semi-conductor with ions having different 

valencies the Fermi level can be shifted to higher or 

lower energies, and this offers a tool for altering the 

number of transferable electrans in the metal/semi-conductor 

Schottky barrier. It appeared for instanee (18) that an 

increase of only 2 x 10- 5e;Ni, in Ni/doped-Ge systems, 

resulted in a tripling of the catalytic activity of 

nickel in formic acid dehydrogenation, providing that the 

nickel film was very thin. According to Bond (20) the 

value of these early studies is limited because many 

analytical tools (for instanee partiele size determination) 

were not available at that time. Nevertheless these 

studies demonstrate the presence of aso-called metal

support interaction. Recently interest in comparable 

approaches was renewed by the work of Verykios et al. (21), 

who studied Ag/doped-Al 2o3 catalysts. An electronic 

transfer between metal and support was supposed to play 

a role in determining the catalytic effect. Magnesium 

oxide dopants (leading to a p-type carrier) enhanced the 

activity for ethylene oxidation, whereas germanium oxide 

dopants (n-type carrier) decreased this activity. 
Although in the search for new catalysts the rational 

scientific approach is preferred over the empirical trial 

and error approach metal-support interactions seem to 

remain a black box, put forward to explain otherwise un

explainable results. So an extensive literature exists 

about remarkable physical and chemical properties arising 

from the assumed metal-support interactions. Without 

asserting to be complete it seems worthwhile to quote 

some examples. 

An important tool to investigate metal-support 

interactions in heterogeneaus catalysts is, of course, 

the catalytic reaction itself. It appeared that 
selectivities are changed completely by changing the 

nature of the support. Thus it was found that Ru/Si0 2 
(prepared from Ru 3 (C0) 12 ) produced acetaldehyde as (the 
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main principle) oxygenated product in the hydragenation 
of CO, while methanol was mainly found for Ru/Al 2o3 (22, 23). 

From the work of Ichikawa (24-26) a strong dependenee 
of activity and selectivity upon the nature of the 
support became evident. For supported rhodium catalysts 
prepared via pyrolysis of deposited rhodium carbonyl 
clusters it appeared that conversion of synthesis gas 
resulted in oxygenated products when ZnO, MgO and CaO 
were used as the support. Utilization of Sio 2 , y-Al 2o3 
or Sno 2 resulted mainly in the formation of methane and 
higher hydrocarbons. Selectivity and activity for CO 
hydragenation on supported palladium were also found to 
be strongly influenced by the composition of the support 
(27). Utilization of basic metal oxides (MgO, ZnO and 
La 2o3) favoured the formation of methanol whereas the 
use of acidic metal oxides supports (Al 2o3 , Ti0 2 and 
Zr0 2 ) resulted in a suppression of methanol selectivity 
and a favouring of the formation of hydrocarbons. 

Metal-support interactions were supposed to be 
responsible for the behaviour of supported gold. Supported 
gold catalysts deviated markedly from known bulk properties 
of gold, especially when oxygen containing molecules 
were involved in the reaction. Thus Au/MgO was found to 
b~ two orders of magnitude more active in the oxygen 

transfer between CO and C0 2 than the active Ru/MgO (28), 
while unsupported gold was inactive. Furthermore it was 
concluded that metal-support interactions, probably in
volving Au-0-Mg structures (as determined with EXAFS), 
are responsible for the isotopic oxygen exchange activity 
of supported gold catalysts (29). Again unsupported gold 
was inactive under the same conditions. 

The interesting behaviour of group VIII metals 
supported on Ti0 2 must also be mentioned in this intro
duetion although more detailed information about this 
type of metal-support interaction will be given in 
chapter 8 of this dissertation. By using electron 
microscopy and hydragen and carbon monoxide chemisorption 
studies it was clearly demonstrated that metals such as 

9 



platinum and iridium supported on Ti0
2 

lose their ability 

to chemisorb hydragen when reduced at temperatures above 

773 K, although they do notshow significant loss in 

specific metal surface area. Among other explanations a 

Strong Metal-Support Interaction (SMSI) was believed 

to induce this behaviour (see chapter 8). Apart from 
Ti02 also v2o3 , Nb 2o5 , Ta 2o5 and MnO were mentioned as 

supports which exhibit this behaviour (31). Note that at 

the same time comparable results were observed with 

Pt/Al 2o3 {32, 33). Recently also Ceo 2 (34) and ~gO ( 34a) 

were added to this list of supports exhibiting strong 
metal-support interactions. 

Also spectroscopy has been used to establish metal

support interactions. From XPS studies Escard et al. (35) 

concluded that the iridium 4f doublet in reduced iridium 

catalysts is shifted towards higher binding energies with 
respect to that of unsupported iridium. The authors 

postulated that an electronic interaction occurs between 

the support (electron acceptor) and the metal (donor ) . 

> ., 

.. 
Figure 4 Ir 4f 7/2 chemicaZ shift ( re Zative to Ir metaZJ 

versus sta n dard enthaZ p y o f formati on o f oxi de 

support ma t e r i a Zs (35). 
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The chemical shifts depend on the nature of the suppor t 
and are correlated with the position of the Fermi level 

of the support (figure 4). The Fermi level and the standard 

enthalpy of formation are related (35 and references 

therein). These results have been strongly questioned by 

Briggs (36) who stated that complete reduction had not 
been achieved. 

Another instrumental tool which yiel ded useful 

information about the origin of metal-support interactions 

is the electron microscope. With electron microscopy one 

can follow how metal-support interactions determine the 
resistance against sintering of metal particles. Also the 

morphology developed during various treatments is an 

important indication of metal-support interaction and 

it can directly be seen by electron microscopy. The 

phenomenon of spreading of particles over the support 
surface, when this is thermodynamically favoured has been 

reported several times, for instanee for I r/C (37), 

Pd/Al 2o3 (38), Pt/Ti 407 (39) and Pt02/Al 2o3 (40). Let 
us campare as an example the results of Pt/Al 2o3 and 

Pt/Ti0 2 . Whereas Ruckenste i n states that platinum metal 
in a hydragen atmosphere does not spread over the Al 2o3 
surface and that thus sintering occurs, Baker argues that 
Pt wets Ti 4o7 (a reduced form of Ti0 2) and spreads 
completely over this support. The opposite is claimed t o 

be true for oxidative environments . In case of Pt/Al 2o3 
redispers ion of platinum occurs in an oxygen environme nt 

because platinum oxide spreads over the Al 203 surface. 
Platinum oxide does not spread over Ti0 2 , however, and 
the thin Pt0 rafts, formed during reduction (i.e. on 

Ti 4o7) grow thicker in the oxidative environment 
(figure 5) . Wetting and spreading of metal particles is 
an important indication for the magnitude of the metal
support interaction since it contains information about 
the interfacial energy between metal and support (41). 

Electron microscopy is also rather powerful in 
determining the metal partiele size of supported meta l s. 
The ob s ervation of rhodium clusters on s; o2 of upto five 
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Figure 5 Sch ematic repre s entati on o f t he gr owth 

c haracte ri s t ics o f Pt c ry staZZi t e s on aZumi na 

and titania in o2 and H2 environments (3 9 ) . 

atoms has been reported (5) . Furthermore rows of gold 

atoms have clearly been resolved (42). Also for bimetallic 

catalysts interesting observations were made during 

alternating reduction and oxidation treatments. 

For instanee for Pt-Pd alloys supported on Si0 2 , after 

oxidat i on segregation of PdO and Pt was observed, with 

both phases in contact with the support (43). The crystals 

of the oxide were found to nucleate and grow at ene side 

of the alloy parti e le foralloyswith a high Pt content. 

For alloys richer in Pd small platinum crystallites are 

formed around edges of PdO crystals. According to Ch en 

these morphologies are ca used by strong interfacial 
interactions betwe e n PdO and Si0 2 . Even interditfusion 

between these phases could be signi ficant . Pt-Rh alloys 

supported on s;o2 were investigated too, but the 

situation was rather different in this case. Upo n 

oxidation of uniform particles at 773 K Rh 2o3 is formed 
at the edges of particles. Moreover, the oxide particles 

are observed to e xpand, which is ca use d either by 
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oxide wetting of the Si0 2 or by an oxide growth mechanism. 
Reduction of this partially segregated system produced 
rhodium crystals which sintered back to the original 
Pt-Rh alloy particles above 473 K. However, platinum 
accumulation in the kernels of the particles was 
observed (44-47). Apparently also for bimetallic catalysts 
the phenomena at the metal-support interface are of 
paramount importance in determining segregation, spreading 
and redispersion. 

After this enumeration of examples which might indicate 
metal-support interactions attention will be paid tosome 
models which can explain these interactions. Note that 
during the last few years much information has become 
available: only 20% of the literature quotedis dated 
before 1979, the starting year of this study. In 1979 
only very vague propositions had been made about the 
forces that might play a role at the metal-support 
interface. Most of the valuable information had come from 
a study of the contact angle at the metal-support inter
face (48-50). Under a hydragen atmosphere at high tempera
tures the energy of adhesion lies in the range 0.2-0.9 Jm- 2 

fora variety of metals on ceramic type of supports. If 
one assumes that there are 1.8 10 19 atoms m- 2 of metal in 
the interface then an energy of adhesion in the range 
8-30 kJmol-l is calculated. This implies that the energy 
of adhesion is no more than a physical Van der Waals 
interaction between metal atoms and the support. Analogous 
hypotheses have been suggested also by others (51-53). 
Because of this small interaction energy partiele growth 
proceeds easily until the energy of interaction- which 
during the growth process is enhanced due to an increase 
in absolute magnitude of the metal-support surface area 
per partiele - exceeds the activation energy for surface 
migration (54). But, as is generally known, small metal 
particles (d < 2.0 nm) are rather easy to maintain even 
at relatively high temperatures (55), which suggests that 
physical interactions are not the only ones which determine 

13 



the magnitude of the metal-support interfacial energy. 

In the following a picture will be proposed in which the 

metal-support interaction is enhanced by the presence of 
ions or intergrowth regions at the metal-support interface. 

In the papers depicting the Van der Waals interaction 

also information is given for supported metals in oxygen 

environment (48-50, 55). lt turned out that the magnitude 

of the experimentally determined interfacial energy was 
increased due to the change of environment. According 

to Anderson (55) oxidation of the metal generates metal 

oxides, which can interdiffuse with the oxidic support. 

This example of interdiffusion brings us to another question 
concerning the metal support interface, namely what is the 

exact structure of this interface? For systems as Ni/Si0 2 
it has been well established that intergrowth of NiO occurs 

between the nickel metal crystallites and the Si0 2 , mainly 
in the form of a basic nickel silicate (antigorite) 

(56-58). Also for Ni/Al 2o3 it has been proposed that 
NiAl 2o4 formation occurs, possibly between the y-Al 2o3 
and metallic nickel as a layer with a spinel structure 

(58, 59). Judged from the amount of nickel reduced, the 
strength of interaction with the alumina support seems 

to be s tronger than that with the silica support. Also 
for Co/Al 2o3 it appeared that complete reduction of 

cobalt could not be achieved (60). Approximately 4 wt % 

of the cobalt always formed a cobalt spinel, again 
possibly as an epitaxial layer between the y-Al 2o3 and 

the cobalt metal (61) . 
However, for precious metals as Rh, Ir, Pt or Pd 

excessive spinel formation in supported metal catalysts 

after reduction does not seem to occur, although formation 
of difficult to reduce surface species of Pt and Rh on 

Al 2o3 have been reported by Yao et al (62, 63). But such 

species were formed only at low metal contents and at 

high calcination temperatures. Also Hughes et al. (64) 

reported irreducible platinum species with Pt/Sn02 . Whilst 

metal-support interactions can be beneficial for maintaining 
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high dispersions of the metal toa stro ng a metal - suppor t 
interaction may lead to compound fo r mation and the tying 
up of the catalytically active component in an un
favourable condition. 

Same e xamples have bee n quoted above, where an 
oxidic layer was formed between the meta l and the suppo r t. 
For Pd/Al 2o3 another interesting observation concerning 
the metal-support interface structure was made. In view 
of the lattice parameters of Pd and Al 2o3 it was in f erred 
that epitaxy between Pd and y-Al 2o3 cou ld occur. lndeed 
for Pd/Al 2o3 prepared from an organometallic compound 
this epitaxy was confirmed by high resolution electron 
microscopy combined with electron micro diffraction (65). 
For Pd/Al 2o3 prepared fro m an acidic precursor this 
epitaxial correlation was nat observed, probably beca use 
the Al 2o3 was more amo r phous in this case, e s pe c ially at 
the interface. For reduced Pt/Al 2o3 the existence of 
epitaxy was confirmed with bath preparation methods (66). 

The metal-support inte r actions in s upp orted osmium 
prepared from carbonyl clusters, were t hought to involve 
0-M bands (figure 6), implying zerovalent osmium (67, 68) . 

M : SI, AI,TI , or Zn 

Figure 6 Proposed model for metal - supp ort interaetions in 

supp orted osmium clusters . Note that the 

oxidation state of osmium is suppos ed to be 

zero (6 7 ) . 
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The species given in figure 6 can according to the authors 
of ref. 68 be considered as "a unique model of the well

known metal-support interaction in heterogeneaus catalysts 

although so far the type of chemical interactions between 

zerovalent particles and support has notbeen elucidated". 

With Ru/Al 2o3 (prepared from carbonyl complexes) 

proposals for ions which probably are in contact with 

metallic species have been assumed to mediate the metal

support interactions (69-71). Also for Ru/Al 2o3 orepared 

from RuCl 3 it was concluded that metallic ruthenium is 

present in contact with Ru 6
+ species, t he latter inter

acting strongly with the support (72). De Jong (73) stated 

that the interaction between silver particles and the 

underlying silica support can be enhanced by addition of 

a second metal to the Ag/Si0 2 system viz. Pt or Ru. Most 

likely the presence of ions at the metal support inter
face of the second metal will decrease the silver partiele 

mobility. Poelset al. (74) claimed the observation of 
Pd6+ species in Pd/MgO catalysts. Especially the presen ce 

of potassium was important for the pres ence of Pd ions. 

The ideas of Yermakov and co-werkers are staying in 
between those assuming complete intergrowth and those 

assuming only epitaxial relationships. Yermakov et al. 

prepared supported metal catalysts by the use of organo

metallic compounds. In that way highly dispersed catalysts 

could be easily obtained (75-79). More interesting from 

the point of view of metal-support interaction is the 

methad which they developed for the preparatien of multi

metallic catalysts. They either used compounds containing 

hetero-atomie metal-metal bands or they induced inter

actions between organometallic compounds and a support 
surface which contains low valen t ions. The latte r 

surfaces were prepared by ancharing compounds containing 

metal ions in low oxidation states to the support surface 
or by reduction of surface compounds. Their conclusion 

was that the low-valent io ns (or modifying elements) 
2+ servedas a trap for small metal pa rtic les e.g. Re , 

2+ 2+ . Mo , or W for Ptn (see f1gure 7). 
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B 

c D 

Figure 7 Possible types of sur f ace s pecies in supp orted 

bime t a ~ ~ic catalys ts: M, atoms o f Group VIII 

meta l; E, atoms of th e modifying e~ement in a 

ze r o - valent state;~ , support- bound ions of 

the modify i ng e ~ement in on e of the ~ower' 

o xidation state s . A . Separate par ticles of the 

eleme nts M and E, n ot interacting with each 

other, on the catalys t sur face . B . Pa r ticle s 

con t aining the elements M and E in zero - valent 

state . C. Species containing the element Min 

a ze r o - valent state and low- valent ions of the 

eleme nt E which a r e bound to the sur face . 

D. Pa r t icles containing t he element s M and E i n 

zero- valent states which a r e bound to the 

sur f ace low- va le nt ions of the element E (75) . 

They actually excluded the possibility th at ion s of t he 
precious metals itself could act as su ch traps, however. 
Evidence fo r the existence of these anchors ha s not yet 
be e n given by the Rus s ian group. In fa c t this di sser tation 
provide s reliable experime ntal eviden ce f or su ch anc hors 
(chapters 3 and 4). 
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1.4 SCOPE OF THIS DISSERTATION 

The main theme of this dissertation is the 
clarification of the interactions in supported metal 

catalysts between metal particles and their support. 
Therefore we have in this introduetion presented facts 

and explanations that have been published in literature. 

Much of the cited work hadnotbeen published yet at the 

time the study leading to this dissertation was started. 

Nevertheless at that time it was re cognized that the 

physical Van der Waals interaction between metal 

particles and a support is not sufficient to explain 

several facts and since eculombic forces might explain 
the differences it was decided to focus attention on 

the detection of metal ions in well-reduced supported 
metal catalysts. Just in the first few months of this 

research the results of the workof Tauster et al. (3 0) 

became available. Since this work suggested that metal

support interactions in M/Ti0 2 systems are different 

from interactions in M/Al 2o3 systems it was decided to 
include in our research also these systems besides the 

M/Al 203 systems. 

The detection of metal ions, possibly in unusual 

oxidation states was considered viable with electron spin 
resonance since the detection limit of par amagneti c 

this investigation 

and Pt/Ti02) and 

centers is very low. The results of 

are reported in chapter 3 (Pt/Al 2o3 
chapter 4 (Rh/Al 2o3 and Rh/Ti0 2). 

Since by electron spin resonance paramagnetic Ti 3
+ 

ions can be detected, the reduction of Pt/Ti 02 was also 

followed with this technique. From the ESR measurements 

indications concerning the strengmetal-support interaction 
became apparent (chapter 5). 

Chapter 6 is devoted to the application of X-ray 
photoele c tron s pe c tros copy to supported metals. The first 

objective of this investigation was to find further 

experimental evidence for the presence of metal ions at 
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the metal-support interface. But in particular in this 
chapter the difficulty in separating contributions of 

metal-support interactions and contrib uti ons of the 

intrinsic effects of the small metal partiele size on 

measurable properties will be encountered. However, by 

varying the partiele size and the nat ure of the support 
useful information could be obtained also in this case. 

Since electron spin resonance and X-ray photoele ctron 

spectroscopy are characterization techniques which 

are probably not familiar to the reader, i t is tried to 

give a brief theoretical background of these techniques 
in chapter 2. In this chapter theoretical considerations 

are derived which are used in the experimental chapters 

to come to more precise conclusions. 

Chapter 7 describes the use of tempe r ature prog rammed 

reduction and oxidation in studying the reducibility of 
the various systems. The results of these investigations 

are of primary importance for the interpretation of the 

results of the other instrumental techniques aoplied, 

since with temperature programmed reduction one obtai ns 

direct information about the reduction processes. 
Questions as "is the metal at a certain te mperature 
completely reduced?" can be properly answered by means 

of this technique. Furthermore the influence of preparation 

variables (o xidation temperature, passivation) was in

vestigated. 
Chapter 8 starts with a review of the litera t ur e on 

the subject of strong metal-support interactions found 

with M/Ti0 2 systems, since this subject was only briefly 

discussed in this introduction. Following this review, 

mechanisms or possible e xplanations concerning this 
subject are presented in chapter 8. 

In chapter 9 the main conclusions and impli cations 

obtained in this dissertation are summarized, tagether 

with some general remarks. 
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chapter 2 

BRIEF THEORETICAL BACKGROUND OF THE APPLIED 
SPECTROSCOPie TECHNIQUES 

As described in chapter 1 of this dissertation 
electron spin resonance and X-ray photoelectron 
spectroscopy are spectroscopie techniques which have 
been used to characterize supported metal catalysts. 
For the benefit of the reader a short introduetion 
to these techniques is presented below. In this intro
duetion no new theoretical considerations, but only widely 
accepted theories, will be presented, which were used 
in various chapters to reach the conclusions presented 
therein. 

2.1 ELECTRON SPIN RESONANCE 

Electron Spin ~esonance (ESR) or Electron Paramagnetic 
Resonance (EPR) is a useful technique in studying the 
nature of paramagnetic centers in materials. In the 
absence of a magnetic field the spin angu~ar momenturn 
of an isolated unpaired electron gives rise to a doubly 
degenerate spin energy level. However, when a magnetic 
field is applied to this system this degeneracy will be 
removed (Zeeman effect) and two allowed orientations of 
the spin exist, parallel and anti-parallel to the 
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direction of the magnetic field. The energy sepa r ation 
(~E) depends on the strength of the magnetic field since 

where B is the Bohr magneton and H is the value of the 

magnetic field. The ele c tron g-factor (ge) for an isolated 
electron (spin-only case) is equal to 2.0023. By irradiating 

the sample with suitable electromagnetic radiation wi th 

a frequency of approximately 9 GHz,transitions can be 

generated between the two levels. At a certain magnetic 

field (H, in our case in the order of magnitude of 

3000 Gauss) the resonance condition for absorption of 

radiation is 

hv = g BH e 

where h is Planck's constant, and v is the freque ncy of 

the radiation. Note that with ESR the spectra are usua lly 

measured with the aid of a phase sensitive technique and 

as a consequence actually the de r ivatives of absorption 
spectra are obtained. 

Whereas for the spin-only state t he relevan t ene r gy 

operator ti can be written as 

where H and S are the veetors for the magnetic fie ld and 

the electron spin, when both orbital a nd spin momen turn are 

present additional terms occur i n thi s Hamiltonian due to 

the direct influence of the orbital angular momenturn and 

the s pin-orbit coupling: 

ti = g BH .S + BH.L + ÀL.S e 

In this equation L is the orbital angular momenturn vector 

and À i s the magnitude of the sp in-orbit coupli ng . The 
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complication of the coupling between spin and orbital 
momenturn is usually solved by introducing the concept 

of the so - called effective spin Hamiltonian H eff' which 
operates only on (fictitious) spin states: 

The coupling effects are manifested thus themselves in 

the values of the effective g-tensor geff" By measuring 
the effective g values~ one obtains information concerning 
the magnitude of the angular momenturn and the spin-orbit 
coupling. Note that due to the appearance of the ÀL.S term 
in the Hamiltonian also a relaxation mechanism for the 
electron spin is introduced by means of a coupling of the 
electron spin with the lattice via the orbital momentum. 
Large deviations from g = 2 . 00 are accompanied by enhanced 
relaxations. Another important property of the g-tensor 
is that it has the same symmetry as the crystal field. 
lf the crystal field is spherical then the g-tensor is 
isotropic, while for an axial field (along the z-axis) 
two different values g = g and g will be observed. 

XX yy ZZ 

For a complete anisatrapie crystal field three different 
g-values will be found in the g-tensor. From the above 
statedit follows that g-values are characteristic for 
paramagnetic centers, because spin-orbit coupling, 
symmetry and electronic configurations ~etermine the 
magnitudes of the g-tensor components. On this subject 
excellent reviewsexist wherethe interested reader finds 
all other details (1-6). 

In this dissertation t he results of an ESR study of 
Ti 3+(3d 1) species will bedescribed (chapter 5). For this 
ion the g-values are below that of the free electron 
g-value. If the symmetry is tetragonal the g- values can 
be calculated by second-order perturbation theory: 
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Figu r e 1 Spli tting of the sta tes o f a 3d
1 

i on in an 

octa hedral field with an added tet r agonal di s

tartion la~ge compared wi t h the spin - o r bi t c oupl ing. 

The ri g ht-hand and le f t - hand sides r espectively 

re f er to positive and to negative value s o f ó. 

see also figure 1 fora more detailed definition of the 

symbols. A d9 ion can be treated similarly, but since 

there is a hole in the highest occ~pied orbital the 

g-value will now be above the free electron value. For 

d7 ions similar equations can be derived and it aopears 

that the g-values forthese systems are mostly in the 

range 2.1-2.3 (7). For d5 ions the situation is more 

complex and one is referred to the original literature 

(6, 8-10). 

In ESR hyperfine interactions occur. They manifest 

themselves as a splitting of the principal resonance line. 

The hyperfine s tructure is caused by the interaction of 

the magnetic moment of the unpaired electron with the 

magnetic moment of nuclei in the neighbourhood of the 

unpaired electron. Hyperfine interaction can be accounted 

for by introducing in the Hamiltonian an e xtra term 
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S.A.I, where S is the electron spin vector, A is the 
hyperfine splitting tensor and I is the nuclear spin 
vector. If the electron interacts with n identical nuclei 
2niii + 1 lines are generated when l il is the nuclear 
spin value. The g factors are nat influenced by this 
hyperfine interaction. 

A complication of ESR measurements with catalyst 
powders is that one deals with poly-crystalline materials. 
In powders the principal axes of paramagnetic centers 
may assume all possible orientations relatively to the 
direction of the magnetic field (3). This leads to a 
broadening of the ESR lines over the entire range ~H 
determined by the principal g components. Fortunately 
this does nat occur uniformly since then no adsorption 
at all would be detected. In case of axial symmetry the 
possibility of finding the principal symmetry axis 
(z-axis) perpendicular to the field direction is relatively 
high, because all orientations in which the magnetic field 
direction is in the xy plane of the paramagnetic centre 
contribute to the adsorption. On the other hand the 
chance that the principal z-axis will be aligned to the 
magnetic field axis is small. This leads to the distribution 
c~rve as shown in figure 2. Also the distribution curve 
fora 3g-value spectrum is presented in the same figure. 
Special effects in ESR may arise from the fact that the 
paramagnetic sites in the catalysts arenotall uniform. 
As a result there will be a distribution around the 
principal g-values, leading toanother line broadening 
effect. 
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Figure 2 (a ) Vpper part: idea~ized absorption ~ine shape 

for a random~y oriented system having an axis 

of symmetry and no hyperfine interaction 

30 

( g .L > g /1 ) . 
Lower part: first derivative of the absorption 

~ine shape 

(b) Vppe r part: absorption ~ine shape f or a system 

with orthorhombic symmetry . 

Lower part : first derivative of this curve (3 ). 

Here g > g > g . 
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2.2 X-RAY PHOTOELECTRON SPECTROSCOPY 

The other spectroscopie technique used in this thesis 
is X-ray photoelectron spectroscopy. The central figure 
in the development of XPS was Kai Siegbahn, who received 
in 1981 the Nobel-Price fo r his pioneeri ng work in 
this important field of science. Siegbahn recognized 
that the key to the use of electron spe ctroscopy for 
the determination of atomie and molecular structure lay in 
high resolution. If the photoelectrons c r eated by X-ray 
photoionization can be observed with sufficient resolution 
the peak in the spectrum which represents electrans 
which do nat undergo inelastic collisions will be sepa r ated 
from the continuous structure due to electrans which s uffer 
energy losses. 

In figure 3 the scheme of the experimental a r rangement 
is shown as presented in one of the classic publications {11). 

If the Fermi level is chosen as a reference level for the 
Binding Energy (BE) and ~ sp is the work function of the 
analyzer the following equation is obtained because of 
the conservation of energy in the photoelectric pro cess 
( 12) : 

E photo hv - BE - <j>sp 

where Ephoto stands for the kinetic energy of the detected 
photoelectron and hv is the energy of the photon comi ng 
from the X-ray source. In 1964 Hagström et al . {13) published 
the observation of variations in BE due to different 
chemical environments of various atoms and two years later 
the acronym ESCA (Electron Spectroscopy of Chem i cal 
Analysis) was coined (11). In these years also the first 
rational explanations of chemical s hifts (changes in BE) 
have been proposed in terms of changes in the potential 
that operates on the electron that is phot ionized. 
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Figure 3 Schematic of experimental arrangement . The s pectro 

meter is a high resolut ion double focusing in 

strument . The l ower part 'of t he figure shows the 

e n erg y relations in the photo - electric proce ss 

and in the energy analysis of the expelled photo 

electrans (11) . 

It was soon realized that core level X-ray photoemission 

data do not refle c t init i al state configurations direc tly 

because the ionisation causes a strong disturbance of not 

only the core hole but of the whole system. Hence final 
state effects may play an important role as well. This 

implies that the observed binding energies do not reflect 
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automatically the theoretical orbital energies. Following 
the paper of Williams and Lang (14) with the care level 
energies of two comoounds being compared, the experimental 
shift (~) can be decompose9 into contributions due to 
configuration changes, chemical shifts and relaxation 
shifts. 

~ = ~ . + ~ + ~ conf1g. chem. relax. 

The ~config. should reflect changes in the care level 
binding energy due only to changing the configuration of 
the free atoms into a configuration similar to that of 
the atom in the solid. The chemical shift is due to the 
displacement of the care level by changes in the chemical 
environment befare an electron is removed from this level. 
The last term camprises the energy associated with the 
relaxation of passive orbitals towards the newly created 
vacancy. Using the nomenclature of Thomas (15) the 
relaxation arises from a shrinkage of the valenee orbitals 
because of the ejection of an electron from the care 
(intra-atomie relaxation). Furthermore the change in 
external potential due to charge transfer from and 

polarization of the surroundings contributes to the 
relaxation term (extra-atomie relaxation). The extra 
atomie relaxation (a fast process since it responds at 
optical frequencies with a time scale of 10- 15 s) may play 
an important role in determining the binding energies of 
care levels of small metal particles in supported metal 
catalysts. As Shirley (16) pointed out, especially with 
metals the extra-atomie relaxation energy can be high, 
mostly because of the effective screening of the sudden 
creation of the positive hole by the metal valenee 
electrons. This screening is found to be less effective 
when the metal particles become smaller (17), thus an 
apparent higher binding energy should result. 

Attempts have been made to estimate extra-atomie 
relaxation energies with the use of Auger Electron 
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Spectroscopy data (18). From experimental Auger parameters 

the extra-atomie relaxation energy could be calculated 
with the aid of certain theoretical expressions. 
Thomas (15) pointed out, however, that especially for 

small metal particles correction terms are needed in these 
formulae. Another difficulty in using Auger data is that 

it is notcorrect to use Auger transitions invalving 
valenee levels, since the outermost orbitals will be 

affected differently by external charge distributions 
than the core orbitals (15). Apart from screening caused 

by the valenee electrans of the metal, also the support 

may contribute to a certain extent to the extra-atomie 

relaxation energy (19) and hence to the binding energies 
of core levels. 
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chapter 3 

ESR INVESTIGATIONS OF PLATINUM SUPPORTED ON AL203 AND Tr02 

3.1 ABSTRACT 

Catalysts of Pt on Al 203 and Ti0 2 show various ESR 

signals. By measuring the effect of oxidation and reductions 

and by analyzing the g values and temperature dependencies, 
two of the ESR signals were assigned to Pt 1+ and Pt 3+ ions. 

The Pt 1+ signal is observed after reduction. I ts 

fast relaxation demonstrates that it does notbelang to 

isolated platinum cations but to Pt 1
+ ions in contact 

with platinum metal particles. These cations are situated 

at the metal-support interface. 
The Pt3

+ signal is observed buth aftera direct oxida

tion as well as after a reduction and reoxidation treatment 

of the catalysts. Differences in shape and intensity of 

the signal show that after reoxidation the metal oxide 

crystallites are larger than after primary oxidation. 

3.2 lNTRODUCTION 

The interaction between the active component and the 
support of a catalyst is of great importance for catalysis. 

It de termines not only the activity of a catalyst via 

the dispersion of th e active component on the support 
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surface, but also its stability as governed by the 

resistance against sintering. Occasionally metal-support 

interactions may even influence the catalyst selectivity. 

The aspect of dispersion has been stuclied extensively 

for metal catalysts, aften in relation to catalyst 

preparatien (1). Effects of drying, calcination and 

reduction and differences between the adsorption and 

impregnation methods have received special attention (2, 3). 

The discovery that systems like Pt/Ti0 2 behave 

differently when reduced at high or low temperatures has 

attracted considerable interest (4) and studies attempting 

to explain these findings in terms of a (strong) metal

support interaction have been published (5, ó, 7). 

Influences of supports on the selectivity of metal 

catalyzed reactions have been reported in the literature. 

Thus it has been reported that when Rh 4 (C0) 12 was 
impregnated on Al 2o3 or Si0 2 and pyrolysed to metallic 

Rh it converted synthesis gas to hydrocarbons (8, 9). 

On the other hand on ZnO and MgO methanol was formed, 

while on La 2o3 also ethanol was formed. An extensive 

literature exists on the effect of variables such as 

temperature, pressure and exposing gas on the sintering 

of metals on supports. In recent years the attention 

has focussed especially on the mechanism of sintering, 

via atomie or crystallite migration (10, 11). 

In spite of the wealth of information on various 

aspects of metal-support interactions, not much is known 

about the farces that play a role in the bonding of 

metal particles to a support on an atomie scale. The 

reason for this is of course that while metal particles 

on a support are already difficult to study, this is 
even more difficult for their interface with the support. 

The type of farces that may play a role in the bonding of 

metal particles to a support are Van der Waals farces 

and ionic farces. For completely reduced metal particles 

only Van der Waals farces are possible and these are 

weak on a per atom basis. For large metal particles with 

large metal-support interfaces the total Van der Waals 

energy will be substantial and sufficient to explain the 
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immobility of such particles, even at elevated temperatures. 
For small particles with a limited number of atoms in the 
interface it is, however, difficult to understand how 
the Van der Waals energy can explain immobility. And 
yet we know that for systems such as highly dispersed 
platinum on alumina with an average partiele size of 
less than 1.5 nm the partiele size does not change up 
toabout 773 K {12). If the metal particles are not 
completely reduced, however, and if the metal ions in 
these particles are concentrated at the interface with 
the support, an ionic interaction with the oxygen anions 
of oxidic supports might exist. Such an interaction would 
be strong enough to explain a good dispersion and a high 
resistance for sintering, even for small particlès. 

Metal ions are indeed present in macroscopie inter
faces between metals and oxidic materials {13). They are 
supposed to be important factors in the acthesion of 
metals to oxides. In analogy with these macroscopie 
interfaces one could postulate a similar situation to 
be present in microscopie metal-oxidic support interface. 
There are indications that this is indeed the case, at 
least in certain cases. Soit has been noticed that 
a good dispersion of Ni on Si0 2 can only be attained if 
the metal is not completely reduced; and that complete 
reduction goes tagether with a low dispersion {14). 

Furthermore, from X-ray absorption studies of the 
Pt white lines of Pt catalysts it has been concluded 
that the platinum atoms in supported catalysts are on 
the average indeed positively charged relative to the 
atoms in bulk platinum {15-17). 

To verify the idea that metal ions are present at 
the interface between metal particles and supports one 
must be able to measure very small amounts of metal ions, 
possibly in unusual oxidation states. Electron s~in 
resonance {ESR) is such a sensitive technique and it is 
capable of detecting metal ions in many unusual oxidation 
states. We therefore performed an ESR study of Pt/Al 2o3 and 
Pt/Ti0 2 
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3,3 EXPERIMENTAL SECTION 

The alumina used was a high purity n-Al 2o3 with a 
surface area of 140 m2g- 1 . The titaniawas made by 

hydralysis of tetraethylorthotitanate. This resulted in 

a pure anatase with no iron contamination and a surface 
area of 90 m2g- 1 . The platinum was deposited on the 
supports in the form of Pt(NH 3) 4 (0H) 2 by using a combined 

ion exchange and wet impregnation method: a known amount 
of platinum saltwas added toa well stirred aqueous 

slurry of support at pH = 9 and stirred for 6 h. Sub
sequently the water was evaporated by slowly heating 

to 363 k. The metal content was 2% by weight. 

To determine the metal partiele diameter of the 

reduced samples x-ray diffraction, transmission electron 
microscopy and hydragen chemisorption were applied. 
In XRD no metal peaks were observed, meaning that the 

average metal partiele diameter is smaller than 4 nm. 

Partiele diameters and distributions were obtained from 

TEM (s e e f i g u re 1 ) a n d h y drogen c hem i s o r p t i on . As a n ex a m p 1 e 

Figure 2 Electron Micrograph of reduced and passivated 

2% Pt/AZ 2 o3 • 
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an electron micrograph of Pt/Al 2o3 is presented in figure 2. 

The platinum particles are seen as dark spots on t he 

gray background of the Al 2o3 support. Hydragen chemisorption 

measurements were ca rr ied out in a vol umetrie system. 

Prior to the chemisorption the samples were reduced i n 

a flow of hydragen at 573 K for 1 hour, and evacuated at 
that temperature for the same time. Then hydragen was 

admitted at 573 K and subsequently the samples were 

caoled down to 293 K, where the total amount of 

chemisorbed hydragen was determined as a functi on of 

hydragen pressure. Extrapolation of t hi s function to zero 

pressure led to (H/M)t values of 1.3 f or Pt/Al 2o3 and 

0.7 for Pt/Ti0 2 . 

Ta measure ESR spec t ra in situ we used a reactor 

designed by Konings et al. (18). With this reactor pre

treatments such as reduction, oxidation and eva cuat i on 
can be carried out under flow conditions while the 

reactor is connected to a vacuum and gas dosing sy stem. 
After closing the stopcocks the reactor can be dis

connected from this system and brought into the ESR 

spectrometer. ESR spectra were recorded with a X-ban d 
Varian E- 15 spectrometer equipped with a TE 10 4 dual 

sample cavity. The sample temperature was kept constant 

between 20 and 300 K with a Cryoson CE 5348 temperature 

controller. Signal intensity and position were calibrated 

with the aid of a Varian strong pitc h sample (g = 2 . 0028, 
3.10 15 spins.cm- 1) . Both temperature and microwave power 

- between 20-300 K and 0-200 mW, respectively - were 

varied to unravel the ESR spectra into their independent 
signals. All ESR spect r a presented in the figures were 

recorded at 20 K. In the captions to the figures t he 
abbreviations used consist of a letter, which indicates the 

pretreatment (I for impregn a tion, 0 for oxidation, 

R for reduction and E for evacuation), and a number which 

is the temperature (in K) at which the pretreatment was 

carried out. All temperatures were reached with a heating 
rate of 5 K/min and we r e kept constant for 1 h. 
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3,4 RESULTS AND DISCUSSION 

Platinum is brought onto the support in the farm of 

the Pt(NH 3 ) 4(0H) 2 comple x . In this comple x the platinum 
ion has the +2 oxidation state and does not show an ESR 

signal. After oxidation at 623 K and purging with helium 
at 293 K a braad ESR signal appears (fig. 3a for Pt/Al 2o3 , 

fig. 3c for Pt/Ti0 2). For Pt/Al 2o3 the extrema and zero-
crossing are at g values of 2.64, 2.24 and 1.96. By 

doubly integrating the signal and camparing it with the 

Varian standard sample we calculate that this signal 
represents 3.5 % of the total platinum amount. For 

Pt/Ti0 2 we find extrema and zerocrossing at 2.64, 2.26 
and 2.00 and calculate that the signal represents 2.8% 

of the Pt atoms . 
Oxidation at 623 K leads to the decomposition of 

the Pt 2+ comple x (19) and to the formation of platinum 
oxide like species , with a good spreading over the 

support surface. Since the most stable oxide of platinum 
is Pt0 2 (20) we presurne that the majority of the platinum 

ions are in the +4 oxidation state. When some of the 
small platinum species are not completely oxidized part 
of the platinum ions will be in the Pt 3+ stat~. The 

g values of such a system (d 7, low spin, S = ~) will be 

above the g value of a free electron (21). Therefore we 
assign the ESR spectrum to Pt 3+ ions. The fact that 

g3 < 2.00 for Pt/Al 2o3 is due to second order spin

orbit perturbation (22). 
Geschwind and Remeika (23) have observed for 

Pt doped single crystals of a -Al 2o3 an ESR signal at 

g = 2.22 at 77 K, which they tentatively ~scribed to 
Pt 1+ ions, although they did not rule out Pt 3+. In their 

study of caltined Pt/Al 2o3 catalysts Katzer et al. (24) 
observed a signal similar to our ESR signal and inter
preted it as a signal with two g values and an isotropie 
hyperfine splitting, due to Pt 3+ ions. Computer simulations 

make such an interp retation most unlikely. It proved 
impossible to simulate the experimental Pt 3+ signal by 
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varying the magnitude of the linewidth, the g tensor 

components and the hyperfine splitting component, while 

eenstraining the g tensor to axial symmetry. From t hese 

observations it is also clear that the experimenta l 

line-widths are much too large to observe the relatively 

small hyperfine splitting of the Pt 1g5 nucleus. The 

g values for Pt/Ti0 2 are different from values published 

in the literature (g 1 = 2.33 g2 = 2. 15 g3 = 1.gs ( 25 ) ), 

but in these studies other preparatio n methods were used . 

Reduction of the oxidized Pt/Al 2o3 sample at 623 K 
is expected to give metallic platinum. Although after 

such a treatment the Pt 3+ signal had disappeared we do 

observe new ESR signals. Apart from a weak narrow s i gnal 

at the free electron g value which will be neglected 

because of its weak intensity and its precen ce in the 
bare support, we observe an ESR signal at g = 2 .05 and 

~H = 520 G (figure 4a) . The slightly positive deviation 

of g = 2.00 suggests that the signal comes from a dg 

system (S = ~). Because of the occurre nce of the si gn al 

both on Pt/Al 2o3 and Pt/ Ti0 2 (see below ) , and not on the 

pure supports after the same treatments, we attribute 

this signal to Pt 1+ (dg, S = ~). The temperature behaviour 

of the signal intensity - at low temperatures accor di ng 

to Curie's law, deviations from this law between 60 a nd 

80 K, and unobservable above 80 K -is unusual~ however, 
for a d9 system. Su ch a fast rela xation behaviour has only 

been observed for dg metal ions with tetrahedral coordina

tion and such platinum cations are very uncommon. For 

instance, tetrahedrally coordinated pal l adium cations 

have only been observed with specially design~d ligands 

in organometallic comple xes (26). In our systems with oxide 

anions as ligand s this wi ll not be the case. This a l so 

rules out that the g = 2.05 signal could be due to a 
2+ 8 . 8 Pt d spec1es, since for octahedrally coordinated 5d ions 

the ground state is a zero spin state. 
For these reasons we conclude that the Pt+ ions do not 

occur as isolated ions, only surrounded by oxide ani ons, 

but that they are in contact with othe r platinum a toms 
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or ions. In this way the possibility is opened fora fast 
relaxation via spin-spin or spin-lattice relaxation. 

Temperature programmed reduction studies from our 

laboratory showed a high degree of reduction for this 
Pt/Al 203 system, which rules out the possibility that 

the Pt1+ ions are imbedded in a PtO environment. This 
only leaves the possibility of Pt 1+ ions in contact wi th 

platinum atoms and coordinated by oxide anions, at the 

metal-support interface, since a position inside the 
metal partiele or at the gas-metal interface is very 

unlikely. 
About 0.4% of the total amount of platinum is in 
1+ the Pt state. Although this is only a minor amount, 

it still means that there are about two Pt 1+ ions 

available per average platinum partiele in the reduced 

catalyst (d = 1.5 nm). Taking into account that Pt 1
+ ions 

which are strongly magnetically coupled cannot be observed 
·th ESR P 2+ . 1 d th th w1 , nor can t 1ons, we conc u e at ere are 

quite a few cations at the metal-support interface of 
these particles (figure 5). 

MET AL 

SUPPORT 

Fi gur e 5 The meta~ -support inte r fac e 

47 



Reduction of the oxidized Pt/Ti0 2 sample at 573 K 

leads to the appearance of a Ti 3+ signal. In another 

publication (27) we have described the behaviour of this 

signal. After reduction and evacuation at 573 K the Ti 3
+ 

signal is reduced in intensity and this allows us to see 

the left wing of a signal which centers around g = 2.0 

and which has a linewidth of about 400 G, {fig. 4b). 

Again this signal is not observable above 80 K. In con

currence with the Pt/Al 2o3 case this signal is assigned 

to Pt 1
+ ions. The observations of ionsin reduced systems 

is an important indication for the nature of the inter

action between metal particles and the support. By leaving 

some atoms with a positive charge in the metal-support 

interface of the reduced particles there remains a Coulomb 

interaction between the metal and support. In this way we 

can understand why at relatively high temperatures such 

metal-on-support systems are stable with respect to 

sintering. Addition of a second metal {cf. Co or Ge) 

will improve the metal support interaction because of the 

better redox potentials in comparison to platinum. 

In these cases Co or Ge will be the positive ions at the 

metal-support interface, as already suggested by Yermakov 

( 23). 

Reoxidation of the Pt/Al 2o3 sample leads to the 

reappearance of the Pt 3+ signal {figure 3b). Although the 

total span of the signal of the reoxidized sample is the 

same as after the initial oxidation, its lineshape is now 

more symmetrie. Furthermore the intensity (0.8 % of the 

platinum atoms is Pt 3+) is smaller than after the initial 

oxidation (3 . 5%) . Obviously the environment of the Pt 3+ 

ions is different from that after the first oxidation. 
After the primary oxidation the Pt 3+ ions will be located 

on the Al 2o3 surface as isolated ions, or may be as Pt 3+ 

ions in small crystals of Pto 2 . During reduction, migration 

and agglomeration of platinum atoms occur and the 

average number of platinum atoms in the metal particles 

will be larger than that in the platinum oxide precursor 

particles. The average dimension of the platinum 
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particles formed for Pt/Al 2o3 is 1.5 nm (cf. figure 1) and 

a subsequent reoxidation will lead to Pt0 2 particles of 

similar dimensions. The difference in environment of the 
Pt 3+ ions explains the difference in shape of the ~SR 
spectra, and the larger size of the platinum oxide 

crystals explains the smaller intensity. 
Just like the Pt/Al 2o3 sample, the Pt/Ti0 2 sample 

showed a somewhat decreased Pt 3
+ signal intensity after 

reduction and reoxidation (1.5 %). Again, the shape of the 

signal after reoxidation was more symmetrie than after 
the initial oxidation (figure 3d): 
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A f ool s ees not the s ame t ree 
tha t a wi se man sees. 

Wil liam Blake 

chapter 4 

AN ESR STUDY OF Y-ALz03 AND TIOz SUPPORTED RHODIUM 

4,1 ÄBSTRACT 

ESR experiments show that in reduced Rh/Al 2o3 and 
Rh/Ti0 2 Rh 2

+ ions are present in close contact with 
metallic rhodium particles. By changing t he total amoun t 
of rhodium on the catalyst and by using various rhodium 
precursors the fraction of the rhodium in the Rh 2

+ form 
was found to be dep e ndent on the dispersion of the metallic 
rhodium particles. No evidence was found f or isolated 
rhodium atoms. 

On adsorption of Rh 6 ( C0) 16 on Al 2o3 an ESR signal 
is observed with hyperfine splitting invalving at least 
four rhodium nuclei. This demonstrates th a t a partially 
oxidized metal cluster has been formed wh i ch has partially 
retained its cluster frame integrity. After high temperature 
treatments the ESR spectra are equal to the corresponding 
spectra of Rh/Al 2o3 prepared from RhCl 3 . 

4,2 INTRODUCTION 

Supported noble metal catalysts are active and stable 
and therefo r e they have found their way in many important 
industrial appli cation s , e.g. in catalyt ic r e fo r mi ng ( 1) 
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and in threeway catalysts for the clean i ng of e xha ust 

gas (2). The interest i n t he catalyti c performance an d 

in the characterization of noble metal catalysts is s till 

growing. Con s equently an extensive literature e xists on 

the characterization of supported rhodium catalysts in 

relation to catalytic reactions such as the hydragena t ion 
of carbon monoxide (3), t he reduction of nitrogen oxide 

(4) and the hydroformylation of olefins (5). 

The state of the rhodium species on the support i s 

still not well established, and it is for instan ee i n

fluenced by the reaction studied. Also the nature of th e 

support might influence the state of the rhodium, and 

hence its catalytic behaviour. Thus rhodium on Al 2o3 and 

Si0 2 catalysts were found to convert synthesis gas to 

hydrocarbons whereas r hod i um on La 2o3 a nd MgO pr oduce d 

also oxygenated products (6, 7, 8). 
Infrared studies of the chemisorption of CO on 

Rh/Al 2o3 by Rice and Worley (9, 10) indicated that several 

Rh(CO)~+ species exist with oxidation states greate r t han 

zero. Rice and Worley also suggested that prio r to 
chemisorption isolate d Rh+ ions a r e present on highly 

dispersed Rh/Al 2o3 . Yates and Prestridge on the other 

hand (11, 12) have concluded from high resolution ele ctron 

microscopy studies that in reduced Rh / Al 2o3 catalysts the 

rhodium is present as sm a ll metallic rafts which are 
probably one atom thi c k. Although some of the s e studies 

hav e been performed on the same Rh/A l 2o3 system, t hey 

have led to completely d i fferent conclusions and it is 

obvious that additional investigations are required. 

Therefore we have undertaken an Electron Spin Resonance 

(E SR) investigation of Rh / Al 2o3 and Rh/Ti0 2 catalysts to 

obtain information on the state of su pported rhod i um in 

redu ced systems and on th e influence of exposure to carbon 

monoxide. The only other systematic ESR investigation of 

Rh/Al 2o3 is the one by Yao et al. (13, 14). The main point 

of their study was, . however, the state of rhodium fon s 

in oxidized catalysts. 
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4,3 EXPERIMENTAL SECTION 

Rh/Al 2o3 and Rh/Ti0 2 were prepared by the pore volume 
impregnation method. Known amounts of RhC1 3 .xH 2o (Drijf
hout & Zn.) were added to y-Al 2o3 and Ti0 2 . y-Al 2o3 was 

prepared trom boehmite (Martinswerk GmbH) by heating at 
2 -1 3 -1 873 K (BET area of 150 m g and a pore volume of 1.5 cm g ). 

The Ti0 7 used was anatase (Tioxide CLDD 1367, BET area of 
2 -I 3 -1 50 m g and a pore volume of 0.9 cm g ). The impregnated 

catalysts were dried at 393 K. Another Rh/Al 2o3 sample 

was prepared trom Rh 6 (C0) 16 (Strem Chemicals). In this 
case the y-Al 2o3 was dispersed in CHC1 3 to which a salution 

of Rh 6 (C0) 16 in CHC1 3 was addea. The mixture was allowed 
to stand tor 3 h, after which period the salution was 

completely decolourized. The remaining salution was 
evaporated at 323 K under reduced pressure. To determine 

the dispersion of the samples ~ydrogen chemisorption 

measurements were carried out in a conventional glass 
volumetrie apparatus. Samples were reduced and evacuated 

at 573 K. At this temperature ~ydrogen was admitted with 
a pressure of approximately 90 kPa and the samples were 

cocled down to 298 K, after which a desorption isotherm 
was determined. Extrapolation of the isotherm to zero 

pressure ledtototal H/M values ((H/M)t). 
To measure ESR spectra in situ we used a reactor 

designed by Konings et al. (15). X-band ESR spectra were 
recorded with a Varian E-15 spectrometer equipped with a 
TE-104 dual sampie cavity. The sample temperature was 

kept constant between 20 and 300 K with a Cryoson CE-5348 
temperature controller. Signal intensity, position of 

the signal and quality factor of the ESR cavity were 
calibrated with the aid of a Varian streng pitch sample 
(g = 2.0028, 3x1o 15 spins cm- 1 ). 

In this paper some abbreviations are used in the 
captions to figures, to describe the pretreatments. The 

letter R denotes reduction in pure hydrogen, 0 stands for 

oxidation in He;o 2 (80/20%), E tor evacuation at 53 mPa 
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(4 x 10-4 Torr), and CO for actmission of CO (100 kPa) . 
The number succeeding the letter(s) indicates the temperatures 

(K) at which the system was kept constant during the 
treatment. Heating rates were 5 K/min in all the e xperiments. 

4.4 RESULTS 

4.4.1 Hydragen chemiso rpt ion 

The hydragen chemisorption data of the various samples 
are given in table -1-. In the literature the s uppression 
of hydragen chemisorption for Ti0 2 supported metals after 

a high temperature reduction has been pointed out (38). 
Our figure for Rh/Ti0 2 does not seem to be in f luenced by 

the interterenee of this Strong Metal Support I nteraction 
(SMSI). Oxidation at 423 K, followed by reduction and 

evacuation at 473 K led to the same (H/M)t value as 
presented in the table. However, when Rh/Ti0 2 was red uced 

at 673 K or higher, then the expected decrease in 
(H/M)t values, due to the induced SMSI state was observed. 

Tab~e 1 Samp~e aharaaterization s with ahemisorption 

me asurements . 

sample 

Rh/Al 203 

Rh/Al 2o3 

Rh/Al 2o3 

Rh/Ti 02 

* n.a. 

54 

%wt 

2.00 

0.57 

0.45 

2.00 

not available 

precursor (H/I~)t (CO/M)t 

RhCl 3 .xH 20 1. 20 n.a.* 

RhCl 3 .xH 20 1. 93 2 . 72 

Rh 6 (C0) 16 2.20 2.90 

RhC1 3 .xH 20 0.37 n.a. 



4.4.2 Electron Spin Reso na nce 

To facilitate to the reader the enu meration of t he 
ESR spectra of various catalysts table -2- is given . I n 
this table one finds the figure numbers of the ESR spectra 
obtained after various treatments and t reatment sequences. 

a. y-A1 2o3 
The y-Al 203 used ex hibits an ESR si gnal at g = 4.2, 

which is ascribed to Fe 3+ i mpurities ( 16) . Also a wea k 
signal at g = 2.01 is observed with a linewidth (~H) of 
8 G. The intensities of these two signals are hardly 
influenced by oxidation, reduction or evacuation at 
elevated temperatures . 

Table 2 Observ ed ESR spectra for the various catal y sts 

after several treatments 

~ • Untreated 0573 E51J R59J ( 573 R4 7J CO ad• . R573 

a v- Al 2o3 w w w w w 

b TI0
2 w . w TiJ+ w r ; 3• '~~ TIJ • w T il+ -

c 2 w t ~ Rh /A l
2
o

3 
w Rh 2* (I )J) RhZ• (la) Rh 2 " (24) -

d 0 . 57 'lll l'S Rh/AI
2

0
3 

w RhZ• ( l a ) RhZ+ ( la) Rh2 t ? Rh
2* ( l a ) 

co (2b. 4) 
··--

e 0. 45 wti Rh/Al
2

0
3 

Rh~ + (Ja) Rhó • (Jb ) Rh2" (la) RhZ+ (2a) -
je 0.45 wt ' Rh/A1 20 3 

Rh~ t (Ja) I Rh
2

• (la) Rh2t ( l a ) Rh 2 *? 

co F'· •> 
I e 0.45 wt.l Rh /A l

2
o

3 
Rh~+ (Ja) Rh2* (2a) nm2 ) Rh 2 *? -

co (2b. 4) -·--· 
f 2 .., U Rh/110

2 . Rh 2+7 (5) Rh 2•, Til+ (6) st 4 ) 

1) In Lhe co l umn "Treatr~e n t" t he sequence of treiHmen t s is me nti oned - means tho!lt that partlcular t rea t•ent was no l pe r for•ed 

w mea ns th at only a we ak ESR s lg nal was obsen e d 

2) nm me olns th a t the pret rea t11e n·t was pe rformed but an ESR spectrum wu not measured 

3) the numbe r betw~en the b r ad:e t s fnd ica tes the figur~ nun1ber in whlch the CSR speetruil Is pr~Hnted 

4) s.t. s ee t e xt . 
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b. Ti0 2 
The Ti0 2 showed some, relatively small, ESR signals 

around g = 2.0, probably due to adsorption of oxygen on 

defect sites (17). Reduction or evacuation ledtoa signal 
at g = 1.953 and 6H = 100 G. This signa l is due to Ti 3

+ 

ionsin an octahedral environment (17). These ions are 
formed when oxygen or water are desorbed from the 

anatase surface during evacuation or reduction, respectively. 

As will be shown in the following the Ti 3
+ signal overlaps 

with rhodium signals in Rh/Ti0 2 . 

c. 2.0 wt % Rh/Al 2o3 (RhC1 3 .xH 20) 

After impregnation of the aluminum oxide with RhC1 3 
solution, drying at 393 K and evacuation at 293 K an 

4oo G 

l
dA 
dH 

H 

Figure 1 X band ESR sp e ctrum o f 2 . 0 wt% Rh/A ~ 2 o 3 (RhC~ 3 . xH2 0 J 

r ecorded at 20 K. 0393 057 3 E293. 
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9:2.00 

a 

400 G 

b 

ldA 
dH 

H 

Figure 2 X band ESR spectrum of Rh/Al 2o
3 

(RhCl
3
.xH20 J 

recorded at 20 K. 

2a 2.0 wt% Rh/Al 20 3; 0393 R5?3 E 293 

2b 0 . 56 wt% Rh/Al 20 3; 0393 R5?3 E293 E5?3 

C02?3 E293 . 
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ESR signal is observed with g values of 2.25 and 2.08. 

Note that prior to all ESR measurements the samples were 

evacuated at 293 K. This was done ia avoid condensation 

at the low temperatures of the ESR measurements (20 K) 

of the gases which were admitted into the system during 

the pretreatments. Oxidation at 573 K for one hour 
followed by evacuation at 293 K, increased the intensity 

of the signal (fig. 1) by almast an order of magnitude. 

Reduction at 623 K, followed by evacuation at 293 K, l ed 

to the appearance of a symmetrie signal at g = 2.14 

with óH = 260 G (figure 2a). Evacuation at 573 K had 
na influence on shape and intensity of this signal. 

d. 0.57 wt % Rh/Al 2o3 (RhCl 3.xH 20) 

The dried sample did nat exhibit any rhodium signal. 

However, when the sample was reduced at 573 K a signal 
with g = 2.14 and óH = 260 G showed up, identical to 

the one described above (fig. 2a). Evacuation at 573 K 
did nat change this ESR signal. Subsequent actmission of 

CO gave rise to the ESR spectrum presented in fig. 2b. 

This spectrum consists of two separate ESR signals. 
Firstly a signal with g = 2.09 ( óH = 250 G) and a shoulder 

at g = 2.26, and secondly a signal with g// = 2.043 and 

g1 = 2.011 (óH1 = 26 G). Evacuation at 573 K led to the 

complete disappearance of the latter two signals, while 

the g = 2.14 signal with óH = 260 G reappeared. 

e. 0.45 wt % Rh/Al 203 (Rh 6 (C0) 16 ) 

After contacting y -Al 2o3 with a salution of Rh 6 (C0) 16 
in chloroform the salution is rapidly decolourized, 

indicating that absorption of the cluster compound on the 
y-Al 2o3 surface occurs. The ESR spectrum of the dried 

and at 293 K evacuated sample is shown in figure 3a. 

The spectrum contains two ESR signals, as the saturation 

studies revealed. A small signal at g = 2.01, also present 

in the bare support, interferes with the main rhodiu m 
signal. This rhodium signal has axial symmetry with 
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a 

200 G 

ldA 
dH 

H -
400 G 

b 

Figure 3 X band ESR spectrum of 0.45 wt% Rh/AZ 2o3 
(Rh 6 (C0) 16 J recorded at 20 K 

3a E293 

3b E293 E673 
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gH = 2.094 and g~ = 2.010. On the perpendicular part 
of the spectrum a hyperfine splitting is observed which 

consists of at least five lines, with A~= 34 G. 

Evacuation of the sample at 573 K changes the spectrum 

to that given in figure 3b. Now a signal with 9;; = 2.70 

g1 = 2.17 and 8H1 = 400 G is observed. The gH part is not 
very regular because a shoulder is observed .. No hype rf ine 

splitting is found anymo r e. 

After evacuation the sample was reduced at 593 K for 

half an hour and a signal with g = 2 .1 4 with 8H = 260 G 

is found just like after reduction of Rh/Al 2o3 samples 
prepared from RhC1 3 . Prolonged reduction for 16 h at 

9=2~0 

) ~ dH 

Fi gure 4 X band ESR spectrum of 0.45 wt% Rh/AZ 2o3 
(Rh 6 (COJ 16 J recorded at 20 K. E293 R593 R473 

E593 C0293 E293 . 
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473 K did not result in any change in signal intensity, 

nor did evacuation at 593 K. Admission of CO to the 
evacuated sample gave rise to the ESR signal presented 

in figure 4. In the figure only the enlarged part of the 

spectrum around g = 2 . 00 is shown. For this part of the 

spectrum gl = 2.011 and g~ = Z.043. The ether part of 
the spectrum, not shown in fig. 4 has a g value at 2.09 

and a shoulder at g = 2.26. The total spectrum is identical 
to that described in d . The same ESR spectrum can also 

be obtained when a fresh sample of Rh 6 ( C0) 16 on Al 203 is 

directly reduced at 593 K, evacuated at that temperature, 
cocled down under vacuum to 298 K and e xposed to CO. 

f . 2.0 wt % Rh/Ti0 2(RhC1 3 .xH 20) 

In the titanium dio xide (impregnated with a salution 
of RhC1 3 , dried at 393 K and subsequently oxidized at 
573 K) an ESR signal wa s ob s erved with a g value of 2.39 

and a shoulder at g = 2.58, with AH= 250 G (figure 5). 

9:2 .00 

ldA 
dH 

Figur e 5 X band ESR spec trum of 2 . 0 wt% Rh/Tio 2 
(RhCZ 3 .xH 20 ) r ecorded at 20 K. 0393 05 73 E293 . 
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Reduction at 573 K introduced two new signals (figure 6). 

One signal, which crosses the baseline at approximately 

g = 2.10 and which is a few hundred Gauss wide, is partly 
hidden under an other signal with g = 1.937 and öH = 100 G. 

This latter signal is essentially the same as describ ed 

earlier for Pt/Ti0 2(18). It behaved just like the Ti 3
+ 

signal in the Pt/Ti0 2 case, which means that the s ignal 

intensity is strongly dependent on pretreatment conditions . 

For instance, evacuation at 573 K of t he sample tha t had 

been reduced at 573 K made the signal i ntensity decre ase 

by a factor of about fifty. Rereduction at 573 or 773 K 

restored the original intensity. After a reduction at 

high temperature (773 K) , however, no reversibility of 

signal intensity was found anymore. 

9=2.00 

r
dA 
dH 

Fi gure 6 

62 

X band ES R spectr um of 2 . 0 wt% 

(RhCl 3 . xH 20 ) recorded at 20 K. 

E293 R573 E2 93 . 

H -

Rh/Ti02 
0393 0573 



4.5 DISCUSSION 

a. 2.0 wt% Rh/Al 2o3 (RhC1 3 .xH 20) 
The observation of a two g-value spectrum, obtai ned 

after drying and calcining the catalyst at 573 K seems to 
be at varianee with results of other workers. For instanee 
Yao et al . (14) did not find any rhodium signal after 
oxidation of Rh(N0 3) 3/Al 2o3 at 573 K. This can be e xplained 
when taking into account that Yao et al. measured their 
ESR spectra at 293 K, while we performed the ESR 
measurements at 20 K. This leads in our case to a detection 
limit which is lowered by a factor of fifteen, while in 
our case also signals can be detected which are unobservable 
at elevated temperatures because of a to o fast relaxation. 

An ESR signal was only obtained with Rh/Si0 2 by 
Shubin et al . (19) after evacoation above 473 K. They 
observed two signals, one with g1 = 2.68, g2 = 2.22 and 
g3 = 2.00 and another with g~ = 2.00 and g1 = 2.43. 
Shubin et al. ascribed the signals to Rh 2+ species, 
designating the farmer signal as coordina t ively unsaturated 
and the latter as coordinatively saturated rhodium centers 
in a s trongly distorted octahedral env ironment. We ass i gn 
the 2 g-value ESR signal presented in figure 1 to Rh 2

+ ions, 
just as Shubin et al. assigned their ESR signals for 
Rh/Si0 2 to Rh 2+ ions. This conclusion is justified by 
the following theoretica] considerations. The average 
g value of low spin d7 ions is in the ran ge 2.1 to 2 .3, 
forthermore d7 ions can be observed at much higher 
temperatures than 4.2 K, as is the case here. For Rh 4+ 

ions with a 4d 5 configuration the situation is completely 
different. The g values will strongly deviate from 2. 0 , and 
they are predicted to fall within an ell ip se in the 
g~ g1 plane (20, 21). Be ca use of fa s t rela xation the 
signal will only be observable at low temperatures. 
Although our spectrometer can measure ESR signals up to 
15 kG (g = 0.57) we did not abserve any signal i n the 
high field region. This le aves as the onl y po ss ibility 
th a t the observed spectrum is that of a Rh 2+ s pe cies, 
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which has already been formed during the heat treatment. 

Note that the ligands of these Rh 2+ ions most like ly will 

be chloride ions, since decomposition of the comple x i n 

oxygen starts at higher temperatures (22). 

The sig?al at g = 2.14 with 6H = 260 Gaus s , which is 

observed after reduction of the sample at 623 K must 
also be due toa Rh 2+ species, although the prese nce of 

Rh 0 atoms (4d 9 ) would also explain the signal . How eve r , 

as will be discussed be l ow in more details ( s ee se ct ion c) 

we favour the assignment as Rh 2+ ion s . The total number 

of spins of this sample (which number was obtained from 
comparison between the slopes in plots of 1/signal intensity 

versus temperature of the sample and of the standa rd sample) 

indicates that 2.5 % of the total numbe r of Rh atoms is in 

the +2 oxidation state. Indeed from TPR measurements we 

have concluded that at this red uction temperature mo s t 
of the deposited RhCl 3 will be reduced (23). With reduced 

Pt/Al 203 an ESR signal has been observed which we ascribed 
to Pt1+ species located most likely at the metal-su ppo rt 

interface (24) . These io ns were supposed to assist i n 

ancharing the platinum metal cyrstallites to the s upport 
surface. An analogue can be found in the reduc ed Rh/Al 2o3 
sample. In figure 7 the reciprocal signal intensity of 

the g = 2. 14 signal is plotted as a t unetion of te mpe r ature. 

A straight line is obtained between 20 and 60 ·K, whi l e a 

strong deviation from th i s line is ob s e r ved above t his 
temperature. Th e linear part of the plot is in conformanee 

with the Curie-Weisz behaviour of paramagnetic substances 

(25), whereas in the non linear part of the curve fast 
relaxation plays a dominant role and hence the obse rve d 

intensities at higher temperatures are lower than e xpected 
according to the Curie-Weisz law. Fast relaxation is of 

cours~ to be e xpe c ted with Rh 2+ ion s in conta c t with 

metallic rhodium, justas in the platinum case . In the 

literature more and more indications are found that in 

reduced systems tonic centers are present, for ins t ane e 

with Pd/MgO (26) and Ru / Si02 (27). We do notbeli eve t hat 

we are dealing with isolated Rh 2+ ions, sin ce then the 
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Fi gu r e 7 Reciprocal intensity of the g = 2 . 14 6H = 260 G 

ESR signal as a f unction of temperature . 

fast relaxation cannot be explained . Furthermore, if 
isolated Rh 3+ ions are the precursor for isolated Rh 2+ ions , 

then it is also difficult to under s tand how these isolated 
Rh 3+ ions are reduced to Rh 2+ ions . 

b. 0.57 wt% Rh/Al 2o3 (RhCl 3 . xH20) 
In contrast to the 2.0 wt % Rh sample no s i gnal is 

observed with the dried 0.57 wt % catalyst . One must r ealize, 
however, that the spectrum for the 2 . 0 wt% sample showed 
a rather low signal-to-noise ratio, which means that in 
the 0.57 wt % case the total numbe r of spins may be too 
small to be observed . The reduced sample s hows the same 
ESR signal (g = 2 . 14 with 6H = 260 G) as the 2.0 wt % sample 
after reduction. From the s ignal intensity it can be 
calculated that 4. 8% of the rhodium atoms are in the 
+2 oxidation state . That this percentage is somewhat larger 
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than that of the 2.0 wt% sample is not surprising if 
these Rh 2+ ions are indeed situated at the metal-support 

interface. The sample with more highly dispersed metal 
(smaller metal particles) will have relatively more Rh 2+ 

ions since the metal-support interface is relatively larger. 
Evacuation of the sample at 573 K does not influence the 
signal intensity. This means that desorption of hydragen 
atoms chemisorbed on rhodium metal atoms does not influence 
the observation of the Rh 2+ ions. 

CO chemisorption has a pronounced influence on the 

ESR spectrum. Two new signals are being observed. Let us 

first discuss the narrow two g-signal at gl = 2.011 and 

gfi = 2.043. The intensity of this signal indicates that 
only a small number of spins is represented by this signal 

The total number of spins per rhodium atom (Ns/Rh) is 
estimated to be 10- 3 . The linewidth is remarkably small 
(24 G) we fail to see any hyperfine splitting due to the 

rhodium nucleus. This leads to the conclusion that the 
observed paramagnette species do not beleng to a radical 

formed in the neighbourhood of rhodium atoms or ions. It 
is possible that Al 2o3 contains sites which are able to 
adsorb CO molecules. With thermally activated MgO and 
Th0 2 formation of radicals upon adsorption of CO at 293 K 
has indeed been reported (28). 

As is well-known from chemisorption measurements the 
chemisorbed CO molecules completely cover the rhodium 
metal crystallites formed after reduction and evacuation. 

In many cases CO/Rh values have been reported which easily 
exceed the value of two (8), and from rhodium carbonyl 
cluster chemistry one might infer that a CO/Rh value of three 

is the highest value possible, e.g. with Rh 4 (C0) 12 . 
Chemisorption in these large amounts will alter the 

electronic properties of the metal cluster, for instanee 
via n-back donation of d electrons. Thereby a change in 
the environment of the Rh 2

+ ions in the interface is 
expected. For chemisorption of carbon monoxide on Ni 0 it 
has been postulated that the CO ligands change the electronic 

contiguration of the metal (29) and this may also be the 
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case for rhodium. We find that after this chemisorption 
the Rh 2+ signal is shifted to a different g-value, namely 
g = 2.09. The signal became less symmetrie at the same 
time, as judged by the appearance of a shoulder at g = 2.26. 

c. 0.45 wt% Rh/Al 2o3 (Rh 6 (C0) 16 ) 
In the case of y-Al 203 contacted with a salution of 

Rh 6 (C0) 16 in CHC1 3 an ESR spectrum has been observed with 
axial symmetry with gfi = 2.094 and g1 = 2.01. In the 
perpendicular part of the spectrum hyperfine splitting 
was observed which contained at least five lines. Obviously 
the unpaired electron is in contact with four nuclei with 
I = ~. The probability that four carbonyl ligands with 
13c isotapes are present in each cluster is negligible, 
because of the low natural abundance of this isotape (1 %). 
Furthermore, the fact that partial decarbonylation (30) 
occurs excludes this possibility. Therefore the observed 
hyperfine splitting must be due to, at least, four rhodium 
nuclei. Note that this is the only ESR spectrum in which 
hyperfine splitting is observed. In all other spectra the 
large linewidths caused by for instanee variations in 
site symmetry precludes this observation. 

The opinions in the literature differ upon the 
question whether or not the metal cluster frame will 
remain intact on adsorption of the carbonyl compound on 
the support. Whereas Watters c.s. (31, 32) postulate that 
the framework retains its integrity, Smith et al. (33) 
suggest that during the adsorption of Rh 6 (C0) 16 on partially 
hydroxylated y-Al 2o3 surfaces the cluster is broken up, 
but that the fragments stay in close contact because the 
cluster can be rebuilt if CO is admitted. Both groups 
agree on the fact that partial oxidation of the rhodium 
cluster occurs on adsorption. Also the work of Zeechina 
et al. (37) indicates that oxidation of ruthenium carbonyl 
clusters takes place when these clusters are adsorbed on 
hydrated y-Al 203 surface. Such oxidation process would 
explain our ESR signal. Upon oxidation electrans are 
removed from the cluster, and paramagnetic residues are 
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left behind. 

Watters et al. (31) mentioned that they were not 

able to abserve an ESR spectrum at 77 K with Rh 6 (C0) 16 on 

y-Al 2o3 (CK 300 from Ketjen). In our case the spectra 

were recorded at 20 K and y-Al 2o3 from Martinswerk was 

used as a support. This support is extremely pure and 

therefore suited for ESR studies. We have also tried 

y-Al 2o3 (CK 300) but found it too heavily contaminated 

with paramagnetic species to be of any value in ESR 

measurements of supported catalysts. 

After evacuation at 673 K the spectrum had changed 

dramatically. Following Watters et al. (31) and Smith 

et al. (33), whoare in agreement on this point, at this 
high temperature the regular cluster geometry is destroyed 

completely and cannot be reconstituted, noteven by 

CO chemisorption. Also our regular rhodium ESR signal 

changed after such treatment into one with a more irregular 

symmetry withno rhodium hyperfine splitting. After 

reduction at 593 K the Rh 2
+ signal with g = 2.14 and 

~H = 260 G appeared again, as it did in all other Rh/Al 2o3 
cases after a reductive treatment with hydrogen. At this 

stage of the reduction we calculated that 8% of the rhodium 

is in the paramagnetic Rh 2
+ state. When we prolonged the 

reduction at 473 K for 16 hours no change in signal 

intensity was found. This is actually another important 

reason for assigning the g = 2.14 signal to R~ 2 + ions and 

not to isolated rhodium atoms. When taking into account 
the rhodium loading (0.45%) and the total y-Al 2o3 surface 

2 -1 (150 m g ) we calculate that on the average, one carbonyl 

cluster compound is adsorbed per 30 nm 2 . If during reduction 

the cluster has been broken up into isolated atoms, then 
the mobility of these isolated atoms should have been 
high enough to cause sintering into larger metal crystallites. 

If the g = 2.14 signal had been due to Rh 0 atoms, the 

intensity should have been decreased during the prolonged 

reduction, but this was not the case. Furthermore the 

observation with ESR of isolated Rh 0 atoms seems to be 

rather difficult. John et al. reported such observation 
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in 1973 (34), but Eachus et al. (35) favoured the apinion 
that Rh 2+ ions are responsible for the same ESR signal . 
Sastry et al. (36) recently claimed that they observed 
for the first time unambiguously Rh 0 centers formed upo n 
y-irradiation of NH 4Cl doped with RhCl 3 . Forthese 
reasans we favour the assignment of the observed g = 2.14 
signal to Rh 2+ ions, which are stabilized by the support 
surface and in contact with metallic rhodium particles. 

At this point it is interesting to campare the number 
of Rh 2+ ions formed after reduction of the various samples. 

Figure 8 

---o------

1,0 1.4 1.8 

(H/M)t 

f h 2+ ' Percen tage o R ~ons , 

ESR , in reduce d Rh/AZ 2o3 
of dispersion ((H/M ) t ). 

' 
l 

/ 

/ 

2.2 

as determined with 

samples as a function 

In figure 8 the amount of Rh 2+ ions esti mated from the 
ESR measurements i s plotted against the observed dispersion 
((H/M)t). The result is consistent with the assignment 
suggested above that rhodium samples with the highest 
dispersion have the highest percentage of Rh 2+ions. 

Evacuation of the 0.45 wt% RH/Al 2o3 sample after 
the reduction process did nat influence the ESR spectrum, 
in good agreement with the observation made with the 
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y-Al 203 samples impregnated with RhC1 3 .xH 2o. Also CO 
actmission at 293 K resulted in identical ESR spectra as 

described in part b. Note that the same ESR spectrum 

(as given in figure 2b) can be obtained after a direct 
reduction of the actsarbed rhodium cluster, followed by 

evacuation at 593 K and CO actmission at 293 K. An inter
mediate evacuation at 673 K directly after the cluster 

adsorption process did nat influence the ESR behaviour of 
the sample. 

d. 2.0 wt % Rh/Ti0 2 (RhC1 3 .xH 20) 
With the titanium dio xide sample dried at 393 K and 

calcined at 573 Kan ESR signal at g = 2.39 has been foun d , 

with a shoulder at g = 2 . 58. Because of the high g values 

we ascribe this signal to Rh 2+ ions, but the complete 

nature of this signal is nat well established. After 
reduction the ESR spectrum has changed completely and two 

s i gnals can be distinguished. A Ti 3+ signal is observed 

which exhibits the same characteristics as described with 

Pt/Ti0 2 , namely its formation i s catalyzed by the metal, 

and it i s rever s ible in the sense that on evacuation it 
disappears again as long as the reduction temperature has 

not exceeded 573 K. Above this temperature t he metal is 
brought in its Strong Metal Support Intera ct ion state (3 8) . 

In that case the Ti 3
+ signal does not disappear on 

e vacuation. The reversibility is inhibited by the formation 

of metallic s uboxides, formed after de hydration at high 

temperatures (18). In agreement with the assignment given 
of Ti 3+ ion s in the neighbourhood of the me t al particles, 

we abserve a dependenee of the g value on the type of metal. 

After reduction of the Rh/Ti0 2 sample at 57 3 K also a 

signal centered a t g = 2 .10 is ob served. We assume t hat 

similar to Rh/Al 2o3 this signal is due to Rh 2+ species, in 

contact with Rh metal. More information on this signal 
cannot be gained, because the signal s trongly overlaps 

with the Ti 3+ s ignal and a n accurate estimation of the 

intensity cannot be mad e . 
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4.6 CoNcLusroNs 

From this work several conclusions can be drawn. 
First of all it is found that after reduction of supported 
rhodium, rhodium ions are present in the +2 oxidation 
state. The ions are in close contact with rhodium metal 
atoms. The relative concentration of the ions is dependent 
on the amount of rhodium brought on the support. lt is 
suggested that the dispersion of the rhodium metal 
determines the number of Rh 2

+ ions (and vice versa). 
In other words this indicates that the dispersion of 
rhodium and the number of ions are strongly coupled. 
No ESR signal is found which can be ascribed to isolated 
Rh 0 atoms. 

When Rh 6 (CD) 16 is adsorbed from CHC1 3 solutions on 
the y-Al 2o3 , an ESR signal is found which reveals hyperfine 
splitting. This must be due to partially oxidized para
magnetic rhodium clusters with a regular environment . 
After adsorption of the cluster the metal frame apparen t ly 
retains its integrity, because at least 4 interacting 
rhodium nuclei ~re needed to explain the observed pattern. 
After high temperature treatments the cluster frame work 
is braken up and metal particles are formed, which are 
möre like those obtained by means of the impregnation 
method. Rh 2

+ ions are also observed after reduction of 
Rh/TiD 2 but their existence is more difficult to fol low 
because the rhodium signal is overlapping with a Ti 3+ 

signal. This latter signal is identical in its behaviour 
to that observed for Pt/Ti0 2 systems. 
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chapter 5 

BEHAVIOUR OF Tr 3+ CENTERS IN THE LOW- AND HIGH-TEMPERATURE 
REDUCTION OF PT/Tr02, STUDlED BY ESR 

5.1 ÄBSTRACT 

Reduction of Pt/Ti0 2 at 573 K leads to the formation 
of a Ti 3+ ESR signal, which di sappears after a subsequent 
evacuation at 573 K. Readmission of hydragen at room 
temperature makes the signal reappear. Such a reversibility 
is not observed when reduction takes place at 773 K. 
These observations are explained by a spillover of hydragen 
atoms under the formation of Ti 3+ and OH- ions. During 
the high-temperature reduction the hydrogenated Ti0 2 
surface around the platinum is dehydrated and a Ti 4o7 
layer is formed, thereby inhibiting the reversibility. 

5.2 lNTRODUCTION 

Recently interest in titanium dioxide as a support in 
heterogeneaus catalysis has grown appreciably. Especially 
t he f i n di n g s of Ta u ster ·et a 1 . ( 1 ) , t ha t t he c hem i s o r p ti on 
capabilities of platinum for hydragen disappeared when 
Pt/Ti0 2 systems were reduced at relatively high tempera
tures (773 K), created great interest. Transmission 
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electron microscopy showed that the r educed chemisorption 
capabilities were not due to trivial effects such as 

sintering of the metal . The reason for the change in 

behaviour of the metal on titanium dio xi de after a high 
temperature reduction has been a s cribed to a special 
metal-support interaction . Baker, who showed with 
electron diffraction that in Pt/Ti0 2 catalysts after 
a high-temperature reduction layers of Ti 407. are f ormed 
(2), has suggested that reducibility plays an importa nt 

role in this so-called strong metal-support interaction 
(SMSI) (3). That the SMSI properties are indeed related 
to the reducibility of the support is proved by the fact 

that noble metals on v2o3 , Nb 2o5 , and Ta 2os (wea kl y) a lso 

exhibit SMSI properties ( 4). Until now the nature of t his 
strong metal-suppor t interaction has nat been explained, 
although proposals have been put forward (4). 

Not only the chemisorption properties but also 
activities and selectivities of metals on titanium di oxide 

may be different from metals on conventional supports. 
Thus it was found that Ni/Ti0 2 is a much better catalyst 
for the hydragenation of carbon mono xide (5). Both activity 

and selectivity toward higher hydrocarbons are increased 

compared to conventional Ni/Al 2o3 systems (6). 
In this chapter we present the results of an ESR 

study of platinum on Ti 02 . Our results demonstrate that, 
at temperatures as low as 573 K, Ti 3+ ions are form ed 

presumably i n the neighbourhood of the platinum part ic les. 
The Ti 3+ ions, when formed by a low-tem perature reduction, 
can easily be retransformed into Ti 4+ ions, but this is 

not the case for Ti 3+ ions formed at 773 K. It will be 
shown that this can be explained by the formation of Ti 4o7 
by dehydration of the Ti0 2 support in t he neighbourhood 

of the metal parti c les. 
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5.3 ExPERIMENTAL SECTION 

Ihe titanium dioxide used (anatase, Tioxide Ltd., 
2 -1 CLDD 1367) had a surface area of 50 m g and a pare 

volume of 0.9 cm 3g- 1 . Platinum was put on the support in 
the farm of Pt(NH 3) 4(0H) 2 (Johnson Matthey Chemieals Ltd.) 
by using a combined ion-exchange and wet impregnation 
method; a known amount of Pt(NH 3) 4(0H) 2 was added to a 
well-stirred aqueous slurry of titanium dioxide at pH 9 
and stirring was continued for 6 h. Subsequently, the 
water was evaporated by slowly heating to 363 K at 
reduced pressure. The platinum content was 2 wt %. 

Todetermine themetal partiele size of the reduced 
samples X-ray diffraction, transmission electron micros
copy, and hydragen chemisorption were applied. The electron 
micrographs were taken on a Philips 400 electron microscope 
and hydragen chemisorption measurements were carried out 
in a conventional volumetrie glass system. ESR spectra 
(X-band) were recorded with a Varian E-15 spectrometer 
equipped with a TE-104 dual sample cavity and a liquid 
helium flow cryostat. An in-situ cell was used (7) and 
the temperature of the sample was kept constant between 
20 and 293 K with a Cryoson CE 5348 temperature controller. 
Signal intensity and position were calibrated with the 
aid of the Varian strong pitch (g = 2.0028, 

15 -1 3.01 x 10 spins cm ). Quantitative measurements of 
signal intensities were performed at 20 K. 

5,4 RESULTS AND DISCUSSION 

The combined ion-exchange and impregnation technique 
leads to a rather well-dispersed platinum phase on the 
titanium dioxide support, as is indicated by the absence 
of any metallic platinum X-ray diffraction line after 
reduction at 573 K and passivation of the Pt/Ti0 2 sample. 
Electron micrographs showed the presence of raftlike 
metallic structures on the support, the mean partiele 
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diameter of which was fo und to be 3.1 nm. This partiele 

diameter is in reasonable agreement wit h the H/Pt ra tio 

of 0.7 found in hydragen chemisorption, determined a f ter 

subtraction of reversibly adsorbed hydrogen. 

The influence of oxidation and red uction treatments 

on the Pt/Ti0 2 sample was followed with electron spin 
resonance measurements , which yielded i n form~tion on th e 

state of the platinum, as will be discussed elsewhere (8). 

Here we will be mainly concerned with t he titanium ES R 

signal found after reduction of the Pt/Ti0 2 sample. 

100 Gauss \ 

f 
dA 
dH 

9=2.00 

Figur e 1 X-band ESR spectrum for a Ti 3
+ species , r ecorded 

at 20 K after r eduction at 573 K and evacuation 

at 293 K. 

This signal at g = 1 . 92 with ûH = 100 G (figu r e 1) 
is a ss igned to a Ti 3

+ species in an oc tahedral environment. 
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The g value is in accordance with expectations from 
second-order perturbation theory fora Ti 3

+ 3d 1 system. 
This signal has been observed befare in pure Ti0 2 systems 

(9). The Ti 3+ ESR signal observed after reduction of a 
Pt/Ti0 2 sample at 573 K for 1 h is about 30 times large r 

than that observed after reduction of pure Ti0 2 under 

the same conditions (table 1). 

Tab~e 1 Intensity of the T i 3
+ signa~ 

sample pretreatmenta no. of Ti 3+; 

no. of Ti 4+ i ons 

Ti0 2 R573, E293 1 x 10- 4 

Pt/Ti0 2 R573 2.8 x 10- 3 

R573, E293 3.0 x 10- 3 

R573, E293, E573 3.4 x 10- 5 

R573, E573 3.3 x 10- 5 

R573, E573, H293, E293 2. 2 x 10- 3 

R773, E293 3.5 x 10- 3 

R773, E293 1. 8 x 10- 3 

R773, E573, H293, E293 1.9 x 10- 3 

aR denoted reduction, E, evacuation, and H, hydragen 

admission. Numbers indicate temperatures (K). The heating 

rate was 4 K/min. Time o.f the pretreatments at elevated 

temperatures 1 h, at 293 K 5 min. ESR spectra were 
recorded at 20 K. 

This demonstrates that the reduction of the Ti0 2 by 

hydragen is catalyzed by the platinum. Apparently 
hydragen chemisorbs dissociatively on platinum, after 

which the hydragen atoms diffuse to the support and 
d T. 4+ . t T'3+ re uce 1 1ons o 1 : 

( 1) 

( 2) 
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A similar reduction mechanism has been proposed for the 

uncatalyzed reduction of pure TiD 2 {10). In that case 

defect structures at the surface function as centers for 
the dissociative adsorption of the hydrogen. 

Evacuation of the reduced Pt/Ti0 2 sample at room 
temperature did nat change the intensity of the ESR signal. 

However, evacuation at 573 K after reduction . at the same 

temperature decreased the intensity by approximately two 
orders of magnitude. On the other hand, evacuation at 

573 K of a Pt/Ti0 2 sample reduced at 773 K made the ESR 
intensity decrease by only a factor of two. At first 

glance these results seem inconsistent but one can find 

a natural explanation if closer attention is paid to the 

properties of the hydragen atoms on the Ti0 2 surface . 

After reduction of the Ti 4+ cation by a hydragen atom the 

resulting proton combines with an oxygen anion to form 

a hydroxyl anion . To compensate the decreased charge of 

the reduced titanium cation this hydroxyl anion will be 
in the immediate surroundings of this cation. As long as 

this hydroxyl anion does not diffuse too far away from its 

place of birth reactions 1 and 2 may be reversed upon 

evacuation: 

Ti 3+ + OH 
Pt 4+ 2-
+ Ti + 0 + ~H 2 ( 3) 

The remaval of H+ in the farm of H2 brings about the 
oxidation of the Ti 3+ ion to a Ti 4+ ion and the decrease 

of the ESR signal. Also in this reverse process the 
platinum metal functions as a catalyst by aiding the 

formation of molecular hydragen gas. 
That no decrease in the ESR intensity is observed 

after reduction at 773 K followed by evacuation at 573 K 

must be due to the fact that in this case the reverse 

reaction cannot take place because the hydroxyl anions 

have disappeared at high reduction temperatures by 
dehydration of the TiD 2 s urfa ce: 

- 2-20H + 0 + H20 + o ( 4) 

80 



From the work of Iwaki .et al. (11) on pure Ti0 2 it is 

indeed known that an appreciable loss in weight takes 

place when Ti0 2 is reduced at temperatures above 673 K. 

An alternative explanation for the fact that after 

reduction at 773 K the ESR signal intensity is but weakly 
influenced by evacuation could be that the platinum is 

no langer capable of catalyzing the association reaction 

of hydragen atoms, or is incapable of transferring protons 

into hydragen atoms. This would be in line with observa
tions reported in the literature that Rh/Ti0 2 and Pt/Ti0 2 
were incapable of adsorbing hydragen and of catalyzing 
the reduction of benzene after a high-temperature reduction 
(12). This alternative explanation cannot be excluded 

completely, but the fact that the protons have left the 
surface in the form of water molecules (11) means that 
the reoxidation of the Ti 3

+ ions cannot take place, 
even if the platinum metal was still active. 

The above explanation of our ESR observation means 
that in the Pt/Ti0 2 system not only reduction of the 
support plays an important role but also the intermediary 

presence of hydroxyl ions. The ditfusion of hydragen 

atoms from the platinum particles to the surrounding 

support surface during the formation of protons and 

reduced titanium ions is related to the so-called 
spillover phenomenon. In view of the observed catalytic 

effect of platinum (and of metals such as rhodium and 

iridium as well, to be published elsewhere (8)) on the 
formation of Ti 3+ ions it is logical to assume that 

these Ti 3
+ ions are formed around (and beneath) platinum 

particles in the first place. This is confirmed by an 
experiment in which hydragen is admitted at room 
temperature to a Pt/Ti0 2 sample which had been reduced 

and evacuated at 573 K. This sample therefore showed a 
small ESR intensity. After contacting the sample again 
with hydragen at room temperature almest 70 % of the ESR 
signal intensity that had been observed after reduction at 

573 K was regained. This proves also the reversibility 

of reactions 1 and 2. The fact that notall the intensity 
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was regained must be due tothesmaller diffusivity at 
room temperature. 

The picture that emerges from the ESR experiments is 
that when small particles of platinum on Ti0 2 are contacted 

with hydragen at 573 Ka layer of Ti 3+ and OH- ions is 

formed around and beneath the metal particles (figure 2). 

TiO,l 

H H 

0;?11:\0,_ 

Figure 2 Formation of Ti
3

+ ions at low reduction 

temp e ratures . 

In a recent publication Gajardo et al. described 1H-NMR 

measurements on the Rh/Ti0 2 syst em (13). After redu ction 

in hydragen at 573 K and cooling the sample to room 

temperature under hydragen they observed a signal ascribed 
to hydragen atoms adsorbed on the me t al and anoth e r signa l 

shifted 140 ppm to higher fields. Because of this large 

shift they assigned this signal to protons on the support 
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in the proximity of paramagnetic Ti 3
+ ions. These findings 

seem to support our ESR results. 

From the figures presented in Table 1 a semiquantitative 

estimate can be made of the size of the partiele area 
surrounding the metal particles. After reduction at 573 K 

0.3 % of the total number of titanium ions is reduced to 
Ti 3

+. Given a laad of 2 wt % Pt on Ti0 2 and assuming 

the average platinum partiele on the support to consist 

of 100 platinum atoms (dispersion = 0.7, d = 3.1 nm, rafts) 
this means that on the average 37 Ti 3+ ions are present 

in the neighbourhood of each platinum particle. In view 
of the dimensions of the Ti0 2 lattice cell one may con

clude that the hydragen atoms that are spilled over to 

the Ti0 2 support occupy an area that has about the size 
of a cross section through the average platinum particle. 
Depending on the shape of the metal partiele the Ti 3

+ and 

OH ions may be under the partiele if it is spherical-

or droplet-like, or around the metal partiele if its 

shape is half-spherical. The ESR results indicate that 
dehydration of the support takes place at 773 K in the 
neighourhood of the metal particles; as a result a 
reduced farm of titanium dioxide is formed. In accordance 

herewith Baker (2) has inferred from electron diffraction 
measurements that reduction of Pt/Ti0 2 at 773 K leads 

to the formation of Ti 407 layers at the surface of Ti0 2 
and that the noble metal particles spread as rafts over 

these Ti 4o7 layers. The combination of ESR and electron 
. microscopy techniques suggests that the formation of the 

so-called SMSI state might be a consequence of the 
formation of the Ti 4o7 layer. In that case after 

reduction and dehydration of the support surface in t~e 

neighbourhood of the metal particles Ti 407 layers are 

formed and the metal particles start spreading over these 

layers. We suggest that in this special configuration 
the properties of the metal undergo a change (Figure 3). 

The reason for this special interaction between noble 
metal atoms and the Ti 4o7 layer and thus for the special 

metal-support interaction has not become clear from the 
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Figure 3 Dehydration of the Ti0
2 

surface at high 

reduction temperatures. 

present investigation. If the above explanation for the 

formation of the SMSI state is correct it is especially 
the formation of the Ti 4o7 layer which is crucial. 

Several studies have shown that the SMSI state can be 

returned to a normal metal-on-Ti0 2 statewhen oxygen or 

water vapour is admitted to the sample (14). This is in 

accordance with the above explanation, since water 

destrays it by formation of OH groups, after which the 
Ti 3+ ion can return to the Ti 4+ state via reaction 3. 
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New opini on s ar e always 
sus pected and usual l y oppo s ed , 
without any othe r rea s on but 
becau s e t hey ar e not already 
common . 

J ohn Locke 

chapter 6 

XPS INVESTIGATIONS OF PT AND RH SUPPORTED ON Y-AL203 
AND TI02 

6.1 ÄBSTRACT 

An XPS investigation of Pt and Rh su pported on 

y-Al 2o3 and Ti0 2 was performed in order t o establish the 

differences in metal-support interactions. The bindin g 
energy of the care lev e l s of the sup por te d metal particles 

were found to vary as a function of the dispersion of the 

supported metal, with the highest binding energy for the 

highest dispersion. This binding energy variation is 

caused by difference s in the extra-atomi e relaxation of 
metal particles of diffe r entsize s . In small parti c les 

there i s a less e f fective screening of the core hole s 

created during photoemission . 

For Pt/Ti0 2 catalysts prereduced below 1015 K, 

slightly hi gher binding energies were fo und than for 

Pt/Al 2o3 catalysts after comparable pretreatments. 

No di f f e rence s in binding e nergies could be obs e rve d 

between Rh/Ti0 2 and Rh/Al 2o3 over a wide r ange of dispersions. 

In situ reduction of M/Ti0 2 at 523 Ko r 823 K led to 

e s sentially the same binding energy. The s e results s how 
th a t the strongly r edu ced chemisorption pr opertie s of 

metal s on Ti 02 obs e rved a ft e r reduction a bove 773 K (S MSI) 
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are nat due to negatively charged metal atoms, as a 

consequence of electron donation from Ti 3+ to metallic 

platinum. 

For M/Ti0 2 samples prereduced above 1015 K, an increase 

in binding energy of the metal care levels is found in 

combination with a decrea~e in dispersion of the metal. 
This behaviour is explained by encapsulation and spalling 

of the metal particles during an observed anatase to 

rutile phase transformation. 

6.2 lNTRODUCTION 

The importance of X-ray Photoelectron Spectroscopy 

in the characterization of supported catalysts has been 

demonstrated by several authors. For instanee Shpiro et al. 
used XPS todetermine differences in the reduction behaviour 

of Re/Si0 2 and Re/Al 2o3 catalysts (1). Chin and Hercules 

(2) used XPS to follow the extent of diffusion of Co ions 

into the y-A1 203 matrix as a function of calcination 

temperature and metal loading. Recently Carvalho et al. (3) 

presented XPS evidence for the existence of two different 

rhodium species in Wilkinson's catalyst. The authors con

cluded that apart from RhCl(PPh 3 ) 3 also a Rh(III)oxygen 

complex is present, which is relatively inactive as a 

hydragenation catalyst. Apart from monometallic also 
bimetallic catalysts have been investigated with XPS . 
Especially surface enrichment phenomena have been studied 

extensively (4, 5, 6). 

XPS can also be used in the study of the electronic 

structure of monometallic catalysts. Such a study is 
hampered, however, by the difficulty of separating the 

influences on the observed binding energy of metal 

partiele size and of metal-support interactions (7). In 

1973 Rosset al. (8) presented XPS data for reduced 

Pt/Si0 2 samples. The Pt 4f electron binding energy in 
Pt/Si0 2 indicated an apparent chemical shift of +1.5 eV 

(to higher binding energy) as compared with platinum foil. 
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On a conductive carbon support this shift was only 0.4 eV. 
The shift in Pt/C might indicate a net electron transfer 
from platinum to the support, whereas most of the shift in 

Pt/Si0 2 was, according toRosset al., produced by the 
partially uncompensated charging. Also in other papers, 

higher core level binding energies than that of the bulk 
metal have been presented for supported metal catalysts. 
Thus Vêdrine et al . (9) reported for atomically dispersed 

Pt0 and Pd 0 in V zeolites a shift of +1.3 eV for the Pt 4f 
and of +1.4 eV for Pd 3d levels and ascribed them to 

relaxation effects. Aggregates of platinum in the zeolite 
were found to have a shift of 0 . 7 eV, but in this case 
charge transfer from the aggregates to the Lewis acid 

sites of the zeolite framework was claimed to be important 
as well. Pederson and Lunsford (10) observed for ruthenium 
systems in V zeolites , in analogy with Vêdrine et al., 
a shift of +0.9 eV. Biloen et al. (11) observed shifts of 

+0.6 eV in binding energies for Pt 4f electrans in 

reduced Pt/Si0 2 sys tems. Addition of rhenium to thi s 
catalyst further increased the shift to 1.0 eV. In all 

these studies the influences of metal-support interaction 
and of metal partiele s ize on the binding energy could 

not be separated. 

In this inve s tigation we will present data f or 
series of platinum and rhodium catalysts supported on 
y -Al 2o3 and Ti0 2 . By varying sy s tematically the dispersion 
of the metals on the supports we have tried to separate 

the e~fects of metal partiele size and of metal-support 
interaction. Differences, if found, between t he binding 
energies of metal particles of the same size but on 
different s upports can be indicative for metal-support 
interaction s . A spe cial rea s on f or choo s ing Ti0 2 as a 
support is the fact that the so-called strong metal-su pport 

int e raction (SMSI) (1 2), which is ve r y pr onounced with 
thi s s upport, i s not we ll under s tood ye t . 
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6,3 EXPERIMENTAL SECTION 

The aluminum oxide used was y-Al 2o3 (Akzo 000-1.5 E) 
2 -1 with a surface area of 195 m g and a pore volume of 

0.6 cm 3g- 1 . The titanium dioxide used was anatase (Tioxide 

Ltd. CLDD 1367) with a surface area of 50 m2g-l and a 

pore volume of 0.9 cm 3g- 1 . Platinum was deposited on the 

supports by means of a combined ion exchange and wet 

impregnation method: known amounts of Pt(NH 3 )4 (0H) 2 
solutions were added to well-stirred aqueous slurries of 

supports and stirring was continued for 6 h. Subsequently 

the water was evaporated by slowly heating to 363 K at 

reduced pressure. Rhodium samples were prepared by the 

standare pore volume impregnation method. The samples 

were dried at 393 K after impregnation. 

To obtain a variety of dispersions, two methods were 

used. The y-Al 2o3 supported samples were sintered in a 

flow of hydrogen at different temperatures, always for 

one hour. After sintering the samples were cooled in 

hydrogen and then passivated at room temperature in 

nitrogen by slowly admitting small amounts of oxygen. 

In another method, a dispersion variation was obtained 

by changing the metal content in Rh/Ti0 2 samples. 

These samples were reduced at 773 K and passivated as 

described above. Metal contents for all the samples were 

determined spectrophotometrically (13). Following reduction 

and passivation, the dispersion (total amount of 

chemisorbed hydrogen atoms per metal atom (H/M)t) was 

determined with hydrogen chemisorption in a conventional 

volumetrie system, after rereduction in situ at 473 K. 
According to our TPR studies of passivated catalysts 

(cf. chapter 7) this temperature is sufficient to attain 

a complete reduction of the Pt as well as the Rh particles. 

XPS measurements were carried out on a Physical 

Electranies 550 XPS/AES spectrometer equipped with a 

magnesium anode (hv = 1253,6 eV) and a double pass 

cylindrical mirror analyzer. A PDP 11-04 computer inter

faeed with the XPS apparatus enabled signal averaging to 
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be carried out. Prior to the measurements, the passivated 
powdered samples were pressed on a stainless steel grid, 
which was mounted onto a heatable transfer rod (figures 
1 and 2 , and cover as well). The samples were rereduced 

Figure 1 Photograph of t he XPS appa;r>atu s 

a. reaction chamber 

b . gate valve 

c. X- ray SO UX'Ce 

d. neutral izer ([Zo od gun ) 

e. electron e neX'gy analyze X' 

in flowing hydragen at various temperatures on the 
transfer rod in a preparation chamber attached to the 
UHV work chamber. After reductidn the samples were cooled 
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Figure 2 Heat ab le sample holder in its experimenta l set 

up during XP S meas urements . 

under hydrogen to 293 K and evacuated in the preparation 
chamber to 66 mPa (0.5 m Torr). Then the transfer rod 

was transported via a gate valve to the work chamber 
and positioned in front of the analyzer and X-ray souree 
with the aid of a 2000 eV electron beam. The pressure 
during the measurements did not exceed 6.6 10- 6 Pa and 
the temperature wa s approximately 313 K. The analyzer 

was frequently and carefully calibrated with a gold 
sample (Au 4f 7/2 at 83.8 eV) and with a copper sample 
(Cu 2p 3/2 at 932.4 eV and Cu 3p 3/2 at 74.9 eV). During 
the measurements a flood gun was used to avoid charging. 
The bias of this flood gun was properly adjusted. The 

binding energies referenced to the Fermi level were 
calibrated by putting the C 1s (see the note (37)) energy 

at 284.6 eV. The Al 2p (74.40 eV) and the Ti 2p 3/2 
(458.70 eV) levels were used as an additional check on 
the carbon reference level. Binding energies for these 
lev e ls were found to be constant within 0.1 eV. For 
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instanee for six samples of the same Ti0 2 catalysts the 
Ti 2p 3/2 level was found at 458.70+0.04 eV. 

6,4 RESULTS AND DISCUSSION 

The impregnated and dried Pt/Al 2o3 sample gave an 

XPS spectrum as shown in figure 3. Of course, predomi nantly 

0 1s and Al 2p and 2s oeaks are observed in this wide 
range spectrum, but Pt 4d and N 1s levels can also be 
observed and identified. The Pt 4f doublet in Pt/Al 2o3 
could not be observed because it was completely masked by 

the Al 2p line. Therefore for quantitative measurements 

of Pt the Pt 4d doublet was used instead. From the 
intensities of the various lines and using Scofield's 
c;oss sections (14) we calculated an atomie N/Pt ratio of 
1.4. This is in agreement with our expectation for ad
sorption of the Pt(NH 3 )~+ complex in aq ueous solut i ons 

onto the Al 2o3 support. It is namely likely that an 
acidic hydroxyl group of the y-Al 2o3 surfa ce protonates 

a NH 3 ligand, while the complex is anchored to the 

surface (15): 

where [Os] stands for a surface anion. The low N/Pt rat i o 
indicates that already two to three NH 3 ligands have 
been removed from the original comple x . For the untreated 

Pt/Ti0 2 we find a N/Pt ratio of 3.3, wh i ch means tha t 
in thi s case in average on l y about one NH3 ligand has 

left the complex. This differe nce in N/Pt ratio can be 
understood when taking into account the surface areas 
and the acidity of the OH groups of both supports. 

In table 1 the XPS res ults for the i n situ reduced 
Pt/Al 2o3 samples are presented . In all sam ples the 4d 5/2-

4d 3/ 2 doublet s e pa ration is the same (17 . 1 eV) . Af ter 
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Tab le 1 Hydragen ch emisorption dat a and binding energies 

of Pt/Al 2o3 catalysts with different dispersions 

obtained by sintering at varying t emperatu r e . 

wt % Pt Prereduction dispersion Eb Pt 4d 5/2 ( eV) 

temperature ( K) (H/M)t reduced in situ 

at 583 K 

5. 2 - - 315 . 50 * 

5. 2 588 0.99 314.45 

5.2 90 8 0.87 314.35 

5 . 2 1003 0.79 314.30 

5. 2 1058 0.55 314.15 

5.2 1100 0.45 314.10 

Pt-foil - - 314.00 * 

*untreated sample 

the primary reduction no nitrogen is found anymore in 

the XPS spectrum. After reduction at 588 K the position 

of the Pt 4d 5/2 level shifted from 315.50 eV for the 

unreduced sample to 314.45 eV, which means that the 

electronic contiguration had changed. From temperature 

programmed reduction studies we know that at this tempera

ture the comple x is completely reduced to metallic platinum. 

When platting the 4d 5/2 binding energies as a 

function of dispersion a continuous decrease in 4d 

binding energy with decreasing dispersion for the Pt/Al 2o3 
samples is observed (figure 4). Note that the more severely 
sintered platinum particles had the lower binding energy. 

The Pt 4d 5/2 value of the sputte~ cleaned foil (314.00 eV), 

measured with the same experimental set up was not reached 

with this series. This observation can be explained in 

three different ways, of which the first two are based on 

initial-state effects. 

At the metal-support interface, charged platinum 

species are present as has previously been demonstrated 

95 



r " .. 
Eb(eV) 

314.3 
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Figure 4 Pt 4d 5/2 binding energy of Pt/Al 2o
3 

aatalysts 

as a f unation of dis pe r sion . 

Speatra have bee n taken aft e r in situ reduation 

at 583 K. 

by ESR (16). Assuming that the metal- s upport interface 

determine s the numbe r of Pt ions, t hi s means that th e 

electrastati c poten t ial of the metal parti c les (and 

con s eque ntly th e bin d ing ene rgy) i s a tunetion of the 

meta l cry s t a llit e s ize. Howeve r, the t otal numbe r of 
platinum ions is limited . From ESR measu r ements it has 

been concluded that 0.4 % of the platinum atoms we r e in 

the +l oxidation state while Pt 2
+ i ons (diamagne tic) 

ca nnot be de te c ted with ESR. Therefo r e the re s ultin g shift 
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in binding energy cannot be as large as 0.5 eV because 
as a rule of thumb in XPS, care-levels shift 1 eV per 

oxidation step. This is particularly true for platinum (17). 

Another initial state effect that might play a role in 
determining the binding energy of small metal particles 

is the phenomenon of surface core-level shifts. The last 
few years surface core-level shifts have been measured 

by means of photoemission measurements with synchrotron 
radiation for a variety of 5d transition metals (18, 19, 

20). A marked dependenee of these shifts on the number 
of valenee d-electrons has been observed, namely a sign 
reversal of the shift occ urs across the 5d row between 

Ta and W (21). This can be understood in the framework 

of a simple tight binding model. In this model the surface 
core-levels follow the shift of the d-band center at the 
surface. At a surface a narrowing of the band width occurs 
due to the reduced surface atom coordination number. To 
preserve the local charge neutrality the surface band has 
to shift relative to the bulk band. For a less than half 
filled d-band the surface d-band center shifts downward, 

and consequently the core-levels do the same. Conversely, 
fora more than half filled d-band, the shift is upwards 

(lower binding energy!). Recently also surface care-level 
shifts of 0.3 eV have been measured for Pt (22, 23) . For 

metals such as W and Ir the surface care-level shift is 

greatly diminished by exposing the metals to hydragen 
(21). The influence of exposure of platinum atoms to 
hydragen on the surface core-level shift has nat been 
measured. However, a large upwards shift of 1.0 eV in 
binding energy of surface core-levels of platinum after 

exposure to CO was recently observed ( 22 ) . 
We may speculate whether or notsurface co re-level 

shifts play a role in our systems. To be able to abse r ve 
surface core-level shifts a surface sensitive mode of 
measurement is of primary importance. Thus mean free 

paths for inelastic scattering of the ejected photoelectrons 
of 3 g are required. This certainly cannot be attained 

with the Mg Ka XPS measurements of Pt 4d care-levels. 
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Electrans from this level have a kinetic energy of 

940 eV and hence their mean free path will be much too 

large to allow surface sensitive measurements. On the 
other hand, our systems are in some cases highly dispersed, 

so that a substantial fraction of the XPS electrans comes 

from the surface atoms. It is appropriate to reeall, at 
this point, the e xperimental procedure. The passivated 

catalysts are reduced in situ in the preparation chamber 

of the XPS apparatus. After reduction the samples are 

caoled down in hydragen and subsequently evacuated at 

298 K. This means that during XPS measurements a part 

of the metal surface is still covered by hydrogen. In 

an experiment in which we evacuated the samp l e at 583 K 
after the reduction process, no shift in binding energy 

was observed, which should have been the case if we were 

only measuring surface care-levels. Furthermore, the 
shifts measured in Pt/Al 2o3 samples as well as in 

Pt/Ti0 2 are "posit i ve" (towards hi ghe r binding ene r gies) 
while the surface core-level shift should be negative, 

toward s lower binding energy. We therefore conclude that 
the observed s hifts in binding energy of our samples are 

not due to initial state effects caused by surface band 

narrowing. 
This leaves the third explanation, a final state 

effect, as the most probable and main origin of the 

ob s erved core-lev e l shifts. Bec ause of scree ning of the 

core-hole by the electrans of neighbouring atoms the 

apparent binding energy is lowered. This lowering is 
ma ximum for bulk metal atoms, because there are more 

neighbouring atoms and thus more electrans to screen . 

In small e r parti c les thi s core - hole screenin g will be 

less effective than in larger particles (24, 25) . 

Con s equently the apparent binding energies of ca r e-levels 

i n small parti c le s will be higher t han tho se in large 

particles . This interpretation is for instan ee consistent 
with tho se of Obe r li et al. ( 7 ) for Au / C and with t hos e 
of Mason et a l. (26) for Ag/C. Recently Baet zold measured 

the 5d band of platinum a s a function of partiele size (27). 
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Again, as in our case, the ct-band shifted towards lower 
binding energy with increasing size of the metal partic l es, 

independing of the type of carrier, initial state , etc., 

as one would e xpect for a final state effect. 
The results for the Ti0 2-supported platinum samples 

are presented in table 2. 

Table 2 Hydragen chemisorption data and binding energie s 

of Pt/Ti0 2 catalysts with different dispersi on s 

obtained by sintering at varying temperature . 

wt% Pt prered u ct i on dispersion 

temperature (K) (H/M)t 

4.1 - -
4. 1 - 0.65 
4.1 818 0.35 

4.1 945 0.27 

4.1 1015 0.27 

4.1 1143 0.16 

Pt foil - -

*RIS ..... reduced in situ at K 
**untreated samples 

Eb Pt 4d 5/2 (eV) 
* * RIS 523 RIS 823 

Eb Pt 4f 7/2 (eV) 
* * RIS 523 RI S 823 

** ** 315.60 - 71.95 -

314.60 314 .30 71. 35 71.40 
314.35 314.30 71.05 71.10 

314.30 - 71.10 -

314.25 314 .20 71.10 71 .00 

314.40 314 .40 71.20 71 .20 
** 314.00 - 70.90 -

For this system there is no overlap between Pt 4f and 

substrate lines so that the Pt 4f lines can be measured 

as well. We observe, however, that both the 4f and 4d 
levels behave identically. In table 2 the binding energy 

values are also given for samples reduced in situ at 
temperatures high enough to cause the so-called 
strong metal-support interaction {SMSI). This SMSI state 

is characterized by its anomalous hydrogen and carbon 
monoxide chemisorption behaviour: when Ti0 2 supported 
4d and 5d group-VIII-metals are reduced at high temperatures 

(773 K) they lose their ability to chemisorb H2 or CO, 
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although the metal partiele size has na t ehanged ( 12). 

r 314.5 

Eb ( eV) 

I 314.3 

314.1 

Pt 4d 5/2 
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Figure 5 Pt 4d 5/2 binding ene r g y of Pt/Ti0
2 

aata~ysts as 

a f unction of disper s ion 

x ...... rereduced in situ at 523 K 

0 .. .. .• rereduaed in situ at 823 K 

o . . . . . . poin t s for Pt/A~ 2 o 3 

In figures 5 and 6 t he deerease of the binding energy 
with deereasing dispersion is illustrated. With pre
redu etion temperatures above 1015 K ((H/M)t <0. 27 ), 
however, a slight inerease is found . Again no var i ation 
in the spin-orbit eoupling of bath t he doublets, no r in 
the linewidths was found . For eompariso n the 4d 5/2 line 
of Pt/Al 2o3 ha s been r eplotted in f igure 5, while i n 

figure 6 a Pt 4f line is plotted whi eh is ex trapolated 
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Figure 6 Pt 4f 7/2 binding energy of Pt/Ti0 2 catalysts 

as a funct ion of dispersio n 

x ...... rereduced in situ at 523 K 

0 ...... rereduced ~n situ at 823 K 

o .... .. extrapolated curve for Pt/Al 2o3 

from the Pt/Al 2o3 4d results. If the care-levels feel 

the same innerpotential (as is illustrat~d for Pt/Ti0 2) 
then this line is the one to be expected for the 

Pt 4f 7/2 electron binding energies in Pt/Al 2o3 . From 
the data it is obvious that the binding energies of all 

reduced Pt/Ti0 2 samples are slightly higher than those 

of corresponding Pt/Al 2o3 samples taken at the same 
dispersion. No pronounced differences are observed between 
the high- and low-temperature reduced Pt/Ti0 2 samples. 
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This means that particles with the same size, as deduced 
from hydrogen chemisorption, have nearly equal binding 

energies, irrespective of the heat treatment. The electronic 
configuration of the small particles should be approximately 

the same after the low- and high-temperature reduction 

treatment. Also changing the support (at the same dispersion) 

does not alter the platinum binding energies more sub

stantially. For the 4d energies a shift of 0.2-0.3 eV is 
found, whereas for the Pt 4f a shift of 0.1-0.2 eV is 

calculated. In all cases the binding energies of the 
Pt/Ti0 2 samples are higher than those of the Pt/Al 2o3 
samples. 

The increase of the binding energies at low (H/M)t 
values is due to a phase transition of the support. X-ray 

diffraction studies demonstrated that after treatment in 
hydragen above 1015 K the anatase has been transformed 

to the energetically more favourable rutile structure. 

For these samples temperature programmed reduction studies 

demonstrated that the metal particles are encapsulated 

in the final rutile structure and shielded from gases (28). 
As a result the (H/M)t values decrease. From the observed 

increase in binding energies it is inferred that during 

encapsulation a concurrent spalling of the metal particles 
occurs. 

Our XPS results demonstrate that in all cases the 
binding energies of the Pt/Ti0 2 samples are higher than 

those of the Pt/Al 2o3 samples and that there are no 

pronounced differences between the Pt/Ti0 2 samples reduced 
at high or low temperature. These results suggest that 

the charge on the platinum atoms in Pt/Ti0 2 samples is 
not very much different from that on platinum atoms in 

Pt/Al 2o3 samples. If differences do exist at all, our 

results indicate that the charge is more positive for the 
platinum atoms in Pt/Ti0 2 than in Pt/Al 2o3 . 

This conclusion is in contractietion with two recent 

claims in the literature, but it is in good agreement 

with recent studies of the intensity of Pt white lines. 

We will first discuss the results apparently contradicting 
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our results and conclusions. 
Recently Fung (29) performed XPS measurements fo r 

Pt/Ti0 2 . A Pt/Ti0 2 sample was prepared by depositing 
75 nm of Ti0 2 on a stainless-steel foil, followed by 
vapour deposition of a "one atom" thick platinum layer on top 

of the oxide. After transportation to the XPS apparatus 
(and no reduction treatment is mentioned) the resulting 
p 1 at i nu m f i 1 m had a 4 f 7 I 2 bi n ding ener gy of 7 2 . 7 e V . 

We believe that this value is due to a platinum oxide, 

whereas Fung aseribes it to metallic platinum which is 
able to chemisorb hydrogen. Reduction in situ at 623 K 
decreased the binding energy to 71.1 eV. Further reduction 
at 873 K did not result in any shift. According to Fun g 

platinum is unable to chemisorb hydragen when only the 

low binding energy peak is observed. The shift from 72.7 
to 71.1 eV was thought to be due to electron trans fe r 
from the support to the metal. The reported values are, 

however, above the values for Pt foil and can therefore 
without further proof hardly be taken as evidence 

for negatively charged platinum atoms. Furt hermore, from 

the work of Tauster (12) it is known that after reduction 
at 623 K still hydragen chemisorption occurs, which makes 
the conclusions of Fung even more open to question. 
Also with Pt/Ti0 2 prepared from Degussa P25 Ti0 2 powde r 

Fung observed two peaks at 72.5 and 71.1 eV after reduction 

at 423 K (in situ?) and 473 K. Further reduction at 823 K 
resulted in a single 4f 7/2 peak at 71.1 eV. Again Fung 
ascribed the high energy level to platinum which is still 

able to chemisorb hydrogen, while the low 4f 7/2 level 
was supposed to be due to platinum in the SMSI state. 

From our TPR studies (chapter 7, figure 6a) it follows 
that after treatment with hydragen at 423 K or 473 K the 
reduction is not complete, which means that indeed two 
platinum species can be present: an oxidic form and a 

metallic one. 
Other XPS studies on the SMSI behaviour were per

formed by Chung c.s. (30-3 3). The authors studied the 

platinum-SrTi03 (100) interface and the nickel-rutile 
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(100 and 110) interface. They prepared their supports 

(e.g. SrTi0 3 and Ti0 2 ) from single crystals which were 

reduced in vacuum at 723 K and 673 K, respectively. 

Subsequently they deposited various layer thicknesses of 

Pt and Ni on the crystals, but never reduced the supported 

metals at elevated temperatures, although high temperature 

reduction is generally believed to be the p~erequisite for 

the induction of SMSI properties. For 'monolayer' coverages 

of Pt and Ni they concluded from the chemical shifts of 

the core-levels after taking into account the effects of 

relaxation that charge transfer of 0.6 electron had 

occurred from SrTi0 3 to Pt, and 0.13 electron from Ti0 2 
(110) toNi. For Ni/Ti0 2 they conclude d also that the 

charge per nickel atom falls off rapidly from 0.15 at 

the interface to essentially zero for atoms at a few 
layers distance from the interface. 

Their conclusions were based on the validity of the 

following expressions for the energy shifts: 

~BE = ~E - ~ R + ~Ebending 

~KE = -~E + 3~R + ~ Ebending 

In these formulae ~E is the chemical shift due to changes 

in the initial state charge distribution, ~R the relaxation 

shift, ~Ebending the band bending shift and ~KE is the 
core-core Auger kinetic shift. In the derivation of these 
formulae it is assumed that the final state two-hole relaxation 

energy is 2~R. However, Thomas (34) has recently pointed 

out that especially for small metal particles or isolated 
atoms this is certainly nota valid approximation and 

corrections upto 3eV are necessary. With such correction 

terms even a reversed charge transfer from the metal to 

the support may be derived from the data discussed by 

Chung c.s. 

From X-ray absorption edge studies (35) it followed 

that the number of d holes in the 5d band of platinum in 
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Pt/Ti0 2 catalysts is larger than the number of 5d holes 

a platinum foil. This observation is in good support of 

our findings of higher 4f 7/2 binding energies in Pt/Ti0 2 
and for the predictions made for the Pt/SrTi0 3 case. 

The results for Rh/Al 2o3 are presented in table 3 . 

Table 3 Hydrage n chemis or ption data and bi nding energies 

of Rh/Al 2o3 catal y sts with differen t dispersions 

ob t ained by sinteri ng a t varying temp erature . 

wt % Rh prereduction dispersion Eb Rh 3d 5/2 ( eV) 

temperature ( K) (H/M)t red u eed in situ 573 

2.3 473 1. 70 307 . 45 

2. 3 773 1. 53 307 . 35 

2. 3 873 1. 33 307.25 

2. 3 973 1. 23 307 . 20 

2. 3 1073 0.96 307.10 
0.5* - 1. 93 307.50 

Rh fo i 1 - - 307.00** 

**literature value (14) 

*support used was y-Al 2o3 from Martinswerk 

Again as in the Pt/Al 2o3 case, a continuous decrease is 

found in binding energy with increasing partiele size 

(figure 7). It seems that the maximum rela xation shift 

K 

for platinum and rhodium does not exceed 0.5 eV, assuming 

that ma ximum dispersions have been reached indeed. Note, 

however, that the increase in binding energies for Pt/Al 2o3 
starts at lower (H/M)t values than for the Rh/Al 2o3 samples. 

How can this be explained? Without any further information 

on the metal partiele size, obtained via other methods 

like transmission electron microscopy it seems precarious 
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Fi gure 7 Rh 3d 5/2 binding energy of Rh/Al 2o
3 

catalysts 

as a function o f dispersion . 

to answer this question definitively, but some speculations 

can be put forward. The maximum dispersion values of 
Rh/Al 203 and Pt/Al 2o3 differ by almost a factor of two, 

although the total numbers of metal atoms per square 

nanometer Al 2o3 surface area do not differ much. This 

means that either the metal-support interactions in 

Rh/Al 2o3 are different from that in Pt/Al 2o3 or the 

structure of supported rhodium is completely diff er ent 

from t hat of supported platinum . The fi st explanation 
does not seem very likely in view of our ESR results {16). 

These measurements demonstrated that in both cases 

positively charged ions are present at the metal-su ppo rt 

interface, which is an indication for comparable metal

s upport interactions. The second explanation is mor e likely. 
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The observed (H/M) values of supported rhodium e xceed 1 , 

which means that multiple hydragen chemisorptio n takes 

place. Also other workers aften report high H/Rh values (36). 
The aceurenee of multiple hydragen chemisorption preelucles 
th~ calculation of the correct number of surface atoms 
and consequently the H/M value cannot be directly related 
to the metal pa r tiele size. If the struc t ure of supported 
rhodium is much more open, with many c rystal stacking 
faults and defects, then different chemisorption behaviour 
could result. In open structures (Rh/Al 203 ) the maximum 

relaxation is already reached, while the number of 
coordinatively unsaturated rhodium atoms is still high 

(stepped surfaces with a great number of kinks) . Thi s 
ultimately results in high relaxation and chemisorption 
valaes. As already stated above further independent 

measurements on the partiele size and shape are necessa ry 
to solve this question. 

The results for the various Ti0 2 s upported rhodium 
samples are presented in table 4. 

Table 4 Hydragen chemisorption data and binding energies 

o f Rh/Ti0 2 catal y st s wi t h di f feren t di s pe r sions 

obtained by sintering at varying tempera ture and 

b y a var iation in metal loading . 

wt% Rh prereduction di.spers ion Eb Rh 3d 5/2 (eV) Eb Rh 3d 5/2 (eV) 
temperature (K) {H I M) t RIS 483 K RIS 823 K 

3.2 47 3 0.37 307.20 307. 25 
3.2 773 0.27 307.05 307.15 
3.2 873 0.28 307.15 307. 25 
3.2 973 0.12 307. 20 307. 20 
3. 2 1073 0.04 307.40 307.45 
8.1 773 0.12 307.05 -

0.7 773 0.73 307.15 307 .15 
0.3 773 1.41 307.25 307.30 
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As explained in the experimental section two series of 
Rh/Ti0 2 catalysts were prepared. First of all a se ri es 

in which the dispersion is varied by changing the metal 

content. All samples were prereduced at 773 K and passivated 

at room temperature prior to reduction in the preparatien 

chamber of the XPS apparatus. The res ults for this series 

of catalysts are given in figure 3. 

i 307.4 I ti 
Rh 3d 5/2 

Eb (eV) 

I 307.2 

i 111 c 

~d ll/411111111 -
1== 0 -- ~ --=--

307.0 i'J_ 
r--

0 .2 OA 0 .6 

Rh I Ti02 

0 

0 . 8 

Figure 8 Rh 3d 5/2 binding energy of Rh/Ti0 2 cata Zysts 

as a f unc t ion of dispersion (va r ying meta Z 

con t en t) 

x . ..... r ereduced in situ at 483 K 

o .. .. .. r ereduced in s itu at 823 K 

-·-·-·-curve fo r Rh/A Z2o3 

The resemblance between the Rh/Al 2o3 and Rh/Ti0 2 results 

is obvious. Both kinds of systems reveal the same va r iations 

of the binding energy with dispersion. Supported metals 

with the same (H/M)t value have, within the accura cy of 
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the measurements, the samebinding energy. Changing the 
reduction temperature in the preparation chambe r from 

483 K to 823 K did not result in significant differences 
in binding energies. Thus differences in electronic con
figuration between Rh/Al 2o3 , Rh/Ti0 2 in a non SNSI state 

and Rh/Ti0 2 in the SMSI state are - at least as far as 
XPS is concerned - vanishingly small. As in the Pt case 

the results demonstrate that the charge on the rh odium 
atoms in Rh/TiD 2 is not much different from that of 

rhodium atoms in Rh/Al 203 . If charge is present, then 

it must be a small positive charge. 
For the second series of Rh/Ti0 2 catalysts the 

dispersion was varied by changing the reduction temperature. 
Note that it is indeed possible to obtain large rhodium 

metal crystallites by reduction at elevated temperatures. 
It follows from the chemisorption results that partiele 
growth can even occur when the Rh / Ti0 2 samples are in 

the SMSI state. Apparently the metal-sup port interactions 
are not that strong that sintering via atomie migration or 

crystalline migration is completely inhibited. The results 
for this series of catalysts are illustrated in figure 9. 

By way of comparison a part of the curve of figure 8 

is redrawn in this figure. As with platinum, an increase 

is found for the binding energies at low (H/M)t values. 
When the samples are heated in hydragen above 1015 K the 
anatase had completely transformed into the rutile structure. 
Again we assume that spalling of the metal particles 

during or following encapsulation in the final rutile 
structure is responsibl e for the higher binding energies 
on the one hand and for the low (H/M)t values on the 
other hand. From figure 9 it also follows that the curve 
for the Rh/Ti0 2 samples treated at different temperatures 
approaches the curve for samples with a varying metal 
content. This too indicates that when no phase trans

formation had taken place the two different series would 
have behaved similarly. 
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Figure 9 Rh 3d 5/2 binding energy of Rh/Ti0 2 cata~ysts 

as a function of dispersion (varying prereduction 

temperature) 

x ...... rereduced in situ at 483 K 

0· ... .. rereduced in situ at 823 K 

·- · --- curve for Rh/Ti0 2 with vary{ng meta~ 

con tent 

6.5 (ONCLUSIONS 

It has been shown for platinum and rhodium supported 

on bath Al 2o3 and Ti0 2 that the binding energy of systems 

reduced in situ depends on the dispersion of the metal. 

This dependency mainly originates from a variation in the 

extra atomie relaxation upon photoemission in various 

samples. The binding energies of Rh 3d electrans in 

Rh/Al 2o3 and Rh/Ti0 2 do nat differ much as a function 
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of dispersion of the metals and also mutually, indica ti ng 
that electronic configurations in both systems are very 
simtlar. In Pt/Ti0 2 the Pt 4f 7/2 and 4d 5/2 electrans 
are even somewhat higher in binding energy, although the 
dispersion dependencies in Pt/Al 2o3 and Pt/Ti0 2 are the 
same above (H/M)t = 0.27. Also in situ reduction treatments 
at 823 K, the condition for bringing the metals in the 
SMSI state, did not alter significantly the binding 
energy position. This leads to the conclusion that 
electronic configurations in SMSI and non SMSI state are 
indistinguishable by XPS. 

Samples of Pt and Rh on Ti0 2 treated in hydragen 
above 1015 K showed an increase in binding energy with 
decreasing dispersion, which is due to encapsulation of 
metal particles during the anatase to rutile phase 
transforma ti on. 
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chapter 7 

A TEMPERATURE PROGRAMMED REDUCTION STUDY OF SUPPORTED 
Pr AND RH 

7,1 ABSTRACT 

Temperature programmed reduction was applied to 

investigate the reducibility of platinum and rhodium on 

y-Al 2o3 and Ti0 2 . For Pt/Al 2o3 the temperature of the 
primary oxidation determines the reduction peak temperature. 

The higher the oxidation temperature, the lower the 

reduction peak temperature but the highe r the hydragen 

consumption. For Rh/Al 2o3 this oxidation step did not 

lead to dramatic changes in the reducibility. 
Reduction of passivated Pt and Rh ca talysts takes 

place already at 223 K. This is due to the fact that 

after passivation a thin metal - oxide layer surrounds the 
metallic cores of the particles. Due to the presence of 

the metallic core, dihydrogen can be dissociatively 
chemisorbed at low temperature s and induce reduction of 

the adsorbed oxygen layer. 

Reduction of platinum and rhodium on Ti0 2 led also 

to reduction of the support. The temperature at whi c h this 

metal-assisted support reduction occurs ca n be divided 

into two r eg ion s . At temperatures below 533 K, th e support 

is only reduced in the direct environment of the metal 
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particles. At higher temperatures the support is reduced 

further, possibly because of increased mobilities of 
Ti 3+ and OH ions. 

For the Ti0 2 supported metals, prereduced above 
1015 K, a shielding of the metal particles from gases 

was observed, due toa phase transformation of anatase to 

rutile with a concurrent encapsulation of the metal 
particles. 

7,2 lNTRODUCTION 

Reduction is an important activation step in the 
preparation of supported metal catalysts and methods 

which enable the study of this reduction are therefore of 

great value in the characterization of the catalysts. 
Temperature Programmed Reduction (TPR) is such a technique. 
In TPR hydrogen is continuously led over the catalyst 
while the temperature is raised linearly with time. By 

measuring the consumption of hydrogen (due to the 
reduction of species in the catalyst) as a function of the 

applied temperature a so-called reduction profile is 
obtained. One of the first studies in which TPR was used 

as a characterization technique was performed by 
Robertsonet al . (1, 2). They studied the reduction of 
Cu-Ni/Si0 2 catalysts. They affirmed complete reduction of 
the metals and they were able to identify alloying. 
Later studies of Wagstaff and Prins (3, 4) confirmed the 
power of the use of TPR in the characterization of bi
metallic catalysts. They studied Pt-Re/Al 2o3 and Pt-Ir/Al 203 
reforming catalysts. For Pt-Re/Al 2o3 they concluded that 

intimate contact between the two metals was achieved 
after reduction of catalysts calcined in air at 798 K. 

Calcination in air of reduced samples above 473 K caused 
segregation of platinum oxide and rhenium oxide. 

In this chapter the reducibility of monometallic 
Pt and Rh supported on both y -Al 2o3 and Ti0 2 as studied 
by the TPR technique will be discussed and especially the 
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influence of drying, calcination and passivation. 

7.3 ExPERTMENTAL SEcTION 

The supported platinum and rhodium catalysts used 
for the TPR e xperiment s are the same as those described 

in c hapter 6. The supports used were y-Al 2o3 (Akzo 000-1.5 E) 
and Ti0 2 (Anatase, Tio xide CLDD 1367). 

The TPR apparatus we used has recently been described 
in detail by Boer et al. (5). A schematic drawing of the 
apparatus is presented in figure 1. 

TCD 

reactor 

dryer 

Figure 1 Schematic drawing of the TPR apparatus . 

It consists of a pneumatic circuit for preparing 5% H2 
in Ar and 5% o2 in He, a reactor section comprising a 
quartz tube placed in a silver block oven with electrical 

heaters and a supply of liquid nitrogen coolant, and a 
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thermal conductivity detector (TCD) of the diffusion 
type which is maintained in a cabinet at a constant 
temperature of 307 K. TCD's a r e very sensitive in detecting 
small changes in the concentrations of H2 in Ar or o2 in 
He, because of the differences in thermal conductivities 
between the activ~ (H 2 or 02 ) and inert gases (Ar and He). 
The gases used are all purified over molecul~r sieves for 
the removal of water and over a . BTS column for the removal 
of traces oxygen. Since during reduction of the supported 
oxide s by hydrogen water i s formed, the gas coming from 
the reactor is dried over magnesium perchlorate before 
entering the thermal condu ctivity cell. The heating rate 
during all TPR mea s urements is 5 K min- 1 (as in most 
other TPR studies) and the gas flow rate 300 N ml hr- 1 . 
For switching of the various gas streams to the reactor 
a universal programming unit has been installed. This in 
combination with a LN 1300 temperature controller makes 
it possible to perform various treatments like oxidation, 
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reduction or desorption in desired sequences. An aften 

used sequence during TPR will be described in more detail 

(figure 2). 
The TPR run is started with a switch trom pure 

argon to the 5% H2/Ar mixture during an isothermal period 

at 223 K. During this switch a strong signal is detected 
by the thermal conductivity detector due to the displace
ment of argon by the 5% H2/Ar mixture. This artificial 

hydragen consumption peak lasts tor a few minutes 

(lst switch peak). Insome cases, however, a real hydragen 

consumption might take place already at 223 K. Forthese 
cases a procedure was developed to discriminate between 
artificial and real hydragen consumption during the 

switch peak. After the first switch peak the actual 
TPR run is initiated by starting the temperature ramp. 
The TPR is ended with an isothermal period at the final 
temperature. Thereafter the temperature is brought back 
tothestarting temperature (223 K) under the flo1ving 

H2/Ar mixture. At this temperature the H2/Ar mixture is 
replaced by argon resulting in a negative TDC signal. 

Si nee the metal catalyst has now been reduced and is 
covered by strongly bound chemisorbed hydragen no real 

hydragen consumption is expected when the argon is once 

more replaced by the 5% H2/Ar mixture. This means that 

the resulting 2nd switch peak is due solely to the dis

placement of the argon by the H2/Ar mixture and that 
consequently the artificial switch peak is known. The 

ditterenee in apparent hydragen consumption between the 

second and first switch peaks is due to the real hydragen 
consumption at 223 K. In the figures in this chapter this 

real hydragen consumption at 223 K is indicated by a block 
at the isothermal period at 223 K. Note again that in our 
TPR runs the lowest temperature used was 223 K. 

119 



7.4 RESULTS AND DISCUSSION 

The reduction profile of 5% Pt/Al 2o3 , prepared via 

ion exchange of the y-Al 2o3 with Pt(NH 3 ) 4 (0H) 2 is presented 

in figure 3a. The total hydragen consumption, expressed 

as the amount of dihydrogen consumed per metal atom (H 2/M 

value) is indicated in the figures. Unless otherwise 

specified this value is calculated for the entire TPR 

run, including real consumption at 223 K and desorption 

at higher temperatures. (Note that during reduction 

hydragen can also be chemisorbed which increases the 

H2/M value. This chemisorbed hydragen is desorbed again 

at higher temperatures and shows up in the TPR profiles 

as a negative TCD signal.) The H2/M value in figure 3a 

indicates that the average oxidation state of the platinum 

before reduction is 2.6. The reduction peak in figure 3a 

is asymmetrie and broad indicating that various reducible 

platinum species are present. This became more clear when 
the dry sample was preoxidized. In figure 3b, 3c and 3d 

the influence of progressively higher calcination 

temperatures is illustrated. In all cases the final 

oxidation temperature was maintained for 1 hour. The 

TPR profiles show firstly a shift of the reduc~ion peak 

towards lower temperatures and secondly an increase from 

1.6 to 2.2 in the H2/M values. This means that during 

the oxidative treatment Pt 4
+ species are formed, either 

isolatedor in small oxide particles, which are more 
easily reduced than the platinum ions originally present 

in the ion exchanged and dried sample. Instead of the 

expected decomposition of Pt0 2/Al 2o3 (Pt0 2 decomposes in 

Pt and 02 above 623 Kat 100 kPa 02 (6)), after calcination 

at 773 K a high H2/M value is observed which is in

dicative for fully oxidized platinum. Apparently the 

small platinum oxide clusters formed on Al 2o3 are stabilized 

by the support surface. 
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Attwood et al. (7) have performed a TPR study of 
Pt(NH 3 )4 (0H) 2 supported on carbon fibre paper coated by 

pyrographite. They observed a reduction peak for the dried 

ion exchanged catalyst at 453 K, in reasonable agree ment 
with our peak at 483 K. When their catalyst was ox i di zed 

at 573 K in air, a reduction peak was observed at 223 K, 
while the H2/M value decreased. This is in contrast with 
our results for Pt/Al 2o3 systems. Attwood et al . pointed 

out that during oxidation of thei r systems, decompo si tion 
of surface groups on the carbon took place with a 
simultaneous formation of CO and co 2. They suggested that 

as a result of the decomposition a part of the plati nu m 
oxide was destabilized and reduced to the Pt 0 state. 

Another reason may be that the interaction between Pt 02 
and carbon is intrinsically weak and that Pt0 2 decomposes 
upon heating. 

It is worth mentioning that Yao et al. (8) used TPR 
to study the behaviour of Pt/Al 2o3 samples, which were 
prepared from H2PtCl 6 and calcined at 673 and 773 K. 
They varied the amount of platinum in the sample a nd 

observed two reduction peaks which they ascribed t o 
platinum oxide in interaction with the y-Al 2o3 s urface 
(high temperature) and to bulk Pt0 2 (low tempe r ature ) . 
Samples which were prepared by the ion exchanged met hod 

and which contained low amounts of platinum exhibited 
only the high temperature reduction peak. In samples 
with high amounts of platinum the lower temperature 

reduction peak was also present. 
In figure 3e the TPR profile is shown for a sample 

which had been previously reduced at 773 K and oxidized 
at 673 K (second TPR). Now a single peak at 318 K, with 
a H2/M value of 2.1 is observed. This second reduc ti on 

profile i s independent of th e pretreatments, provided 
that the step preceeding the TPR run is an oxidation at 
673 K. The value of 2.1 for H2/M indicates that upon 

this peak formation most likely Pt0 2 is reduced to metallic 
platinum. The redu ction peak temperature is lower than 
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Figure 3 TPR profiles of Pt/AZ 2o3 cataZysts 

3a Pt/AZ 2o3, drie d at 473 K 

3b Pt/At 2o3, oxidized at 473 K 

3c Pt/AZ 2o3, oxidized at 573 K 

3d Pt/AZ 2o3, oxidized at 773 K 

3e Pt/AZ 2o3, reduced at 773 K, oxidized at 

673 K 

3d Pt/AZ 2o3, reduced at 908 K, passivated 

The number under the various TPR profiles 

repreaent the net hydragen consumption (H 2/M 

vaZue, see text). Note that the Zowest tempera 

ture used is 223 K. The part of the x-axis at 

the right o f this mark represent s an isothermaZ 

peri od at 223 K. The TPR run is ended with 

anothe r isothermal period at the highest 

temoerature. 

that of a sample which was directly oxidized at 573 K, 

although the H2/M values are about equal. This indicates 

that although the oxidation state of the platinum oxides 

is approximately the same, the reducibility of the oxides 

i~ different, most probably due to differences in their 

structure. We assume that the oxides formed during oxida

tion of previously reduced systems consist of larger 

oxides agglomerates, as has already been suggested in 

chapter 3. The directly oxidized samples contain isolated 

Pt 4+ ions or Pt 4+ ions in badly developed small oxide 

clusters. It is normally assumed that the first step in 

the reduction process involves dissociation of hydrogen. 

Most probably this step will be facilitated if two 

hydragen adsorption sites are near to each other. This 

situation will be more frequently found in the larger 

dense metal-oxide particles and for this reason they are 

more easily reduced. 

In figure 3f the reduction profile is given fora 

Pt/Al 2o3 sample which has been reduced at 908 K and 
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subsequently passivated. In the passivation step oxygen 
is slowly admitted to a stream of nitrogen which was used 

to replace the hydragen from the reduction step. Now 
hydragen consumption is observed already at 223 K and 
the total H2/M value is 1.3. The consumption of hydragen 

at 223 K in the 'switch' peak accounts for 0.6 and the 
red u ct i on p e a k at 2 6 9 K ( i n c 1 u di n g t he des o r.p ti on p e aks 
above 373 K) accounts fora H2/M value of 0.7. It is 
interesting to campare the results of Wagstaff and Prins 

(3) with the present results. After reduction and a one 
hour reoxidation the authors (3) found that the temperature 
at which the rereduction took place in TPR, depended upon 

the temperature of reoxidation. For the hydragen con
sumption they reported H2/M values of 1, if the oxidation 
temperature had not exceeded 673 K. As can be seen from 

their reduction profiles, reduction began already at 223 K. 
Oxidation at 773 K led to a H2/M value of 2, in their 
study. From the data presented in this chapter it follows 

that, due to the cons~mption of hydragen at low temperatures, 

the H2/M values of ref. 3 might be underestimated. 
How to rationalize this low temperature reduction 

behaviour? During passivation the metal particles are 
covered by a layer of platinum oxide. The final situation 
will be as sketched in figure 4. In this cherry model a 

thin skin of platinum oxide surrounding the metal core 
smothers further oxidation. Of course, the temperature of 
oxidation (passivation) will determine the thickness of 
the skin. However, the small hydragen molecules can 
diffuse through this oxide layer and as long as metallic 
platinum is present in the neighbourhood, hydragen wi.ll 
be dissociated there and the reduction will proceed easily. 
When the oxide layer becomes thicker, the layer will be 
more dense, diffusion of hydragen will then be slowed 
down and the reduction peak temperature will be increased. 

Exactly as with our results and the results from ref. 3. 
The ease of the reduction of passivated samples is 

already employed in the hydrogen-oxygen titration method 
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~I oxide 

. Pt 

Figure 4 Cherry model for passivated sup ported metaZ 

particZes. The meta Z core is surrounded with 

a skin of metaZ oxide . 

as described by Bensonet al. (9). However, in this me thad 
it is assumed that only surface platinum atoms are able 
to chemisorb oxygen atoms (Pts/0 = 1). After actmission of 
hydragen water is formed and hydragen is chemisorbed, 

which increases the normal Pts/H stoechiometry from 1 in 
the clean metal to 3 in the samples which were previously 

covered by oxygen. From the results presented here it 
follows that small changes in the temperature of bot h 
oxygen and hydragen chemisorption strongly alter the 

observed stoechiometrics. Furthermore, also the metal 

partiele size can influence normally accepted stoechiometrics, 
as became clear from the work of Kobayashi et al (10) 

A TPR profile of a dry Rh/Al 2o3 catalyst prepared 

from RhCl 3 is given in figure Sa. The H2/M value indicates 
that, indeed, the starting material was in the +3 oxidation 
state. Oxidation of the dry catalyst at 673 K led t o a 
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Figure 5 TPR 
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small change in the reduction profile (figure 5b). The 
reduction peak broadened somewhat and the oeak ma ximu m 

shifted towards a slightly higher temperature . From t he 

work of Newkirk and McKee (11) it is known that in pure 

RhC1 3 the chloride ions are replaced by oxygen ions only 

above 873 K, but for supported RhC1 3 this might be d ifferent. 

From the TPR studies of Yao et al . (12) it follow s t hat 

oxidation of Rh(N0 3 ) 3;Al 2o3 above 873 K resulted in 

different farms of reducible rhodiu m species . A high

temperature reduction peak was ascribed to rhodi um 
species strongly interacting with the y -Al 2o3 . The 

shoulders at high temperatures in the TPR profiles from 

figures 5a and 5b might also originate from such s pecies. 

The reduction profile in figure 5c is found for 

Rh/Al
2
o3 which was first reduced at 773 K and subs equently 

passivated. As in the platinum case reduction s tarts 

already at 223 K. From the total H2; M value of 1.3, 0.2 

is consumed at 223 K. After a while at low temperat ure the 

rate of the reduction decreased to approximately zero. 

Immediately after starting the linear temperature ti me 

program, one observes an enhancement in reduction, 
leading to a maximum in reduction kinetics at 268 K. 

The observed H2/M value of 1.3 indicates that for these 

highly dispersed samples ((H/M)t in chemisorption is 1 .5) 

the passivation procedure leads already toa high de gree 

of oxidation. The same c herry model as suggested for 

Pt/Al 2o3 can be applied to explain the reduction behaviour 

of passivated Rh/Al 2o3 . 

When after a TPR run the sample is reoxidized at 673 K 

a second TPR profile can be measured, as illustrated in 

figure 5d. From the H2/M value of 1.6 it follows that 
rhodium is mainly present as Rh 2o3 . Yao et al. (1 2 ) fo und 

for Rh/Al 2o3 samples whi c h were reduced at 973 K and 

subsequently oxidized at 773 K a reduction peak at 373 K, 

while in our case the peak is at 358 K. However, Yao et al. 

used a heating rate of 8K/min whereas w~ use 5 K/m in . 
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Figure 6 TPR profile s of Pt/Ti0 2 catalyst s. 

6a Pt /Ti0
2 

dried at 423 K 

6b Pt/Ti0 2 
oxidized at 6 73 K 

6c bare Ti0 2 
support , dried at 423 K 

6d Pt/TiO 2 
r educed at 818 K, passivated 

6e Pt/Ti02 r e duced at 1143 K, pass ivated 

6f Pt/Ti0
2 

re duced at 818 K, oxidized at 673 

It is known that higher heating rates shift the peaks to 

higher temperatures (13). 

7.4.3 Pt/Ti0 2 

K. 

The TPR profiles for various Pt/Ti0 2 samples are 
shown in figure 6. The dried Pt(NH 3) 4 (0H) 2/Ti0 2 sample 
(figure 6a) exhibits in its TPR profile a reduction pe ak 
at 428 K with shoulders at 470 and 583 K. Same reduction 

is observed above this temperature. The total hydragen 
consumption over the entire temperature range corresponds 
with a H2/M value of 3.1, and is much toa high to account 
for reduction of platinum species only. Although during 

reduction, NH 3 will be removed from the catalyst this 

alone cannot explain the enhanced hydragen consumption. 
From XPS measurements it was concluded that the N/Pt ratio 
decreased from 3.3 befare reduction to zero afterwards. 
However, the thermal conductivity of NH 3 does not differ 
much from that of Ar (0.22 versus 0.17 mWatt cm- 1 K- 1 ) 

while that of H2 is much higher (1 .75 ). This means that 
apart from a small contribution due to dèsorption of NH 3 
the main part of the high hydragen consumption observed 
must be cau se d by reduction of the support. 

To investigate this further, the dry sample was 
oxidized at 673 K to remave the NH 3 ligands. Now the 
reduction starts already at 223 K (figure 6b). As has 
become clear from the results on passivated Pt/Al 2o3 and 

Rh/Al 2o3 discussed in the foregoing, this low tempera tu re 
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hydragen consumption is indicative for the presence of 

metallic Pt or Rh. Moreover, as argued in sectien 3.1 

oxidation of platinum oxide at temp~ratures above 623 K 

should lead to decomposition of Pt0 2 into Pt and o2 , unless 

Pt0 2 is stabilized by an interaction with the support. 

Because Ti0 2 is a support with a completely different 

structure and with different chemica] properties than 

Al 2D3 , the interaction between platinum oxides and the 

Ti0 2 might differ substantially from that between Pto 2 
and Al 2D3 . To check this idea temperature programmed 

oxidation measurements of dried Pt/Al 2o3 and Pt/Ti0 2 have 

been performed. The resulting profiles are given in 

figure 7. Although the TPO profiles are not completely 

understood yet, the most interesting observation is the 

easier decomposition of Pto 2 in Pt/Ti0 2 in comparison to 

Pt/Al 2o3 . Hence the indications for the presence of 

metallic platinum from the TPR profile (6b) is confirmed 

by the TPO experiments. 
Let us now return to the TPR profile of figure 6b . 

The total H2/M value for this profile is again 3.1. From 

this value 2.3 is consumed up to 533 K and in its turn 

from this amount already 56 % is consumed in the low 

temperature 'switch peak'. The high H2/M value proves that 

support reduction is occurring, since now no langer NH 3 
is present meaning that no desorption can take· place 

anymore. Above 533 Kthree small but braad reduction peaks 

are observed at progressively higher temperatures (573, 

713 and 873 K). The total H2/M value forthese three peaks 
is 0.8. This H2/M value corresponds to a consumption of 
51 ~mol H2 . For pure Ti0 2 samples no reduction at all is 

observed up to 673 K (figure 6c) and only a small reduction 

peak is found at 840 K with an area of 24 ~mol (254 mg Ti0 2 ). 

For comparison during TPR measurements approximately 

70 ~mol of metal is present in the micro reactor. 

The differences between Pt/Ti0 2 and the bare support 

indicate that the high temperature reduction peaks in the 

Pt/Ti0 2 samples can be explained in two ways. Either they 

are due to platinum species which are difficult to reduce 
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Figure 7 TPO profiles of supported Pt catalysts 

?a Pt/Ti0 2 dried at 423 K 

?b Pt/Al 2o
3 

driedat 423 K 

or they are due to platinum assisted r eduction of the 
support. Since in the following paragraph it will be 

s hown that a l so for Rh/Ti0 2 these three high tem pe ratu re 
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reduction peaks are present in the TPR profiles we 
assume that reduction of the support takes also place 

above 533 K. 

In the low temperature region (up to 533 K) the 

H2/M value of 2.3 suggests that Ti0 2 is reduced, catalyzed 

by the metal . It is known from ESR measurements (chapter 5) 
that indeed Ti 3+ centers are formed when Pt/Ti0 2 is 

reduced at 573 K. The value of .3 \.lmol extra hyd r agen 

consumption per \.lmol Pt leads for this 4.2 % Pt/Ti0 2 
sample to a Ti 3+;Pt ratio of 0.6. From ESR measurements 

for a 2% Pt/Ti0 2 sample a Ti 3+;Pt ratio of 0.3 was 

calculated. In part 4 of this chapter an attempt will be 

made to explain the metal assisted support recuction at 

high temperatures. 

The TPR profile of a sample which had been reduced 
at 818 K and subsequently passivated, is shown in figure 

6d. For this sample, most of the reduction takes place 
at 223 K. The H2/M value of 0.4 indicates that not much 

of the platinum was oxidized, which can be understood 

when considering the rather low dispersion of t his 

catalyst ((H/M)t = 0.35). Of course in this case, where 
metallic platinum is present under the platinum oxide 

layer, the subsequent reduction will preeeed easily . In 

the high temperature region not much reduction is observed, 

which means that the passivatien step did not reverse 
the metal assisted reduction of the suppor t. Since it 

i s known (14) that an oxidation step destrays the SMSI 
properties of metals on Ti0 2 catalysts, apparently the 

high temperature reduction pea ks are not dire ctly associated 

with the SMSI phenomenon. (The TPR profile in figure 6e 

will be treated later.) 
The TPR profile of a Pt/ Ti0 2 sample reduced at 818 K 

and oxidized at 67 3 K, is given in figure 6f. Not much 

difference between this profile and that of the directly 

oxidized sample (6b) is obse r ved . The peak at 258 K for 
the reduced and oxidized is sharper, perhaps be cause the 
si ze di s tribution of platinum oxide parti c les formed upon 

oxidation after the redu c tion step is narrower than of 
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particles formed during direct oxidation of the dry sample. 

7.4.4 Rh/Ti0 2 

TPR profiles of Ti0 2-supported rhodium samples are 

given in figure 8. The profile of the dry Rh/Ti0 2 
(figure 8a) exhibits a fairly broad range of hydragen 

uptakes. Two low temperature peaks at 323 K and 423 K 

are observed. When the Rh/Ti0 2 sample is oxidized at 

623 K the first reduction peak increases somewhat in 

intensity (figure 8b) and when the reduced Rh/Ti0 2 
sample is reoxidized the major rhodium reduction takes 

place in the 323 K region (figure 8c). Since oxygen will 

convert RhCl 3 into Rh 2o3 the 323 K peak is assigned to 

the reduction of Rh 2o3 and the 423 K peak in fig ure 8a 

and Sb to that of RhCl 3 . 
The total hydrogen consumption in the two low 

temperature reduction peaks of figu r e 8a and 8b is, however, 

already higher than what can be accounted for by t he 

reduction of rhod i um species sole l y (H 2/M = 1.7 ) . Aga i n, 

reduction of the support is obvious t he reason for t hi s 
high value. In the high-temperature region, small pea ks 

are observed at 568 K and at 708 K with a tail to 873 K. 
The H2/M value of this high-temperature reduction area 

is 0.5. Within the uncertainty of the measurements, the 

high-temperature reduction regions of the Pt/Ti0 2 and 

Kh/Ti0 2 sample s are very similar. This indicates t hat 

most probably, these peaks originate from metal catalyzed 

reduction of the support. 

The TPR profile of the sample reduced at 773 K and 

oxidized at 673 K (figure Be) has already been me ntioned 
briefly. The largest reduction peak is, in accorda nce 

with its H2/M value of 1.3 due to the redu c tion of Rh 2o3 . 

The second peak, however, can be due to the reduction of 

the support. From camparing figure 8c with figures 8a and 

8b one might thin k that this peak is due to redu c tion of 

RhC1 3 but this seems very unlikely since also a sampl e 

of Rh(N0 3 )3/Ti0 2 , which was re duced at 77 3 K and 
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Figure B TPR profiles of Rh/Ti 0 2 catalysts 

Ba Rh/Ti O 2, dried at 42 3 K 

Bb Rh/TiO 2, oxidiz ed at 673 K 

Be Rh/T iO 2, reduced at 773 K, oxidized at 673 K 

Bd Rh/TiO 2, reduced at 473 K, passivated 

Be Rh/Ti0 2, r educed at 10 73 K, passivated 

subsequently oxidized at 773 K exhi bited essentially the 

same TPR profile. From the rapid decline of the second 

TPR peak it can be concluded that support reductio n 
is limited to a small area surrounding the metal particles. 

The reduction profile of Rh/Ti0 2 which had been 

reduced previously at 473 K for 1 hour and subsequently 

passivated is shown in figure 8d. As can be e xpected 

from the low dispersion of the metallic catalyst 

((H/M)t = 0.37) and the previously developed passivation 
model reduction takes already place at 223 K. In the 
switch peak hydragen is consumed in an amount corresponding 

to a H2/M value of 0.5. This is comparable to that in 

the Pt/Ti0 2 case. From the small peak at 443 K it is con
cluded that not all the RhC1 3 was . reduced durin g the 
previous reduction step, or that some support has been 

reoxidized during the passivation. The high temperature 
reduction region is identical to the ones in figure 8a 
and 8b. This observation is another argument for separating 

the reduction of the support into two temperature regions. 
Although metallic rhodium is already pre se nt at relatively 

1ow temperatures, this is not suff i cient to ca use more 
extensive support reduction than just in the direct 
environment of the metal particles. Apparently, the 
mob i lity of the hydragen and/or metal ions must be in
creased to cause further support reduction 

7.4.5 Pt and Rh on Ti0 2 prereduced above 1015 K 

Figures 6 and 8 include the TPR profiles of platinum 
and rhodium samples that had been prereduced above 1015 K. 
For Pt/Ti0 2 , prereduced at 1143 K and passivated at room 
temperature, the TPR profile s how ed hardly any hydragen 
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consumption at all (figure 6e) insharp contrast to the 

one prereduced at 818 K and passivated (figure 6d). 

From XPS measurements it became clear that the sample 
which had been prereduced at 1143 K and subsequently 
passivated contained only metallic platinum (Pt 4f 7/2 
at 71.2 eV). The sample prereduced at 818 K and passivated 

showed a binding energy (Pt 4f 7/2 at 72 .2 eV) which was 
much higher than that of metallic platinum (Pt 4f 7/2 at 
71.0 eV), which means that some oxide formation had 

occurred. Also the 4f doublet was substantially broadened, 
which shows again that more than one Pt species was present. 

A parallel behaviour can be found with the Rh /Ti 02 
samples. The samples prereduced at 1073 K and subsequently 
passivated did not show any significant hydrogen uptake 
(figure Se), whereas the one prereduced at 473 K and 
passivated, did show an appreciable amount of hydrogen 

consumption. The XPS spectra of both samples are given 

in figure 9. The difference between the two spectra is 
obvious. The sample reduced at 473 K and passivated 
exhibits a shoulder to the high binding energy side of 
both Rh 3d lin~s. while the sample prereduced at 1073 K 
and passivated showed only the 3d lines of metallic rhodium. 

The XPS spectrum of figure 9a proves the existence of 
b6th oxidic and metallic rhodium in passivated samples 

and thereby clearly supports the cherry model for 
passivated samples given in figure 4. 

In figure 10, X-ray Diffraction (XRD) patterns 

(Cu Ka irradiation) are presented for the tw o rhodium 
samples. In figure lOa the pattern around 26 = 26 is 
given for a Rh/Ti0 2 sample which had been prereduced at 
973 K. Two peaks are observed, the larger be ing the (101) 
diffraction peak of anatase and the smaller one the (110) 

diffraction line of rutile. The untreated Ti0 2 showed 
only the anatase diffraction pattern. The XRD pattern 
shown in figure lOb is that of the sample prereduced at 
1073 K and subsequently passivated. Now the main line 
is at the rutile (110) position, while the peak from the 
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di ffr action patterns (Cu Ka r adiation) 

Rh/ Ti o2 , r educed at 973 K, passivated 

Rh/ TiD 2, r educed at 10 73 K, passiva ted 

anatase pattern has decreased in intensity. During the 

observed phase transformation, the Ti 02 specific surface 
2 -1 2 -1 area decreased simultaneously fr om 50 m g to 1-2 m g 

In both cases no XRD evidence was obtained for the 

existence of Rh 2o3 or metallic rhodium. In the latter 
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sample, where according to XPS only metallic rhodium is 

present, an upper limit for the rhodium partiele size of 

approximately 4 . 0 nm can therefore be estimated. 

For the platinum and rhodium on Ti0 2 samples prereduced 

at temperatures above 1015 K, five points are clear now: 

(a) the particles are metallic, (b) the metal particles 
are unobservable by XRD, (c) a phase transformation of 

Ti0 2 has occurred during the redvetion treatment in 

combination with (d) a strong decrease in specifi c surface 

area, (e) the metal particles are shielded from hyd r agen 

or oxygen. These points strongly suggest that during the 

phase transformation metal particles are encapsulated in 

the final rutile structure. 
A subsequent oxidation at 67 3 K of the Rh/Ti0 2 sample 

restored its reducibility for 40 %, but the TPR profile is 

very different and needs further study. In the Pt/Ti0 2 
case reoxidation did not lead to any change in t he TPR 

profile. 

7.5 CoNcLusroNs 

In this chapter it has been shown that the 

reducibility of various supported catalysts strongly 

depends on pretreatments such as oxidation, reduction and 

reduction followed by passivation. Oxidation of untreated 
platinum catalysts was shown to lead to a shift of the 

redvetion peak to lower temperature and to an increase of 
the oxidation state of the platinum. For supported rhodium 

catalysts, the oxidation step did not result in dra matical 

changes in the reducibility. 
Passivatien of prereduced systems leads to a covering 

of the metal particles by a skin of metal oxide. Th is 

oxide skin is - due to the presence of a metallic core -

very easily reduced. In the metal on Ti0 2 catalysts support 

redvetion takes place in two temperature regions. At low 

temperature the support is reduced in the immediate 

surroundings of the metal particle s , while at highe r 
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temperature metal assisted support reduction is p r obably 

possible by an enhanced mobility of ions over the support 

surface or into the support lattice. 

When Ti0
2 

supported metals are prereduced at 

temperatures above 1015 K a phase transformation of 

anatase to rutile occurs and the metal particles are 

encapsulated in the final rutile structure. The loss of 

adsorption capacities is in this case irreversible. 
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chapter 8 

STRONG METAL-SUPPORT INTERACTIONS IN M/TI02 CATALYSTS 

8.1 ABSTRACT 

In this chapter a review of strong metal-support inter

actions is given. Most of the results deal with metal on 
Ti0 2 catalysts, but also systems with other types of supports 

are treated. In the section following this review, possible 

explanations of the SMSI phenomena ar e suggested and thei r 
validities are being judged mainly based on the results of 

XPS and chemisorption measurements . 
Two explanations are preferred to others. Firstly: a 

subtle encapsulation of the metal, as aresult of covering 

of the metal with suboxides of Ti0 2 can explain the reduced 
chemisorption behaviour. Secondly: the presence and close 
contact of both a metal and a metallic suboxide - formed 
during metal assisted reduction of the support followed 
by dehydration and crystallographic shear- gives rise to 

the unusual properties observed. This latter explanation 
needs, however, additional experimental evidence. 
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8.2 lNTRODUCTION 

8.2.1 The discovery of a remarkable metal-support inter

action in Ti0 2 supported metals 

Throughout this dissertation frequently the discussion 
about the remarkable chemisorption behaviour of titanium 

dioxide supported metals was evaded. Especially, exc ept 

inchapters 5 and 6, it was avoided to come toshar p con

clusions about the origin of the reduced chemisorption 

capabilities of M/Ti0 2 when they are reduced at high tempera

tures. The answer of the question why these systems behave 

so differently from M/Al 2o3 and M/Si0 2 catalysts has been 

posponed to this chapter. 

The first paper which dealt with M/Ti0 2 systems exhibiting 

reduced chemisorption behaviour was the one by Tauster et al. 
(1). This group decided to approach the general problem 

of metal-support interactions from the point of view of 

the solid-state chemistry of transition-metal compounds. 

There were reasans to believe that oxides of transition 

metals might be more likely to interact with metal atoms 

or metal crystallites on their surface than non transition

metal oxides. Of particular interst to them was the phenomenon 

of metal-metal bonding arising from overlap of d-orbitals 

of neighbouring ionsin transition-metal oxides, as in 

BaNi03 (2). In most oxides metal-metal bonding arises 
between like ions but in hexagonal barium titanates also 

heteroatomie metal-metal bonding was deduced to occur (3). 

It was suggested that the host ·Ti cations are bound to 

donor ions such as V, Cr, Mn etc. This metal-metal bonding 

in titanates was believed to be also possible in titanium 

dioxide supported metals, because titanium cations at the 

surface of Ti0 2 should have the same capability for metal

metal bonding under reducing conditions as cations in 

titanates. 

The results of the investigations of the EXXO N group 

(1) are very interesting. The authors found that well 

disper se d metals on Ti0 2 exhibited after redve tio n at 473 K 
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the expected capacity to chemisorb hydragen and carbon 

monoxide. Reduction of the same materials at 773 K decreased 

this sorption characteristic to near zero in all cases 

(table 1). 

Table 1 Hydr agen and CO sorption at 25 + 2°C on Ti0 2 
supported meta ls 

Redn BET 

Metal temp, 0 c H/M CO/M 2 -1 area, m g 

2% Ru 200 0.23 0.64 45 
500 0.06 0. 11 46 

2% f{h 200 0 71 1.15 48 

500 0.01 0.02 43 

2% Pd 175 0.93 0.53 42 

500 0.05 0.02 46 
2% Os 200 0.21 

500 0.11 

2% Ir 200 1. 60 1. 19 48 

500 0.00 0.0 45 
2% Pt 200 0.88 0.65 

500 0.00 0.03 

Blank Ti0 2 
150a b 51 

Support 500 b 43 

a Evacuated for 2 h at 150 C; no reduction prior to 

BET area determination. 

b H2 uptake on these samples exhibited Henry's law 

behaviour and was zero at PH = 0 by extrapolation. 
2 

It is important to stre s s that this loss of chemisorption 

capabilities is not due to the trivial effect of sintering 

at 773 K of the supported metal. Neither Electron Mi croscopy 

nor X-ray diffraction could give indications for partiele 

agglomeration. This suppression of chemisorption capacity 

was attributed to an interaction between the metal and the 
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support. Since the result is obviou s ly deviating from 
normal behaviour, the term Strong Met a l Su ppo rt Inte r actio n 

(SMSI) was introduced although not much was known about 
the nature of this inte r action . 

In subsequent publications (4, 5) the EXXON group 
presented additional results on the s ubj ect of tra ns ition
metal oxide supported metal catalysts. For i r idium the 
reduced chemisorption properties were also observed when 
Nb 2o5 or v2o3 was used as a support . Ta 2o5 supported Ir 
needed a reduction temperatu r e of 97 3 K to decrea se the 
chemisorption properties to near zero. Apparently the 
remarkable chemisorption prope r ties a r e most easil y evoked 
with reducible t r an s ition-metal oxid e as supports. Note 
that later(5) also MnO was mentioned as a potentia l suppo rt. 
It appeared that not in all cases reduction tempera t ures 
of 77 3 K were a necessity. Smooth t r a nsformation fr om 
normal to dissentient chemisorption properties is smooth and 
notab r upt (figure 1). 

0.5....-----------------, 

• 0 

-0.5 

-1.5 

,, j 
100 300 500 700 

TA ( "Cl 

Figu r e 1 Hydrag en chemi sorpti on on iridium supported on 

various oxides as a function of activation in 

hydragen for 1 hour at each o f var iou s tempe r a

tures (TA, activation temperatur e ; H/M, atomi e 

r atio of hydragen adsorbed to iridium in ca talys t) . 

Iridium is 1 pe r c ent (by weight ) f or Si 0 2 , Al 2o
3 

v2o3, and Hf02 and 2 percent f or the other supports (5) 
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Figure 2 Transmission miarograph of platinum on titania 

after treatment at 1073 Kin hydragen (9). 
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Figure 3 High resoZution micrograph of pZatinum on titanium 

dioxide reduced at 823 K showing Zattice fringes 

of Ti 4o7 and Pt particZes on the substrate (9) 
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More information about the behaviour of platinum 
supported on titanium dioxide duri ng reduction was presented 

by Baker et al. (6-9). By using electron microscopy combined 

with electron diffraction and lattice spacing measurements 

it was clearly demonstrated that after high temperature 

reduction the platinum particles on the substrate were 
hexagonal in outline, of uniform thickness and very thin 

(< 2 nm), indicating a pill box morphology (fig ur e 2). 

Furthermore it has been observed that the supporting 

titanium dioxide film was reduced in the presence of 

platinum to Ti 4o7 (figure 3), while in the absence of 
platinum only Ti0 2 was observed. This Ti 4o7 structure was 

being maintained after transportation through the air. 

Baker et al. also suggested that growth of platinum 

particles on titanium dioxide was less effective com pared 

to Pt/Al 2o3 and Pt/Si0 2 at comparable temperatures. In 
particular growth of metal particles in the temperature 

range 825 K to 1075 K was only marginal . The autho r s also 

concluded from their electron microscopy studies that the 

remarkable morphology created during reduction was destroyed 

after oxidation. The platinum particles retained in many 

cases their hexagonal outline but they were no longer flat. 

By the oxidation step the underlying Ti 4o7 structure was 

cónverted back to Ti0 2 . Oxidation apparently destroys the 

special behaviour of the Pt/Ti0 2 f ilms. Indeed it was 

found for Pt/Ti0 2 powders that ox idation with o2 restored 

almost completely the normal adsorption behaviour . Also 

treatment at 525 Kin water vapour restored partia lly the 

chemisorption capacity of the metal. The conclusion based 

on these experiments is that the reduced support induces 

new, remarkable properties of the metal. 

Recently (9) the SMSI behaviour was demonstrated to 

involve the ability of the metal to dissociate hydrogen. 

Reduction at 823 K of Ag/Ti0 2 resulted in normal Ag particles 

and no change was found in the structure of the su pport. 

Adding platinum to the treated Ag/Ti0 2 followed by a further 

reduction cycle at the same temperature led to the formation 

of pill box structures while the Ti0 2 support underwent 

reduction to Ti 4o7 . 
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8.2.2 Catalytic behaviour of Ti0 2 supported metals 

The strongly altered chemisorption properties of 

metals in M/Ti0 2 systems should be reflected by the catalytic 

properties of these catalysts since normally a close relation

ship between chemisorption and catalytic properties can 

be expected. In this section the results of catalytic studies 

of M/Ti0 2 systems are reviewed. 

Meriaudeau et al. (10, 11) reported that the activity 

for benzene hydragenation (of course strongly related to 

hydragen chemisorption capacities) or cyclohexane dehydro

genation decreased for Pt or Rh supported on Ti0 2 when 

these catalysts are reduced at high temperatures. For 

Pt/Ti0 2 the benzene hydragenation activity decreased after 

high temperature reduction (723 K) by a factor of 20 compared 

to the activity after the low temperature reduction (423 K). 
Cyclohexane dehydrogenation decreased by a factor of 10. 

Oxidation of the catalysts followed by a low temperature 

reduction restored the catalytic activity to 80% of the 

original value. 

The ethene and styrene hydragenation activity for Pt, 

Ir and Kh on Ti0 2 catalysts (12) followed the sametrend 

as the benzene hydrogenation. A decrease in activity was 

found when the reduction temperature was increased to 773 K. 
Another type of reaction studied was the hydrogenelysis 

of n-butane. This reaction involves a central C-C bond 
rupture to form ethane and a terminal C-C bond rupture to 

form methane and propane. Again a strong decrease in 

activity was observed after the high temperature reduction 

treatment. In this study the selectivity towards ethane 

seemed to be increased. 

Briggs et al. (13) reported support effects in platinum 
catalyzed ethene hydrogenation. They observed a sixfold 

decrease in the probability of ethene desorption going 

from Pt/Ti0 2 to Pt/Si0 2 . Apparently ethene chemisorption 

was weakened on Pt/Ti0 2 . 

Ethane hydrogenelysis was also applied to characterize 
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Ti0 2 supported group VIII metal catalysts (14) (table 2). 

Tabl e 2 Specific activitiesa for ethane hydrogenoly sis 

at 205°C 

Metal Si0 2-supported Ti0 2-supported 

Fe 1.2 x 10- 5 
< 10- 13 

Co 3. 4 x 10- 5 1.0 x 10- 9 

Ni 8.0 x 10- 4 8.0 x 10- 7 

Ku 1. 8 x 10- 3 1. 4 x 10- 3 

Rh 2. 2 x 10- 4 2.9 x 10- 5 

Pd 6.7 x 10-10 2.6 x 10- 13 

Os 4.2 x 10- 2 9.6 x 10- 4 

Ir 1.1 x 10- 4 3.0 x 10- 7 

Pt 7. 2 x 10-10 < 10-13 

aExpressed in units of rnales of ethane con
verted/hr/m2. 

In all cases, except ruthenium, the specific activity 

expressed in units of moles of et~a~e converted per hour 

per metal atom for the Ti0 2 supported catalysts, was de

creased by several orders of magnitude relative to that of 

Si0 2 supported counterparts. This diminution in activity 

was considered to be much greater than the possible un

certainty in the specific activity, resulting from the 

assumption of 100% fraction exposed metal atoms. 

With regard to the activity for CO hydragenation 

remarkable results were found. One of the first studies 

was the one by Gajardo et al. (15). With Rh/Ti0 2 the 

specific CO hydragenation rate was higher than with 

Rh/Al 2o3 . The products contained significant amounts of 

alkanols. The amount of alkanols produced increased rapidly 

with increasing operating pressure. In this study, despite 

of the suppressed chemisorption capacities an increase in 

CO hydragenation was observed! Also from the workof 

Solymosi et al. (16) it appeared that the specific activity 
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for methane formation upon CO hydragenation was an order 
of magnitude higher for Rh/Ti0 2 than that of Rh/MgO or 
Rh/Si0 2 catalysts. However, the authors pointed out that 

this was not caused by the SMSI properties of Rh/T i 02 . 
The fact that the temperature of reduction of Rh/Ti0 2 
exerted only a very slight influence on the catalytic 
performance backed this proposition, although the authors 

stated that before ~ measurement they performed an 
oxidation and a reduction at 673 K. It means that reduction 

has been carried out at a temperature lying in the trans
formation region from normal to SMSI properties. 

For the hydragenation of CO over Ni/Ti0 2 catalysts 

the situation is somewhat different from that of Rh/Ti0 2 . 
With supported nickel catalysts redvetion of the metal 
cannot be accomplished at temperatures as low as 473 K. 
This hinders the use of the chemisorption criterium pro
posed by Tauster et al. (1) to detect strong metal-support 
interactions. Nevertheless, the specific catalyti c activity 

for CO conversion was found to be much higher for Ni/Ti0 2 
systems than for any other supported nickel catalyst (17). 

From the activity measurements it followed that fo r 
practical applications clearly higher reaction rates per 
unit reactor volume could be achieved with Ni/ Ti0 2 then 

with other supported nickel catalysts. Apart from the 
activity also the selectivity of nickel was changed when 
Ti0 2 was used as a support. A shift from methane towards 
hydrocarbon s with more than one carbon atom (C~) was ob 
served with a predominant production of normal alkanes. 

In the Fischer-Tropsch reaction Ni/Ti0 2 was found to 
produce a non Flory-Schulz product distribution (1 8 ). 

In actdition to changes in activity and selectivity also 
the s tability of Ni/Ti0 2 had been improved. Ni / Ti0 2 showed 
little if any loss of activity and also the formation of 
Ni(C0) 4 was severely inhibited. Although the nature of 
metal-support interaction remained obscure, t hese Ni/Ti0 2 
studies provided convincing evidence for altered interactions 
in titanium dioxide supported ni c kel. Results in good 

agre ement with the above mentioned were obtain e d i n the 
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study of Bartholomew et al .(19) of supported nickel catalysts. 

Ni/Ti0 2 catalysts were the most active catalysts for CO 

hydrogenation. Also the high selectivity for c; hydrocarbons 

of Ni/Ti0 2 was confirmed. Claims concerning these rather 

active Fischer-Tropsch catalysts can already be found in 

the patent literature (20). Applications of Pt/Ti0 2 in 

catalytic reforming reactions are claimed to be important 

also for potential improvements of reforming catalysts (21, 22). 

In a study concerning the metal crystallite size and 

morphology of supported nickel catalysts, Ni/Ti0 2 was 

examined by Mustard et al. (23). As with Pt/Ti0 2 , also with 

Ni/Ti0 2 poor agreement was obtained for the average crystal 

diameter estimated from chemisorption and transmission 

electron microscopy. In contrast to that, with Ni/Al 2o3 and 

Ni/Si0 2 a very good agreement was found over wide ranges 

of metal dispersions. Furthermore from this study it followed 

that electron translucent metal crystallites, which according 

to the authors are indicative for raft-like structures, 

were observed for Ni/Ti0 2 . Also in air precalcined Ni/Si0 2 
showed th~ plate-like structures, attributed to an enhanced 

metal-support interaction. The findings of Mustard et al. 

were completely supported by those of Smith et al. (24). 

Ni/Ti0 2 was also investigated by Engels et al . (25, 26). 

These authors observed that Ni/Ti0 2 catalysts have a small 

ethane hydrogenolysis activity and a (surprisingly) high 

cyclohexane dehydrogenation activity. 

Other studies on the catalytic behaviour of supported 

metals are less extensive. It has been found that Rh/Ta 2o5 
produced in the Fischer-Tropsch reaction c; hydrocarbons 

with relatively high selectivity (27). The sametrend has 

been found with Ru/Ti0 2 (28) combined with an enhanced 

selectivity towards olefinic hydrocarbons. Rives-Arnau 

et al. (19) concluded for Rh/Ti0 2 that strong metal-support 

interactions were of paramount importance in determining 

the catalytic activity of the metal in the reduction of NO 

by CO . Conversions on Rh/Ti0 2 were much higher than on 

Rh/Si0 2 catalysts. 
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All examples of reactions suppressed by Ti0 2 supported 
metals concern hydragenation reactions. The most important 
conclusion about reactions invalving CO chemisorption is 
that these are certainly not suppressed . On the contrary, 
it seems that chain growth in the Fischer-Tropsch reaction 
is enhanced on SMSI type catalysts. The conclusion must be 
that a change in the interaction between adsorbate and 

metal surface is beneficial for the catalytic behaviour. 
It was for instanee found with in situ intrared spectroscopy 

that during synthesis gas reactions large quantities of 

actsarbed CO were found for Pt/Al 2o3 and Pt/Si0 2 while only 
small amounts were detected on Pt/Ti0 2 , the latter being 

however the most active catalyst. Apparently the low measured 
uptake implies a weakened CO chemisorption bond strength 
and a short lifetime of CO on the surface . Similar 

results were obtained for Pd/Ti0 2 (30-33). An alte r native 
explanation for the observed intrared data can be that upon 
preparation of M/Ti0 2 catalysts some Ti0 2 is deposited on 
the metal, thereby blocking the metal surface for CO 
chemisorptión . The enhanced activity of for ins t anee Pd/Ti0 2 
can in principle be explained by a possible stabilization 
by Tio 2 of ions of Pd (and Ru, Rh or Ni as well). There 
are indications (33a) that these ions farm the centers for 
CO hydragenation towards methanol, enabling thus the sub

sequent formation of CHx species. 
Another interesting point with M/Ti02 catalysts seems 

to be the anomalous chemisorption of nitrogen on reduced 
Ti0 2 , Ni/Ti0 2 and Rh/Ti0 2 . It was found {34) that Rh/Ti0 2 
after oxidation and high temperature reduction chemisorbed 
considerable quantities of nitrogen. The capabilit i es for 

ad s orbing relatively high amounts of nitrogen (7 % of the 
exposed Rh metal atoms could chemisorb nitrogen in the 
SMSI state) were eliminated when Rh/Ti0 2 systems were sub
sequently oxidized and reduced at low temperature. No nitrogen 
chemisorption was found anymore. Later Burch {35) confirmed 
once more such a nitrogen chemisorption behaviour of 
redu ce d Ni/Ti0 2 and Ti0 2 systems. Note that this study 
suggested that the chemisorption of nitrogen was ma inly 
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taking place on the reduced part of the support surface. 

For Rh/Ti0 2 this possibility has nat been investigated. 

Ammonia synthesis was used as a catalytic probe for 

Fe/Ti0 2 catalysts (36). After reduction at 713 K the apparent 

activatien energy and reaction order with respect to ammonia 

pressure were similar for Fe/Ti0 2 and Fe/MgO. However, 

an increase of the reduction temperature to 773 K led to 

an increase in bath activatien energy and reaction order 

in Fe/Ti0 2 . The rate of ammonia synthesis was hardly affected. 

8.2.3 Spectroscopie investigations concerning the nature 
of strong metal-support interactions 

Since the discovery of the remarkable behaviour of 

Ti0 2 supported metals various authors have used spectroscopie 

and other tools for the characterization of M/Ti0 2 systems. 

Thus we found that the reduction of the support could be 

followed by electron spin resonance (37) and by temperature 

programmed reduction (38). Alsoother groups focussed their 

attention to M/Ti0 2 systems. Several groups, following 

our results, confirmed the idea of the use of ESR to monitor 

the support reduction. Conesa et al. (39) found ESR signals 

due to Ti 3+ centers. The behaviour of those Ti 3+ centers was 

in good agreement with our findings. The authors observed 

reversible Ti 3
+ formation for samples reduced at temperatures 

below 473 K, whereas this effect was less marked when the 

samples were dehydroxylated under vacuum or in hydragen 

atmospheres at temperatures higher than 473 K. Also Rives

Arnau (29) confirmed the formation of reduced Ti0 2 surface 

species. In this case support reduction was only carried 

out under vacuum at 623 K. 

With 1H Nuclear Magnetic Resonance (NMR) the adsorption 

of hydragen on Rh/Ti0 2 was investigated (40, 41). Two kinds 

of hydragen species were detected with NMR. First a weakly 

bound mobile species was observed which strongly interacted 

with a paramagnetic center, most probably a Ti 3+ ion, 

as derived from the large upfield shift of the resonance 

(140 ppm). A second resonance was ascribed to hydragen 
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species more strongly bound to rhodium atoms. When CO 

was preadsorbed (42) on the reduced and evacuated sample 
no resonance was found in the high field region. It was 
inferred that CO preadsorption inhibited the spillover 

of hydragen atoms to the support. 
From Extended X-ray Absorption Fine Structure(EXAFS) 

(43) and X-ray absorption edge studies (44) several interesting 

results concerning Pt/ Ti0 2 catalysts emerged. From the 
area of the L111 and L11 absorption edges it was concluded 

that a small positive charge is present on the platinum 
atoms. This charge is already present after the low tempera
ture reduction treatment. High temperature reduction hardly 
changed this net charge per platinum atom. Also for Pt/Al 2o3 
and Pt/Si0 2 catalysts positively charged platinum clusters 

were detected. The conclusions based on the absorption 

edge studies should, however, be approached with caution. 
It appeared that most of the contribution to the number 

of ct-holes arose from the L11 instead of from the L111 
transitions of electrans from the Pt 2p to the 5d level. 

Vet, the intra-atomie 2p 1/2 to 5d 3/2 transition (Lil) is 
expected to be smaller than the 2p 3/2 to 5d 5/2 transition 
(L 111 ) since the density of states of the 5d 3/2 subband at 
the Fermi level was calculated to be much smaller than 
that of the 5d 5/2 subband (45). Either this explanation is 
not valid, or rehybridisation has occurred. In both cases 
it is, for the moment being, rather' dangerous t o extract 
information about the charge state of the Pt-atoms from the 
intensity of the white lines. From the EXAFS data it 
followed that no Pt-Ti or Pt-0 distance could be observed 
with a coordination number greater than ~ atom per platinum 
atom, which is approximately the detection limit for EXAFS. 

The use of XPS to determine the nature of the SMSI 
has been exten s ively described earlier (46, 47). It was 
concluded that for Pt/Ti0 2 a small positive charge was 
present on the platinum atoms in the SMSI system, while 
for Rh/Ti0 2 no differences between normal, SMSI and 
Rh/Al 203 could be observed. 
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8.2.4 Comparable metal-support interactions in systems 

different from M/Ti0 2 

In section 2.1 it was already pointed out that Ti0 2 
is not unique in exhibiting these remarkable strong metal 

support interactions. Also other transition metal oxides 
as Nb 2o5 , v2o3 , MnO and Ta 2o5 happen to induce SMSI 

properties (4, 5). Later Ceo 2 (48, 49) was added to this 
list of reducible oxides. In the literature also non 

transition metal oxide supports were claimed to do so. 

In fact Dautzenberg et al. (50) reported that when Pt/Al 2o3 
was heated in hydragen above 960 K a decrease in hydragen 

chemisorption occurred, which could not be explained solely 
by sintering. They suggested that alloy formation might 

occur at high temperatures in environments with high 
H2;H 20 ratios. Indeed from Knight-shift measurements it 
could be concluded that a change in electron density on 
the platinum nucleus had taken place (51). The alloy formed 

(PtxAl) cannot chemisorb hydragen and is similar in this 

respect to the well studied PtSn catalysts (52). Note that 

although this model of alloy formation might explain an 
anomalous decrease in hydragen chemisorption, a suppression 
of CO chemisorption as is found for M/Ti0 2 , is not in line 

with this model (51). Recently the idea of alloy formation 
was confirmed by Kunimori et al. (53). Also for Ni/Si0 2 the 

formation of an NiSi alloy was thought to be the reason 

for the very low hydragen uptake after reduction at 1120 K. 
As with the M/Ti0 2 systems, oxidation at 800 K followed 

by reduction at 800 K increased the hydragen uptake (54). 
Apart from Si0 2 and Al 2o3 , also Ceo 2 (54a) and MgO (55) 

were shown to induce SMSI related phenomena in Pt/Ceo 2 
and PtMgO. Tauster et al. (5) did not abserve any unusual 

behaviour with Ir/MgO catalysts, i.e. na SMSI. 
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8,3 MoDELS EXPLAINING STRONG METAL-SUPPORT lNTERACTIONS 

8.3.1 Poisoning 

One of the trivial explanations of the SMSI phenomena 
is poisoning of the metal following reduction at 773 K. 

Of course the supports used contain a number of impurities, 

but they are common to all other kinds of supports as well. 
In the Ti0 2 support used these impurities were CaO 120 ppm, 
K20 40 ppm, Fe 10 ppm, ZnO < 20 ppm, Sn < 20 ppm, Cl < 20 ppm, 

Si0 2 100 ppm, Al 2o3 10~ ppm, Nb
2
o5 90 rpm and so 3 < 0.12 %. 

For Degussa P25, used in mostother studies, the major 

impurities are Al 2o3 < 0.3%, HCl < 0.2%, so 3 < 0.2%, 
MgO < 0.08%, Na 2o < 0.05%, CaO trace and < 5 ppm heavy metals. 

Actually the only impurity which might declass SMSI phenomena 

to trivial artetacts is sulphur. However, after a reduction 
at 773 K and oxidation at 773 K the adsorbed sulphur layer 
would have been removed and normal chemisorption following 
reduction at 773 K must have been observed. This is certainly 
not the case because the SMSI state can repeatedly be 
restored with the same sample. Finally, also high purity 

Ti0 2 supported metals (1) gave the same suppression of 

chemisorption. 

8.3.2 Encapsulation 

Another trivial explanation w~ich needs to be considered 
is a macroscopie encapsulation due to extensive loss of surface 

area of the support. This possibility can be rejected because 
after reduction of Pt and Rh supported on Ti0 2 at temperatures 
lower than 1015 K the surface area had not decreased. However, 
as pointed out in chapter 7, during the anatase-to-rutile 

phase transformation induced at higher temperatures a dramatic 

loss in surface area is observed. Also Tauster et al. (1) 
considered this explanation but rejected it tor similar 
reasons. Furthermore they argued that in that case no 

complete reversibility of the SMSI properties after oxidation 
would be expected. In addition they prepared a Pd/Ti0 2 sample 
of which the Ti0 2 was prestabilized in hydragen at 973 K 
and found the same chemisorption results. 
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8.3.3 Covering 

Another, more subtle, encapsulation model presen t ed 

by Naccache (56) and very vaguely indi cated by Engels et 

al. (26) might also explain the SMSI behaviour. As pointed 
out in part 2.1 of this chapter during high temperatu r e 
reduction the platinum particles were found to spread over 

the reduced support surface, since by tra nsmission elect ron 
microscopy only flat he xagonal "pill-bo x" structured 

particles are observed. Note that an observed latti ce spacing 
of 0.55 nm in reduced titaniumoxide is e xactly twice as 
large as the nearest neighbour distance in metallic platinum 

(0 . 277 nm). This means that the intera ction between the 

platinum and the underlying support is enhanced (f ig ure 4). 
In terms of wetting this can be expres s ed as 

where 0 stands for the surface tension (the subscripts gs, 

ms and mg refer to the gas-substrate, metal-substrate and 
metal-gas interface s , re s pectively) and e is the contact 
angle. This rel a tion is known as Young 's equation. If 

spreading occurs (57), then there is no equilibrium sin ce: 

1 0 - 0 1 > 0 gs ms mg 

met•~ 

support 

Figure 4 Co ntac t angle in supported metals (s ee text) . 
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Due to the high differences in o and o (and an assumed mg gs 
increase in o ms)' it may be energetically favourable that 
the metal parti c les are being imbedded in the Ti o2 1 . n n-
During reduction of the support oxygen vacancies are created 

and some metal particles sink into the support, while the 

metal partiele is further being covered with a monolayer 
of reduced Ti0 2 (figure 5). 

~ 
Tin02n-1 j 

0; R213 

~Ti02 

Figur e 5 ExpZanatio n of the SMSI phenomena wi t h the use 

of a cove r ing model . 
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During subsequent oxidation the regular Ti0 2 as the most 
stable phase is formed again. Thus growth of Ti0 2 occurs. 

while the chemisorption properties are restored. 

8 .3 .4 Charge transfer from the support to the metal 

One of the most popular explanations for the nature 

of SMSI is charge transfer from the support to the metal. 

Th e first paper in which this possibility was introduced, 
was that by Horsley (58). Using Xa-SW-SCF molecular 

orbital calculations on very limited clusters (figure 6) 

(a) (b) 

Figure 6 Cluster models fo r the Pt - Ti0 2 , SMSI catalyst : 

(a) model 1 , (b ) model II (58 ). 

Horsley calculated that the lowest occupied orbital in a 
(Pt/Ti0 5 )7- comple x , with a formal charge on the Ti ion 

of +3 , is singly occupied, but that this orbital has about 

50 % Pt 6s character instead of having lar gely Ti 3d character. 
This should indicate charge transfer from Ti 3+ towards Pt 0 . 

However, in those calculations no Madelung potentials were 
included, although such potentials are expected to influence 

the re s ults dramatically (59). When starting from highly 
negatively charged c lusters such as (Ti05) 7-, it is obviou s 
that the adsorbed neutral platinum atom would acquire a 
negative charge. 

Also the XPS results of Chung c.s. (60) we re thought 

to be indicative for negatively charged metal crystallites. 
The observed shift in Ni 2p binding energie s (towards higher 

binding energies compared toNi foil) was corrected for 
rela xation energie s by using the rela xation energy shifts 
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obtained from Auger data. According to this correction, 
the shift was found to be towards lower binding energies com
pared to the values for Ni foil. In chapter 6 these conclusions 

were discussed and refuted. 
The idea of adjustment of Fermi levels in the Schottky 

barrier formed by the metal and the reduced support also 
leads to proposals of negatively charged metal particles 
(12, 61) (figure 7). 

Low reduction sta t e (T R == 200° C) SMSI state (TR = 500'C) 

Figure 7 Schematic e ner'y band diagram f or t he Pt/Ti0 2 
in ter f ace i n vac-uo (cjl~ wor k f unction ; x: elec tron 

a ffinit y of Ti0 2 ("' 4 eV ); EG: band gap ("-' 3 eV ); 

EF : Fe r mi level ; óEF: i nc r ea s e i n EF du e t o 

SMSI condition s - (61) . 

The idea is that due to the support reduction the number of 
the impurity levels and free electrans in the support is 
increased, and by that the Fermi level is increased too. 

The assumed decrease in Schottky barrier height at the 
metal-support interface should facilitate migrat1ön of 
electrans into the metal particles. Consequently the electronic 
configuration of for instanee platinum approaches that of 
gold. Since gold is unable to chemisorb hydragen it is 
proposed that Pt/Ti0 2 in the SMSI state is therefore also 
unable to chemisorb hydrogen. The argument against these 
considerations is that the number of electrans which can 
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be transferred to the metals by such a mechanism is very 

small (0.01 e-/at) and that the layer in which the additional 

electrans are situated is essentially extremely thin, 

because the Debije screening length in metals is s~all. 

Moreover, these considerations explain only why platinum 

or palladium do not chemisorb gases in the SMSI state but 

they cannot explain why also iridium or rhodium show SMSI 

behaviour. Experimental evidence against the negatively 

charged metals is abundantly presented in chapter 6 (XPS) 

and in part 2.3 of this chapter (EXAFS). 

8 . 3.5 Intermetallic Compounds 

According to the original paper of Tauster et al. (1) 

another kind of interaction between the metal and the support 

which should be considered is the formation of intermetallic 

compounds. The authors calculated that the reaction 

is accompanied by a standard free enthalpy change of 

78.1 kJ mol- 1 at 773 K, indicating that the formation of 

TiPt
3 

is favoured if PH 0;PH < 10- 2 · 6 . The reaction for 

finely ground powders 5ccur~ed, however, at much higher 

temperatures, 1473 K for Pt and 1873 K for Ir and Rh. 

The formation of such alloys does not necessarily lead to 

the inhibition of hydrogen and carbon monoxide chemisorption. 

For instanee the hydride formation of intermetallic compounds 

of Ti with Co, Ni, Cu and Fe is well-known, while also 

Ti alone is used as a universal getter material. Experiments 

trying to detect water during the oxidation of M/Ti0 2 
systems in the SMSI state failed. This indicates that 

there was no hydrogen strongly bound to this system and 

suggests that no intermetallic compounds are present (5). 

The absence of strongly bound hydragen has been questioned 

by Menonet al. (62, 63). The authors suggested that hydrogen, 

adsorbed at higher temperatures during the reduction 

(leading to SMSI) can be desorbed only at very high temperatures. 
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They concluded that relatively weak chemisorbed hydragen 

can be converted to a strenger form of chemisorbed hydragen 
and that this so called self-inhibition effect of hydragen 
chemisorption should be a "wide spread phenomenon in 
catalysis". 

8.3.6 Formation of suboxides of Ti0 2 

An important observation made by Baker was the detection 

of a reduced form of Ti0 2 , namely Ti 4o7 present after a 
high temperature reduction. Ti 4o7 belongs to the class of 
materials including mainly titanium and vanadium compounds 
which show temperature induced metal-insulator transitions 

(64). It is a member of the homologous series Tin0 2n-l known 

Figure 8 The rutiZe structure projecte d aZong a in (a) and 

c in (b): ( c) shows the same projection as (b), 

but with the (100) pZanes of oxygen fZattened to 

give the ideaZized perfect h.c.p. arrangement 
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In each case we show: on the Zeft, Ti0
6 

octahedra; 

on the right, the atoms (with the top Zayer of 

oxygen removed to expose the titanium) (68). 



as Magnéli phases (65, 66). First the structure and finally 

some physical properties of those interesting compounds 

will be discussed briefly. 

In the normal rutile structure units can be found 

consistinq of octahedrally coordinated Ti 4
+ cations with 

oxygen anions (figure 8). In the rutile structure these 

octahedrons share corners and edges. During reduction Ti 3
+ 

and OH ions are formed, whereas at higher temperatures 

water is desorbed which results in randomly distributed 

oxygen vacancies, provided that the rutile is only slightly 

reduted. However, when the reduction proceeds it is 

energetically favourable to annihilate oxygen vacancies. 

What actually happens is that a neighbouring octahedron 

shares its face with the octahedron containing the Ti 3
+ ion. 

This phenomenon is known as crystallographic shear (67-69). 

It turns out that ''shear" does not occur randomly. At low 

degree of reduction (Tio 1 . 98 - Tio 1 . 93 (n = 36-16))the 

plane (132) is the preferred shear plane (figure 9). 

Figure 9 A (100) ~ayer of Ti
18

o
34

. Shear p ~ane is (132). 
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At higher degrees of reduction (121) is the most common 
shear plane (Ti0 1 _89 _1 _75 n = 9-4). In the formula Tino 2n_ 1 , 
n indicates the number of octahedrons between two neigh
bouring shear planes. For solid state chemists it appeared 
a real challenge to synthesize single crystals of these 
solids. Especially the phases with high n are difficult to 
obtain because the composition interval between adjacent phases 
becomes shorter with increasing n (76). Most single crystal 
phases have been grown using a vapour transport method, 
with NH 4Cl or TeC1 4 as the transport agent. In this method 
one starts with a polycrystalline reduced form of Ti0 2 and 
in the reaction tube a temperature gradient is applied in 

order to separate the phases (71-77). 
The most interesting physical property of these phases 

is the semi-conductor-to-metal transition accuring at 
relatively low temperature (150 K) . Actually for Ti 4o7 two 
electrical transitions occur, one at 130 K and one at 150 K. 
For both transitions there is a steep increase of the 
electrical conductivity with increasing temperature . The 
large increase in magnetic susceptibil i ty occurs only in 
th e 150 K transition. Above 150 K the titanium cations have 
an average charge of + 3.5, below 150 K the impurity levels 
become all occupied and the electrans are localized into 
alternating chains of 3+ and 4+ sites along shear axes (78-84). 

The metallic properties of Ti 4o7 and related phases 
might be of great importance for the catalytic behaviour 
of M/Ti0 2 catalysts. Burch et al. (35, 85) even believe 
that the reduced support adsorbs CO or N2 . However not 
much is known about th es e interaction s . Well-defined model 
systems are needed, such as evaporated platinum films on 
Ti 4o7 single crystals, to inve s tigate the SM SI effect in 

more detail. 

8.4 RESULTS AND DISCUSSION 

To check the validity of the above mentioned models 
various ex periment s hav e be en performed . Th re e models 
(poisoning, encapsulation due to excessive su r face loss, 
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and charge transfer to the metal) will nat be discussed 
anymore, because, as shown above, they are the least probable 

ones. In order to check the other three possibilities 
additional XPS and hydragen chemisorption measurements are 

presented. 

8.4.1 XPS of the Ti 2p levels 

In figure 10 the XPS spectra of various samples are 

presented. The spectra have been taken after in situ 
reduction at 823 K. Usually data acquisition times of 8 

minutes are s~fficient for good S/N ratios. For the spectra 
given in figures lOa and lOb much langer data acquisition 

times (9 hours) have been used in order to increase the 
probability to detect low or zero valent titanium species. 

If alloying would occur to a certain extent then such 

species should be observable under the experimental con

ditions used. Neither in the Pt/Ti0 2 case, nor in the 
Rh/Ti0 2 case we have been able to abserve such low valent 
(low binding energy) species. In the case of Rh/Ti0 2 , for 

instance, a Ti 2+ 2p/Rh 3d atomie ratio of 16.3 was calcu
lated using Scofield cross sections (86). If the alloy 

Rh 3Ti is formed during high temperature reduction then a 

Tilow valent 2p/Rh 3d atomie ratio of 0.15 should be the 
result (the ratio of the cross sections of Ti 2p and Rh 3d 
is 0.44, hence 0.44/3 = 0.15) and this should lead to a 
Ti

1 1 t 2p 3/2/Ti 4
+ 2p 3/2 value of 9 x 10- 3 

ow va en 4+ 
The observed Ti 2p 3/2 count rate is 28,000 counts/sec. 
The background at the low binding energy side of this peak 

was 1600 c/s. If we assume that the square root of this 
background level represents the noise then a S/N of 700 
results. For the low or zero valent binding energy species 

a signal with a S/N value of 6 should be expected. Such a 
signal was not observed. If the peak maxima of the Ti 2p 3/2 

peaks are taken as normalization points, and the spectra 

of figures lOa and lOc are subtracted from each other a 
straight base line is the result. Within the accuracy of 
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the XPS measurements it is therefore concluded that low 
valent titanium species are not present. Note that in these 
spectra electrans coming from Ti 3

+ 2p levels are not observed 

separately. If indeed suboxide formation has occurred this 
is not surprisingly because Ti 4

+ and Ti 3
+ are indistinguishable 

in the metallic suboxide. 
From the absence of low valent or uncharged titanium 

species - in combination with the EXAFS experiments, where 

no metal-titanium (Ti 0 ) nearest neighbours could be observed, 

and also in combination with the absence of peaks in TPR 
profiles that can be ascribed to reduction of Ti 3

+ to zero 
valent Ti and furthermore taking into account that alloy 

formation cannot explain inhibition of CO chemisorption -
it is concluded that alloy formation cannot be the origin 

of the strong metal-support interaction. 

8.4.2 XPS valenee band spectra 

In section 4.1 it has been shown that the Ti 2p region 

in XPS is insensitive to changes in the 3d band of titanium. 
However, when the attention is focussed on the valenee band 
ifself then the Ti 3d electron themselves can be observed. 

In figure 11 the XPS valenee band of 4.2% Pt/Ti0 2 is presented 

after an in situ reduction at 823 K. From the measured in

tensities of the 0 1s, 0 2s and valenee band 0 2p levels 
in pure Ti0 2 samples one can calculate the area of the 0 2p 

valenee band in the Pt/Ti0 2 sample 37 % of the total 
valenee band area is found to be due to 0 2p. By using the 
intensities of the Pt 4f and Pt Sd lines of Pt foil and 

the Pt 4f intensity in the Pt/Ti0 2 sample, the area in the 
valenee band spectrum due to Pt Sd electrens is calculated 
to be 49% of the total valenee band area. This leaves 15% 
of the valenee band area being due to the Ti 3d band. 
In the valenee band spectrum of Ti0 2 reduced at 823 K no 

Ti 3d band could be observed. Again, as found in the ESR 
measurements, the catalytic nature of the support reduction 
is clearly demonstrated. 
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Apart from XPS the presen ce of a Ti 3d band can also 

be proven by using Auger electron spectroscopy. From the 

workof Henrich et al . (87, 88) it followed that the 

L2 , 3M2 , 3v Auger transitions at 407 and 412 eV ·are ve r y 

se nsitive to the presence of a Ti 3d band. Indeed for the 
reduced samples these transitions have been observed . 

Thus from ESR, XPS valenee band spectra, as well as from AES 

it follows that reduction of the support, under the formation 

of Ti 3
+ centers most probably into regions of metallic 

subo xide, is an important indication for the nature of SMSI. 

8.4.3 Hydrog e n chemisorption mea s urem en ts 

In order to obtain information about the occurrence 
of the SMSI behaviou r among various Ti 02 supports hyd r ogen 

chemisorption was applied to var i ous Rh/Ti0 2 samples. The 

s uppo r t s used we r e all supplied by Tio xide Ltd. ( UK ). 
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Tabl e 3 Pr ope rties of various Rh / Ti 0 2 sample s 

sample %Rh support 2 -1 identifica- H/Mmax m 9 
ti on 

1. Rh/Ti0 2 3.2 Anatase 50 CLDD 1367 0.64 

2 . Rh/Ti 02 2.0 Rut i 1 e 60 CLDD 1627/2 0.74 

3. Rh/Ti 02 2.0 Rutile 23 C.L DD 1627!1 0.64 

4. Rh/Ti 02 
* 2.0 Rutile + Anatase 48 Degussa P25 0. 71 

*t'rom ref . (1). 

In table 3 specific properties of the supports are given. 

The catalysts were all prepared by conventional pore volume 

impregnation with RhC1 3 solutions. Stabilization of the 

various oxides by precalcining them at 823 K did not lead 

to significant changes in the hydragen chemisorption results. 

In figure 12 the influence of reduction temperature on 

the hydragen chemisorption results is illustrated. The 

ma ximum dispersion obtained (table 3) is chosen as 100 % by 

way of compari s on. As can beseen Rh/Ti0 2 (anatase), Rh/Ti0 2 
(Degussa P25 from ref . 1) and Rh/Ti0 2 (rutile 23 m2g- 1 ) do 

not differ much. However, the Rh/Ti0 2 (rutile 60 m2g-l) 

sample exhibited its maximum dispersion at 573 K. The 

e xpected decrease in H/M values occurs above 673 K. These 
measurements clearly demonstrate that it does not matter 

whether anatase or rutile Ti0 2 supports are used. A pre

liminary temperature programmed reduction showed that for 

Rh/Ti0 2 (rutile 60 m2g- 1) surprisingly much Ti0 2 support 

is reduced above 523 K. Most probably the formation of 

shear s tructures (derived from rutile) proceed s more facile 

when the starting material is already rutile. 

Chemisorption results obtained with a 3 .2 % Rh/Ti0 2 
prereduced at 623 K (reached with 5 K min- 1 ) and evacuated 

at various temperatures are given in figure 13. Between 

succeeding chemisorption measurements the sample was 

calcined at 513 K in order to remove the SMSI properties. 
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After calcination the sample was reduced again at 623 K 

for 1 hourand evacuated at progressively higher temperatures. 
The final evacuation temp e ratur e was reached with 10 K/min 

under dynamic vacuum and was maintained for 1 hour. Sub

s equently the sample was cooled to 473 K under vacuum 

and the hydrogen for the chemisorption was admitted at 

473 K. Thereafter the system was immediately cooled to 
room temperature. The chemisorption i s otherm was obt a ined 

at room temperature. With increasing evacuation temperatures 

the (H/M)t values first increase. Most probably this is due 
to th e fact that at low evacuation t empe r atur es notall 

the hydrogen, c hemisorbed on the metal during the reduction 
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process, has been removed by the evacuation procedure. 
At higher evacuation temperatures this removal of relatively 
strongly bound hydrogen proceeds more easily. At still 

higher temperatures the {H/M)t values decrease, but as shown 
in the figure the hydrogen chemisorption properties can be 

partially restored by calcination at 523 K followed by 

reduction and evacuation at 623 K. It thus seems that the 
SMSI state can also be obtained by simply reducing at low 

temperatures followed by a rapid evacuation at high temperatures. 

From the TPR and ESR results it followed indeed that support 
reduction also takes place at low temperatures. The dehydration 

process, followed by the suboxide formation can then also 
proceed at high temperatures in vacuum. Some caution with 
regard to these measurements is, however, appropriate, 

because kinetic limitations might obscure various results. 
By ESR, for instance, reversible Ti 3+ formation at 573 K 
was observed with 2% Pt/Ti0 2 . In this experiment the 
evacuation time at 573 K was 1 hour. In the chemisorption 
experiments the evacuation started at 623 K followed immediately 
by heating to the final evacuation temperature. Apparently 
back spillover of hydrogen and support dehydration are 

running then in parallel. 
After evacuation at 1073 K in vacuum the XRD pattern 

of Rh/Ti0 2 is still that of anatase. This indicates that 

phase transformation of anatase to rutile is facilitated 

in the vicinity of adsorbed hydrogen. Note that from TPR 
indeed support reduction was also found at temperatures 

above 533 K, which of course has as a consequence that more 
suboxide will be present after treatment in hydrogen then 
after treatment in vacuum. Most probably the transformation 

of anatase to rutile starts at those suboxides, because 
their structures resemble the rutile structure. In fact the 
islands of suboxide may act as a graft for the growth of 
rutile structures. 

What becomes clear from the combination of the applied 

techniques is that strong metal-support interaction appears 
to be strongly related with both the presence of the metal, 
which catalyzes the support reduction, and the formation of 
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the metallic suboxides. Note that if the presence of suboxides 

is indeed a prerequisite for the induction of SMSI properties, 

then a good explanation for the need of high temperature 

reduction is provided. 

8,5 FINAL REMARKS AND (ONCLUSIONS 

In this chapter several aspects of the nature of strong 

metal-support interactions have been discussed. It followed 

that three models for the explanation of these phenomena 

are very unlikely: a macroscopie encapsulation at 773 Kof 

the metal particles, poisoning of the metal particles, and 

charge transfer from the support towards the metal. Neither 

of these assumed effectscan explain all aspects of the 

inhibition of chemisorption of H2 and CO after high tempera

ture reduction. Three other models, or of course combinations 

of them remain possible. The first plausible explanation can 

be the formation of intermetallic compounds. It was tried 

to demonstrate that the formation of zero-valent titanium 

species is unlikely, however. XPS nor EXAFS could give 

evidence for such intermetallic compounds, but bath methods 

may be too insensitive fora proper examination of this 

explanation. The second plausible explanation is the one in 

which the metal is being covered with very thin layers of 

suboxides of Ti0 2 . In view of the knowledge of the total 

anatase to rutile phase transformation above 1015 K this 

might be a rather reasonable explanation. However, in view 

of experimental data some caution is still advisable. For 

instanee the M/Ti ratio as determined by XPS after reduction 

in situ at 623 K or 823 K did not change, which should 

have been the case after the covering of the metal particles 

by a suboxide. But again the insensitivity of the XPS (in 

this case the surface insensitivity) might have obscufed 

the effect. The final possibility to be discussed is a new 

speculative explanation for the SMSI phenomena. The occurrence 

of the reduced metallic suboxides in combination with metals 

such as Pt and Rh gives a new yet unidentified interaction 

between the two phases. 
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Strong metal-support interaction remains thereby still 

vague, although the term SMSI suggests sarnething else. 
Obviously, more research is needed to obtain information 
about the chemistry and physical properties of metals in 

combination with metallic suboxides in ordertotest this 
suggestion. 
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chapter 9 

SUMMARY 

All generali zat i ons are 
dang erou s, eve n this one . 

Alexandre Dumas (fils ) 

Since in chapters 3-8 of this dissertation already 

rather detailed discussions of results obtained by the 
use of particular experimental methods have been presented, 
in this general di sc ussion only a summary of the essent ial 
conclusions will be given tagether with camparisans wit h 
other relevant studies. 

This dissertation describes the use of several in

strumental techniques, which were applied to chara cterize 
supported metal catalysts. In chapter 3 and 4 the discovery 
of ionic species in unusual oxidation states (Pt 1+, Pt3+, 

Rh 2+) by means of electron spin resonance has been presented. 

The ionic species originate from the ac ti ve metal component 
of the catalysts and the suitability of electron spin 
resonance in dete c ting small amounts of those paramagnetic 

ions wa s clearly demonstrated. By measuring temperature 
dependencies of the signal intensities information was 

obtained about the relaxation behaviour of the paramagnetic 
centers. This resulted in the conclusion . that Pt 1+ and 
Rh 2

+ species are, most likely, in close contact with 

metallic systems. Although the se nsitivi ty of the XPS 
methad is not always as high as desirable, the use of this 

technique has yielded valuable information, amongst others 
on the average electronic contiguration of the various 
supported metal catalysts ( chapters 6 and 8). From the 

third instrumental te chnique employed, temperature programmed 

reduction direct evid ence has been obtain ed concerning the 
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reduction process which ultimately lead to the formation 

of the active supported metals (chapter 7). This technique 
can in particular when used in combination with other 
experimental methods give a straight forward determination 
of the degree of reduction of the metal and is therefore 

very valuable in a study of catalysts. This also follows 
from the fact that it proved possible to monitor the 

metal assisted reduction of the support by this method. 

By use of these characterization tools more insight 
has been gained concerning the role of various metal 

precursors. Thus in chapter 4 a contribution has been made 
to the characterization of supported metal carbonyl cluster 

compounds. For Rh/Al 2o3 prepared from Rh 6 (C0) 16 it was con
cluded that the adsorption of the cluster compound from 

chloroform solutions leads to supported rhodium clusters 

which partially retain the original carbonyl cluster frame
work. The main argument for that conclusion was that with 
electron spin resonance a hyperfine interaction pattern was 

observed due to the nuclear spins of several mutually inter
acting rhodium atoms. In view of the rather divergent con

clusions in the literature concerning this point (Watters 
c.s. have stated that the metal framework is being main
tained upon adsorption, whereas Smith c.s. have claimed 
to have observed a break down of the regular cluster 
geometry) the ESR data are rather convincing in proving the 
existence of partially oxidized regular rhodium clusters. 

From temperature programmed reduction it was concluded 
that for precursors of bath Pt/Al 2o3 and Rh/Al 2o3 , prepared 

respectively from Pt(NH 3 ) 4(0H) 2 and RhC1 3 , nat a single 

uniformly distributed metal oxide species is being reduced 
in the TPR peaks. The evidence for this statement comes from 
the TPR line width (Pt case) and the long tail in the TPR 

profile towards higher temperatures (Rh case). The latter 
also means that there are various oxidic precursors leading 

to supported metals. 

The main object of this thesis was to develop a realistic 
picture of the metal-support interface. In chapter 1 it was 
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pointed out that the attractive farces which play a role 

at the metal-support interface should be stronger than the 

farces originating from pure Van der Waals type farces, 
physical in nature. To gain information on the possible 
role of metal ions in the binding of the metal particles 

to the support electron spin resonance has been used as a 
sensitive methad to detect ions in well-reduced supported 

metal catalysts. Convincing proof for the existence of ions 
at the metal-support interface has been presented in chapters 
3 and 4. In combination with experimental evidence published 

by other authors (Yermakov, Zecchina, Poels, Bossi and 

De Jong) who also have claimed the observation of ions which 
most likely are in intimate contact with metallic species, our 

data lead to a picture of the metal-support interface as 
presented in the figure. 

MET AL 

SUPPORT 

Figure Schematic representation of the metal-support 

interface 

The presence of ions at the metal-support interface con

firms the idea of localized traps or anchors at the metal
support interface. These ions strongly augment the inter

facial energy. In the figure and throughout this dissertation 

the support has been represented schematically in drawings 
as a smooth square plane, though reality is of course very 
different. The techniques applied to investigate the 

structure of the metal-support interface are still not good 
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enough to overcome this simplification. But if the epitaxial 
relationships between the metal and the underlying support 

mentioned in chapter 1 can be generalized then also t he 
structure of this interface might be elucidated more 
precisely. 

Whereas the ESR results pointed straight forwardly 

to real metal-support interactions, the results of t he 

XPS work could have easily been misinterpreted when they are 
supposed to be evidence for such interactions (chapte r 6). 
It was observed that the binding energy of electrans es
caping from supported metal particles is a functio n of the 

metal partiele size: higher binding energies are observed 
for smaller particles. However, this observation could not 

simply be explained by the assumption that the smalle r 

particles contain relatively more positive charges, as e.g. 
ions at the metal-support interface. It turned out t hat the 
extra-atomie relaxation energy is a very important factor 

in determining shifts in binding energy of core levels of 

supported metal particles. The influences of the intr i nsic 

metal partiele size (extra-atomie relaxation) and of metal
support interactions (presence of ions, influenced by the 
support of any kind) on physical properties such as the 
binding energy could not be separated in a single experiment. 
When, however, various systems were compared wfth the same 
metal partiele size, then it could be concluded 
th a t the binding energies in Pt/Tiü 2 are slightly hi gher 
than that in Pt/Al 2o3 . The electronic configurations in 
Rh/Al 2o3 and Rh/Ti0 2 do not differ much. Changing t he in 

situ reduction temperature of the Ti0 2 supported metals 
from 523 K to 823 K did not result in any significant binding 
energy shift, indi cating that the electronic configurations 
in the metal parti c les are essentially the same afte r both 

treatments. It became obvious that XPS conclusions are 
straightforward when camparisans can be made at equal metal 
partiele size but that single point measurements, as presented 
ex tensively in the literature do not give reliable information 
on the oxidation state of small me tal particles on a support. 
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The results of M/Ti0 2 systems bring us to the phenomena 
of strong metal-support interactions. In chapter 5 ESR 

evidence was presented showing that dehydration is important 
in the temperature region 573-773 K. In combination with 

the results of Baker, it was postulated that the formation 

of suboxides of Ti0 2 (Tin0 2n_ 1) plays an decisive role in 
this temperature region. Because the explanation of the 

SMSI phenomena cannot be due to ditterences in electronic 

configurations of the various systems (chapter 6) other 
explanations need to be considered. In chapter 8 an extended 
review has been given of the properties of SMSI type systems. 

In addition, possible explanations tor these phenomena 
have been formulated. Two of these are preferred over the 

others. Firstly a "structural" model in which the metal 
particles are, during high temperature reduction, successively 

covered by a thin skin of suboxide material, which wets the 
metal. Upon oxidation this suboxide is converted back into 
Ti0 2 and the normal properties of the supported metals are 

almast completely restored. The other explanation is based 
on the idea of intimate contact between the group VIII 
metal and the suboxide with its strong metallic properties. 
This combination, never studied in detail befare in 

heterogeneaus catalysis might exhibit unique properties. 

F~rther research specifically checking this model, however, 

is needed. Apart trom the SMSI phenomena induced by heating 
in hydragen at 773 K, at still higher reduction temperatures 

(1015 K) encapsulation of supported metal particles was 

observed as the result of a phase transition of the support 
trom anatase to rutile. This encapsulation process also 
decreased the hydragen chemisorption properties of the 
metal particles enormously. But in this case the chemisorption 

capacities were notrestored upon oxidation (chapters 6 and 7). 

Although this dissertation camprises quite an amount 

of information concerning metal-support interactions, the 
final picture of the structure of the metal-support interface 
has nat been sketched yet. Future research should concentrate 

on the actual structure of the interface layers and on the 
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structural relationships between metal and support. Further
more one has to develop another sensitive technique for 
detecting homo nuclear metal ion bonds in systems like 
platinum rhodium and other supported metals. Note that the 
recent EXAFS results from our laboratory are very promising 
in this regard. Concerning the SMSI phenomena new research 
efforts have to concentrate on model systems of Ti 02 1 n n-
single crystals on which the active metal is vacuum 
deposited. Application of combinations of secondary ion 
mass spectrometry, X-ray photoelectron spectroscopy and 
perhaps reflection ultra violet or infrared spectroscopy 

might then elucidate which one of the two models is correct. 
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SAMENVATTING 

In dit proefschrift wordt met behulp van de ins t r umentele 

technieken: elektronen spin resonantie, X-ray fotoelektron 
spectroscopie en temperatuurgeprogrammeerde reduktie een 
karakterisering gegeven van Pt en Rh gedragen op Al 2o3 en 
Ti0 2 . De resultaten en konklusies die voortvloeiden ui t 
het onderzoe k zullen in dit hoofdstuk worden samengevoegd. 

In de chemische industrie worden op grote schaal hetero
gene katalysatoren, stoffen die vaak bepaalde reaktiewegen 
toegankelijk maken, toegepast. Vooral in de petrochemische 
industrie vinden metaal op drager systemen veel toe passing. 

Om deze katalysatoren rendabeler te maken is informatie 

nodig omtrent de fysische en chemische eigenschappen van 
deze systemen. Met name ter verbetering van de wee r stand 
tegen sintering is kennis van de krachten die een rol 
spelen op het grensvlak metaal-drager een eerste vereiste. 

In hoofdstuk 1 van dit proefschrift wordt duidelijk ge-
maakt dat de problemen die bij een funda menteel onde r zoek 
van katalysatoren te voorschijn komen niet noodzakelij kerwijs 
uitsluitend te mak e n hebben met het grensvlak metaal-drager. 
Daar meestal gewerkt wordt met zeer kleine metaaldeeltjes 

(l-10 nm) worden ook eigenschappen die normaal zijn voor 
bulkmetalen veranderd, juist doordat deze metaaldeeltjes 

intrinsiek zo klein zijn. Dientengevolge is het moe i l i jk 
om meetbare veranderingen in fysische grootheden toe te 

kennen aan me taal-drager interakties . Ook de grootte (of 

liever gezegd het klein zijn) van de metaaldeeltjes kan 
verantwoordelijk zijn voor deze veranderingen. Verde r worden 
in hoofdstuk 1 voorbeelden gegeven die erop wijzen dat de 
interaktie tussen metalen en dragers groter i s dan op grond 

van pure fysische interakties (Van der Waals krachten) mag 
worden verwacht. 

In hoofdstuk 3 en 4 wordt materiaal aangedragen om 
dit beeld van sterkere interakties dan louter fysisc he 
interakties te bewij zen . Het blijkt dat in go ed gereduceerde 
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platina en rhodium systemen Pt 1+ en Rh 2+ ionen met behulp 

van elektronen spin resonantie kunnen worden aangetoond. 
Op grond van de temperatuurafhankelijkheid van de signaal
intensiteit (een zeer snel relaxatiegedrag wordt waargenomen) 
wordt gekonkludeerd dat deze ionen in kontakt zijn met 
metallische systemen. In combinatie met recent werk van 

andere groepen (Yermakov, Bossi, Zecchina, Poels 
en De Jong}, die ook ionen in kontakt met metallische 
systemen hebben waargenomen, wordt het metaal-drager grens

vlak nader omschreven. Naast fysische interakties zorgen 
ionen, die een sterke interaktie met zowel het drager

materiaal als met de metaaldeeltjes hebben, ervoor dat 
metaaldeeltjes als het ware verankerd worden op het drager
oppervlak. 

In hoofdstuk 4 wordt tevens een bijdrage gepresenteerd 
aan de karakterisering van gedragen metaalcarbonyl-systemen. 
In de literatuur zijn de meningen wat betreft de adsorptie 
van metaalcarbonylkluster-verbindingen op oxidische 
dragermaterialen tamelijk tegenstrijdig. De groep van 

Watters meent dat adsorptie van Rh 6 (C0) 16 uit chloroform 
op y-Al 2o3 resulteert in geadsorbeerde metaalkluster

verbindingen, waarbij de originele metaalstruktuur gehand
haafd blijft. Smith c.s. menen juist dat de carbonylverbinding 
uitelkaar valt, met een desintegratie van het originele 
klustergeraamte. Het door ons waargenomen hyperfijn op

splitsingspatroon in ESR spectra van deze onvoorbehandelde 
katalysatoren duidt erop dat op zijn minst 4 rhodiumatomen 
in de nabijheid zijn van het ongepaarde elektron, wat een 
duidelijke aanwijzing is voor het nog gedeeltelijk in takt 
zijn van het geraamte van de klusterverbinding. 

In hoofdstuk 6 worden resultaten gepresenteerd welke 

in de literatuur meestal als een bewijs worden beschouwd 
voor metaal-dragerinterakties, of voor sterk van bulkmetaal 
afwijkende elektronische configuraties. Onze konklusies 

wijzen echter in een andere richting. Gevonden werd dat 
de bindingsenergieën van Pt 4f en 4d en Kh 3d elektronen 
een funktie is van de grootte van het metaaldeeltje, Hoe 
kleiner het metaaldeeltje hoe groter de waargenomen bin-
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dingsenergie. Het blijkt echter dat deze waarneming niet 

simpel verklaard kan worden door te stellen dat het aantal 

op het metaal-drager grensvlak aanwezige ionen relatief 

groter is bij de kleinste deeltjes, of dat de kleinste 
deeltjes om andere redenen een verschillende elektronische 

configuratie hebben. Voornamelijk de extra-atomaire rela xatie 
(die deeltjesgrootte afhankelijk is) moet verantwoordelijk 

gesteld worden voor de waargenomen verschuivingen in bin
dingsenergie. In dit geval is dus niet uit één meting 
een scheiding te bewerkstelligen tussen bijdragen aan een 
fysische grootheid (bindingsenergie) te wijten aan de in

trinsieke metaaldeeltjesgrootte of bijdragen te wijten aan 
metaal- dragerinterakties. Echter door vergelijkingen te 

maken tussen metaaldeeltjes van dezelfde grootte maar op 
verschillend dragermateriaal (met gebruik van noodzakelijke 
interpolatie) werd vastgesteld dat de Pt 4f bindings

energieën in Pt/Ti0 2 iets hoger waren dan die in Pt/Al 2o3 
terwijl de elektronische toestanden in Rh/Al 2o3 en Rh/Ti0 2 
nauwelijks van elkaar verschilden. Zelfs een verandering 
van de in situ reduktietemperatuur van M/Ti0 2 systemen van 
523 K naar 823 K resulteerde niet in duidelijke verschui

vingen van bindingsenergieën. 
Dit brengt ons op het verschijnsel van sterke metaal

dragerinteraktie, dat voorkomt in M/Ti0 2 systemen. Dit 

SMSI (Strong Metal-Support Interaction) verschijnsel wordt 
gekenmerkt door sterk verminderde chemisorptie-eigenschappen 
van M/Ti0 2 katalysatoren na een reduktieve behandeling op 

773 K. Ook in dit proefschrift wordt getracht een verklaring 
te vinden voor deze merkwaardige eigenschappen. In hoofdstuk 
5 werd met behulp van elektronen spin resonantie aangetoond 
dat een dehydratatie proces een belangrijke rol speelt in 
het temperatuurtrajekt 473-773 K, precies het trajekt waarin 

de overgang van "normaal" naar "afwijkend" (SMSI) chemie
sorptiegedrag plaatsvindt. In combinatie met waarnemingen 

van Baker lijkt het erop dat bij hoge temperatuurreduktie 

suboxiden van het Ti0 2 ontstaan (Tin0 2n_ 1 ) onder en rondom 
de metaaldeeltjes. Aangezien in hoofdstuk 6 werd aangetoond 
dat de elektronische configuraties in M/Ti0 2 niet relevant 
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verschillen in SMSI en niet-SMSI toestand moet, zoals in 

hoofdstuk 8 gedaan wordt, gezocht worden naar andere ver

klaringen. Na een uitgebreid literatuuroverzicht van M/Ti0 2 
en aanverwante systemen worden verscheidene verklaringen 

op een rijtje gezet, waarvan er twee het meest aannemelijk 

werden bevonden. In het eerste model wordt verondersteld 

dat de metaaldeeltjes bedekt worden met dunne laagjes sub
oxiden, die de metaaldeeltjes zouden "bevochtigen". Hierdoor 

is het metaaldeeltje afgeschermd van de gasfase en kan het 

derhalve geen gassen meer chemisorberen. Door oxidatie 

wordt het suboxide laagje geoxideetd tot Ti0 2 , dat het 

metaaldeeltje niet meer afschermt, waardoor opnieuw, na 

lage-temperatuurreduktie, chemisorptie kan optreden. In 

het tweede, meer speculatieve, model wordt verondersteld 

dat het naast elkaar voorkomen van zowel het suboxide 

(met metallische eigenschappen) als het gedragen metaal
deeltje aanleiding geeft tot sterk veranderde karakteris

tieke grootheden. Dit laatste model heeft echter nog aan

vullend onderzoek nodig om de juistheid ervan te bewijzen. 

Naast de hierboven behandelde SMSI-eigenschappen, optredende 

na een reduktie in waterstof boven 773 K, werd gevonden 

dat reduktie van Pt/Ti0 2 of Rh/Ti0 2 systemen leidde tot 

een faseovergang in het dragermateriaal . De originele 

anatasestruktuur werd, door hoge-temperatuurreduktie 

(T > 1015 K) omgezet naar de energetisch stabielere rutiel

struktuur. Opnieuw uit zich dit in een verlies aan chemi

sorptie-eigenschappen. Daar de inkapseling veel drastischer 

is dan het bedekken van de metaaldeeltjes met het suboxide, 
' 

leidt nu een oxidatie niet meer tot een restauratie van de 

oude (normale) chemisorptie-eigenschappen (hoofdstuk 6 en 7). 

Alhoewel dit proefschrift een aanzienlijke hoeveelheid 

informatie verschaft over metaal-dragerinterakties is het 

bereikte beeld van dit grensvlak nog niet kompleet. Af

gezien van het feit dat bewijsmateriaal is geleverd voor 

het aanwezig zijn van ionen op het grensvlak metaal-drager is 

de exacte struktuur van dit grensvlak nog lang niet duidelijk. 

De instrumentele technieken die gebruikt werden verschaften 
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dan ook nog niet genoeg informatie om dit te kunnen 
vaststellen. ile onbekendheid va~ de wer kelijke struktuur 
noopte bijvoorbeeld tot het schematisch voorstellen van 
het grensvlak metaal-drager als een plat vlak, alhoewel 
dit natuurlijk ver van de waarheid af zal blijken te staan. 

Als echter de epitaxiale (of eventueel pseudo morfologische) 
eigenschappen, waarvan voorbeelden werden genoemd in hoofd
stuk 1, blijken veralgemeniseerd te kunnen worden dan zal 
een goed beeld ontstaan van de juiste struktuur van dit 
grensvlak. Verder onderzoek zal zich er dan ook mijns 
inziens op moeten richten juist dit aspe kt naar voren te 
halen. Verder zal gedacht moeten worden over een gevoelige 
techniek voor het aantonen van homonucleaire metaal-ion 
bindingen in systemen zoals platina en rhodium, maar oo k 
andere gedragen metaalsystemen. Het lijkt erop, volgens 
resultaten verkregen in ons laboratorium, dat EXAFS wat 
dat betreft een goede kans gaat maken. Wat betreft de 
SMSI problematiek kan ik mij voorstellen dat nieuwe 
onderzoeksinspanningen erop gericht zouden moeten zijn, 
om aan de hand van modelsystemen, bestaande uit één
kristallen van Ti o2 1 met daarop aangebracht de aktieve n n-
metalen, bovengenoemde modellen verder te toetsen. Combi-
naties van secundaire ionenmassa-spectrometrie, in situ 
XPS en misschien ook reflektie-infraroodspectrometrie aan 
deze modelsystemen zouden uitsluitsel moeten kunnen geven 
omtrent de juiste verklaring van de SMSI verschijnselen. 
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DANKWOORD 

Dat een proefschrift niet zo maar tot stand komt zal 
voor vele mensen in mijn omgeving zijn opgemerkt. De be

wering dat vele mensen aan de totstandkoming van dit 
proefschrift hebben bijgedragen mag dan ook al haast een 
cliché genoemd worden. Toch is het zinvol enigen van hen de 
revue te laten passeren. 

Allereerst Roel (p apa ) Prins, zonder zijn (af en toe 
vernietigend) kritische geest en spectroscopische kennis 
zouden vele onjuistheden het daglicht aanschouwd hebben. 

Dan, eervol ex equo tweede en derde de hooggeleerde 
mede 'collegadieeën' Henk (B lik ) van 't Blik en Jan Ke es(Vis) 

Vis. Na mijn eenzame start in 1979 werd de promovendikamer 

met hun illuster gezelschap (over?)bevolkt, wat resulteerde 
in (naar ik hoop) wederzijdse stimulans de wetenschappelijke 
(en natuurlijk ook andere) vaandels hoog te houden. Verder 
natuurlijk Hans (van Z) van Zon, Diek (Kingsburger) Konings
berger, de zwavelezen en weet ik wie allemaal nog meer, 
die mij altijd bereidwillig te woord hebben gestaan. Het 
is hier op zijn plaats om alle vakgroepsgenoten van TA 
(Anorganische Chemie, Technische Hogeschool Eindhoven) te 
bedanken voor hun medewerking. 

Een promotieonderzoek staat of valt met de beschik

baarheid van goed-werkende apparatuur. Wim (Vl eutmans) 

van de Vleuten (nu in Egypte) ben ik zeer dankbaar voor 
zijn technische handvaardigheden, die hij op zeer joviale 
WlJZe aanwendde bij het opstarten en onderhouden van de 
XPS/AES-apparatuur. Ook bij het bouwen van de "hoge tempera
tuurstaaf" bleek Willem onmisbaar. 
Mijn behept zijn met twee linkerhanden werd door Joop van 

Grondelle gecompenseerd bij allerlei onderdelen die in dit 
proefschrift genoemd zijn. De bouw van de TPR-opste ll ing, 
de waterstofchemisorptieapparatuur en de reduktieopstelling werd 

door Joop uitgevoerd. Ook Wout van Herpen's technisch 
vernuft en zijn vaak gestelde vraag: "Heb je vandaag al 

wat uitgevonden??" hebben het onderzoek sterk vergemakkelijkt. 
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Voor allerlei analyses ben ik Eugène van Oers, 
Adelheid Elemans-Mehring en ex- (en toe komstig) collega, 

Jan van den Berg., zeer erkentelijk. 
De heren P.W. van de Hooge (CTD), die deskundig hielp 

bij het bouwen van de introduktiestaaf), G. Bressers 

(reproduktie, onmisbaar in de laatste fase van een proef
schrift), P. de Greef, W. van Someren en P.W.H. Eisfeld 
(magazijnen T-hoog) wil ik graag bedanken voor hun snelle 

en zeer goede hulp bij vele problemen. 
Willy, Leo en Wienke Blomen bedank ik voor het ver

vaardigen van fotografisch materiaal (p 91 en omslag), en 
natuurlijk voor de grote belangstelling die zij altijd 
voor mijn werk toonden. 

Ine van 't Blik bedank ik voor het snelle en vaardig 

typen en verzorgen van de manuscripten van dit proefschrift. 
Zonder Ine had het geheel er aanmerkelijk anders uitge-
zien ...... . 

Voor het verrichten van een promotieonderzoek zijn, 
lijkt me, nieuwsgierigheid en doorzettingsvermogen eerste 

vereisten. 
Mijn ouders (Jan en Miep) wil ik bedanken voor de opvoeding 
die zij mij gegeven hebben. Door hun stimulans is mijn 

interesse in vele zaken niet latent gebleven. 

Mijn doorzettingsvermogen zou niet genoeg zijn geweest om 
dit proefschrift af te ronden. De vele positieve en op
beurende gesprekken die Ine en Henk van 't Blik met ons 

(Ineke en mij) hadden, wil ik op deze plaats memoreren. 
Tenslotte bedank ik Ineke (KZaas je ), die altijd en 

direkt de vele gebeurtenissen begeleidt. Ineke, bedankt 
voor de enorme stimulans, medeleven en interesse die je 
altijd voor me hebt. 
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CURRICULUM VITAE 

Overeenkomstig de wens van de Technische Hogeschool 
Eindhoven volgt hier een kort levensbericht. 

Na op 23 juni 1973 het eindexamen Atheneum B behaald 
te hebben aan het St. Stanislascollege te Delft ben i k 
in augustus van dat jaar begonnen met de studie voor 
scheikundig ingenieur aan de Technische Hogeschool te 
Delft. Op 27 februari 1979 werd het ingenieurse xamen 
met goed gevolg afgelegd. Het afstudeerwerk omvatte de 
bereiding en karakterisering van zeoliete n van het type 
ZSM-5. Dit werk vond plaats op het laboratorium voor 
Organische Chemie van de Technische Hogeschool Delft en 
werd begeleid door prof. dr. ir. H. van Bekkum en 
prof. dr. J.J.F. Scholten. 

Op 1 maart 1979 werd, als eerste promovendus bij 
prof. dr. R. Prins, een aanvang gemaakt met het hier ge
rapporteerde promotieonderzoek. Het promotieonderzoek is 
uitgevoerd in het laboratorium voor Anorganische Chemie 
van de Technische Hogeschool Eindhoven . 

Na mijn promotie zal ik, zoals het er nu naar uitz i et, 
werkzaam zijn op het Koninklijke/Shell laboratorium te 
Amsterdam. 

Here is my journe y' s end . 

William Shakespeare (Macbe t h ) 
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Stellingen behorende bij het proefschrift "Metal-Support 
Interactions in Pt and Rh on Al 2o3 and Ti0 2 Catalysts" van 

Tom Huizinga 

11 februari 1983 



I. Bij het toepassen van röntgenlijnverbreding bij de 
bepaling van de gemiddelde deeltjesgrootte van 
metaal op drager katalysatoren zou meer aandacht 
moeten worden geschonken aan de vraag of de ge
passiveerde metaaldeeltjes wel metallisch zijn. 

J .H. Sinfelt and G. H. Via , 

J . Ca t a l. (1979), §__§__, 1. 

II. De toepassing van X-ray Photoelectron Spectroscopy 
(XPS) op metaal op drager katalysatoren is, gezien 
de afhankelijkheid van de waargenomen bindings
energie op de grootte van de metaaldeeltjes alleen 
zinvol wanneer deze relat i es in de konklusies worden 
betrokken. 

Di t pro efschrift , hoofdstuk 6. 

III. Het gebruik van zuurstofchemisorptie om de metaal
deeltjesgrootte in Ni/Ti0 2 katalysatoren te bepalen 
is aan twijfel onderhavig, aangezien het nog vol
strekt onduidelijk is of ook niet het gereduceerde 
dragermateriaal zuurstof kan opnemen. 

J . S . Smi t h , P . A . Thr ower and 

M. A . Va nnice , J . Catal. (1981) , 

68 , 270. 

IV. De recent gevoerde reklamecampagne voor Calcisorb 
(natriumcellulosefosfaat) bij de behandeling van 
urinewegstenen is misleidend. Calcisorb werkt niet 
of nauwelijks reducerend op de steenfrequentie. 



V. Gezien de .snelle draaiingen in bijvoorbeeld politiek 
Nederland, zal het ook niet toevallig zijn dat de groep 
van verbindingen die ontstaat door een rotatiesymme

trische schuifoperatie uit de rutielstruktuur 
(AxMn 8o16 ) de naam "Hollandites" meegekregen heeft. 

VI. Het stellen van een differentiële diagnose in de ge
neeskunde, zoals toegepast door sommige artsen, lijkt 
op de methode van de astroloog. 

VII. De op basis van EXAFS-metingen gedane suggestie, dat 
icosaëdrische strukturen van platinaklusters voorkomen 
in V-zeolieten is, gezien de kwaliteit van de ruwe data 

en de slechte overeenstemming tussen ruwe en berekende 
data onaannemelijk. 

B. Moraweck and A . J . Renouprez, 

Surf . Sci . (19 81), 1 0 6 , J5 . 

VIII. Gezien de hechte verbinding tussen muziek e n redekunde 
in de l?e en 18e eeuw verdient het aanbeveling bij de 

uitgave van vocaal-instrumentale werken uit de Barok 
meer dan tot nu toe gebruikelijk de instrumentale 
partijen van de corresponderende tekst te voorzien, 
en wel zodanig dat aanwijzingen met betrekking tot onder 
meer affekten en muzikale retorica in begi nsel daaruit 

afgeleid kunnen worden. 

IX. Uitgaande van het uitgebre id e Schulz-Flory model kan 

de produktdistributie van de Fischer-Tropsch reaktie goed 
verklaard worden. De juistheid van dit model dient 
echter in twijfel getrokken te worden . 

H. H. Nij s and P. A . J acob s, 

J. Ca taZ. (19 80 ), §_§_ , 308 . 



X. Het is voorbarig om voornamelijk op grond van 29si 
NMR MAS-CP metingen tot de konklusie te komen dat 
in ZSM-5 24 afzonderlijke silicium tetraëderplaatsen 
te onderscheiden zijn. 

C.A. Fy fe , G.G. Gobb i , 

J. Kli n owski, J.M. Th omas a nd 

S. Ramda s, Nature (19 82) , 

296, 530. 

XI. Het geeft op zijn minst te denken dat de snelheid 
waarmee ministers (en staatssecretarissen) aangesteld 
worden aanmerke l ijk groter is dan de snelheid waarmee 
vacatures van wetenschappelijke assistenten worden 
opgevuld . 

XII. Aangezien de laatste stelling van een proefschrift 
vaak gehanteerd wordt als een betrouwbare toets voor 
het niveau van het proefschrift worden minder gevatte 
promovendi ernstig benadeeld. Het verdient dan ook 
aanbeveling de l aatste stelling af te schaffen .. .. . . 


