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Abstract

The thesis of this review is that new catalytic concepts may be derived or discovered from new materials or newly recognized material
properties. This thesis is demonstrated by a brief discussion of four materials, and the associated concepts, which enjoyed a certain fashi
in theJournal of Catalysieand became themes of the author’s research. The four materials (or material properties) described are restricted to
platinum (exemplary in most cases) supported onyTi¥@trium-stabilized zirconia, L—zeolite, and the mesoporous molecular sieve, MCM-

41. While it was not recognized at the time, nor was it the driving force for the author’s interest, all four materials can be shown to alter
catalysis by a kind of metal-support interaction that, in part or entirely, underlies the concept that is being illustrated. Thus, the common
metal Pt and the emphasized catalytic property, interaction between a metal particle and an oxide support, are used as the glue to hold togett
a discussion of otherwise disparate catalytic systems whose selection was dictated by the interests of the author.

0 2003 Elsevier Science (USA). All rights reserved.

1. Introduction or two publications got my attention, and that of many others
in heterogeneous catalysis research, and we all competed to

As we survey progress of advancing our understanding Understand the new phenomena, to ascertain the new concept
of heterogeneous catalysis, our interest will be on new the particular new catalytic material was trying to teach us.
concepts (from the Latin conceptum to conceive in the  The four materials that | wish to use as examples are
mind; an abstract or generic idea generalized from particular () noble metals supported on reducible oxides, titanium
instances) [1]. While the synonym here is idea, the idea or dioxide in particular, that undergo strong metal-support in-
concept that advances heterogeneous catalysis might be #raction (SMSI) [7], (i) noble metal electrodes on yttria-
new material, e.g., the zeolite ZSM-5 [2], a new method stabilized zirconia (YSZ) that undergo non-Faradaic elec-
for characterizing a material, e.g., X-ray absorption [3], trochemical modification of catalytic activity (NEMCA) [8],

a new catalytic reaction, e.g., olefin metathesis [4], a new (i) aromatization reactions on Pt supported on KL-
technique for studying a catalytic reaction, e.g., in situ zeolite [9], and (iv) first-row tranS|_t|on—metal—substltuted
transient response infrared absorption spectroscopy [5], orMCM-41 (mesoporous molecular sieves) [10]. The focus
a new and testable mechanism, e.g., restricted transition-W'”_ be on oxide supports, with particular attention to inter-
state selectivity [6]. Any one of these conceptional areas &ction between a metal cluster and the oxide support. While
is a worthy topic for a book. For the purpose of this brief the dlscusglon topic will be 'Fhe catalyst (support mat'erlal),
review, | will focus on the catalytic material per se and will the analysis of what was discovered to be conceptionally

choose examples that have involved my personal research€W Will to some extent involve new (in the 40-year history
That | thought then (and still believe) that these materials Of theJournal of Catalysismethods and techniques of char-

present new and challenging behavior that might lead to agterlzatlcr)]n and 'g one case (_Iﬁt—ze&llte), a niw meé:ha-
new concepts is testified to by the time and interest | have nism, so thatto a degree we will be able to touch on advances
given to them. In no case did the catalytic material or its

in concepts in all five areas | have listed above.
investigation originate in my laboratory, but in each case one My goal is not to demonstrate how these materials have

found their way into new industrial processes (although that
is the case for PKL-zeolite), but to attempt to isolate
E-mail addressgary.haller@yale.edu. the kernel idea that came out of the investigation of these
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materials that has led (in my opinion) to a discontinuity in catalytic metal electrode decorating the metal surface in a
the way we think about heterogeneous catalysis, i.e., a newway parallel to SMSI. This species is different than that
catalytic concept. While it is not true that we can identify or formed from TiQ supportin that it may not be accompanied
date the origin of an interesting and surprising observation by a cation (Tt+, n < 4, for TiO, support) and is an anion
from which further investigation leads to complete and that cannot be formed directly from adsorption of gas-phase
accepted explanation, there is a certain pattern of theoxygen. Moreover, we now know that for those reactions
development of interest in such materials that is generally involving charge transfer (all reactions to some degree),
followed. NEMCA, and metal-support interactions in general, can

In each case, there is a seminal paper(s) which stimu-be interpreted in terms of a work function change that
lates widespread interest and research in many laboratorie@ccompanies the decoration of the metal by cations, anions,
around the world, there is a certain season of increasing pub-and/or ion pairs. Thus we find that the concept of SMSI
lications on the catalytic material, and then there is a waning illuminates NEMCA, that NEMCA in turn teaches us more
of interest (number of publications). This does not so much about the phenomena of SMSI, and that both concepts
signal complete understanding as it does a change of (sci-are more fully realized when viewed as a whole. For a
entific) fashion or decreased funding because there is a newmore complete discussion of the double-layer approach
bandwagon or simply a perceived diminishing returns from (NEMCA) to metal-support interaction, see Vayenas et al.
investment in additional research in this area. This wave of in this issue [21].
interest might typically last about a decade; e.g., inthe case The aromatization of alkanes;hexane in particular, on
of SMSI, we might date the “high interest” period from the Pt/KL—zeolite may again be viewed as a dramatic metal—
initial Tauster et al. [7] paper in 1978 to the Haller and Re- support effect. That is, the investigation of reforming of
sasco review in 1989 [11]. alkanes on Pt has a history stretching across most of the last

Before reviewing the four catalytic material areas in some century, but supporting Pt in the pores of KL—zeolite results
detail, let me summarize the nature of the new catalytic in selectivity ofn-hexane to benzene approaching 100% and
materials that | will attempt to illustrate in each case does notinvolve bifunctional catalysis (both metal and acid
and outline the order of presentation. For some conceptssites, as in conventional catalytic reforming). That the KL
(perhaps for all) it may not necessarily be the case that support stabilizes very small Pt clusters (perhaps as small as
no version of the concept had been previously articulated; six or seven atoms) against both sintering and deactivation
it may be that the physical nature of the phenomena hasby coke is well established, but the mechanism of the
been clarified in such a way that it is essentially a different interaction is still in need of further determination. The mere
concept, e.g., the case of interaction between a metal particlefact that a support not only alters activity and selectivity
and an oxide support before and after SMSI. but also effectively blocks the many thermodynamically

The idea that metals might behave differently when possible reactions in favor of one is conceptionally a
placed on different supports had been largely viewed asrevelation if not a revolution.
an electronic effect (band theory of delocalized electrons  Whether we speak of diatomaceous silica or some more
as opposed to shared electrons in a molecular orbital) [12]industrially evolved form of silica, it is no exaggeration
not involving chemical bond formation between the zero- to say that the use of amorphous, high-area silicas as
valent metal and the support [13-15]. The perception, the supports has been around more or less since Berzelius
new conceptthatis illustrated post-SMSI, is that one or more defined catalysis. Thus, to discover that amorphous silica
elements that comprise the support can chemically react withcould be synthesized in a new form with highly ordered,
metal particles, that this reaction provides a thermodynamic uniform mesopores was a clear discontinuity in technology
driving force for moving these elements onto the surface of and catalytic science. While a number of new inorganic
the metal particles (the so-called decoration model, where structures comprised of many different oxides have been
a suboxide of the support covers or “decorates” the metal spawned by the original Mobil discovery, | will focus
surface) and alters its catalytic activity. It would be fairto say only on the structure which has hexagonal arrayed, one-
that now we are required to assume that there is no such thingdimensional pores (MCM-41), is comprised primarily of
as an inert support, that instead each support, that a varyingsilica, and is used as both a catalyst (incorporating first-row
interaction, depending on the reducing/oxidizing treatment transition metals substitutionally) and a support for metal
and the temperature of this treatment. particles.

Non-Faradaic electrochemical modification of catalytic The first three materials introduced present different
activity would not at first appear to have anything to do with aspects of metal-oxide support interaction and when Al-
SMSI, the NEMCA originating from an electrical current MCM-41 is used as a support for Pt, so is MCM-41 (see
or potential between the catalyst and a second electrode Sections 2.4 and 3). After | have finished with metal-support
both deposited on the same solid electrolyte (support). interactions, | will turn to the substituted MCM-41 as a
However, we have come to understand that the result of catalyst per se, but | mostly discuss it in the present, i.e.,
this applied potential is to move oxide species (in the case regarding research in which | am still actively engaged. In
of oxygen-conducting electrolytes such as YSZ) onto the this case, the interest, fashion, fascination, etc., of MCM-41
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and related structures probably has not yet peaked, so we are ' 88 :\ TI-SOOI‘( ' ' ‘
close enough to this that a perspective on what the nature $a@T= Pt 4
of the new concepts may be is less settled. | will emphasize n R
my own work and prejudice and, in this instance, attemptto 3

provide a perspective on fundamental catalytic science ofthe & )
present and future. Finally, | will pause to assess the stateof & | . -
our understanding of metal-support interaction and contrast Eo 0 0 mi Ti

and compare four very different systems having in common C‘,’; oo 3 it e tans “ .
a metal interacting with an oxide support. | think of this as m ﬁ* 3 o A -
a personal perspective of what we have learned in the recent ~ I N R, \Susowevwy,
past and how we use this information in the present, and | VOO, W N Saaag——
will summarize what we would still like to know (future). e t 1
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2. Interaction at the metal—oxide interface
Fig. 1. Evolution of LEIS spectra as a function of cumulative annealing
time, for 1-keV-incident Hé ions on an 8.8-A layer annealed at 800 K for

2.1. Strong metal-support interaction (SMSI) 0.3.8.15. and 30 min. and stoichiometric

In retrospect, perhaps the place to begin thinking about
the metal-oxide support interface, even in anticipation of hardly changed, even at the 7takeoff angle (see Fig. 2),
chemical reaction between the metal and oxide, is clas- suggesting a covering of Pt by a layer of TiOn the order
sical thermodynamics and this is the approach taken by of a monolayer. Pesty et al. also deduce thtless than or
Knézinger and Taglauer [16]. Of course, the thermodynam- equal to one and depends on time and temperature, but they
ics of spreading and wetting only provide a framework for find no evidence for metallic Ti (in the limited temperature
thinking about the energetics of the metal-oxide interface range they used).
because very small clusters of metal on an oxide surface are In a more recent scanning tunneling microscope (STM)
not in thermodynamic equilibrium (they ameetastable with study of Pt on TiQ(110), Dulub et al. [19] propose an
respect to sintering) and a suboxide of molecular dimensionsordered atomic model that resembles a slightly oxygen-rich,
(as has been observed for SMSI [17]) does not exhibit the oxygen-terminated TiQ; double layer. The film exhibits
bulk phase that is presumed by classical thermodynamics.a dipole moment, caused by the uneven distribution of
While the tendency to undergo SMSI can be correlated with negative and positive charges between the O-rich first and
oxide reducibility [18], it can also be correlated with sur- Ti-rich second layer. Assuming that a similar (dipolar)
face free energies; i.e., TiIOV20s, NbOs, and TaOs have structure prevails locally when the Pt is not completely
smaller surface free energies than do£i€l>03, ZrO,, and covered, these local dipoles would result in a work function
MgO [16] and the former are known to more easily undergo change that would effect adsorption and reaction and be
SMSI. As noted by Kndzinger and Taglauer [16], the surface consistent with the hypothesis that “the difference between
free energies of reducible oxides increase if they becomeelectrochemical and classical promotion is thus operational
oxygen deficient. Thus, we can deduce that it is probably the
concentration gradient and the molecular bonding between 4000 T T T
the noble metal and the suboxide that are the driving forces Pt 4
for spreading, that migration probably precedes reduction to 88 A
the finalmetastable state, and that reduction decreases the ©=70°
mobility of the suboxide, limiting the decoration to a thick-
ness on the order of a monolayer. These predictions pretty
much concur with surface science findings from model sys-
tems, but there exists an inherent contradiction that reduc-
tion may be necessary for migration and immobilization of
the migrated species. Perhaps there is some intermediate re-
duced state that migrates. 3 min. @ 800K

Consider the case of Pt clusters on 7{0L0) studied L e
by Pesty et al. [17] using low-energy ion scattering (LEIS), 87 83 79 15 7 67
which is mainly sensitive to the topmost layer, while Binding energy (eV)

angular-dependent (electron detection 10-off crystal _ _ o

normal) X-ray photoelectron spectroscopy (XPS) averages Fig. 2. XPS of the Pt 4f doublet, plotted as a function of blnd_lng energy, for
| A an 8.8-A Pt layer. (Top spectrum) As deposited (Pt evaporation with sample

over several layers. When the LEIS of Ptis very significantly at room temperature): (bottom spectrum) layer heated at 800 K for 3 min

attenuated (see Fig. 1), thesA4fand 4,2 Pt XPS peaks are  (grazing emission).

g

g

as deposited

Pt-4f XPS (arb. units)
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Fig. 3. Ethane hydrogenolysis and cyclohexane dehydrogenation rates on 16
(A) Ni—Cu catalysts as a function of Cu content (after Sinfelt et al. [53]) or
and (B) RhTiO, catalyst as a function of reduction temperature (after
Resasco and Haller [54]). Both Cu and TiG®n Rh are thought to s o
block the structure-sensitive hydrogenolysis reaction but hardly effect the
structure-insensitive dehydrogenation reaction. 14 , . . o)
. . "0 0.2 0.4 0.6 0.8

and not functional” (see, Ref. [20, p. 283]). We will return to eV eV

this assertion in the next section. WR

Pesty et al. [17] summarize their comparison of metals Fig. 4. Effect of catalyst potential on the desorption activation energy
(interaction with TiQ) as follows: “the less reactive the calculated from the modified Redhead analys@)(and from the initial
deposited metal towards the oxide, the less effective the slope of the TPD spectr), after Neophytides et al. [23].
wetting, and the more reduced the suboxide migrating on

the top of the islands.” Their primary comparison was (see also Vayenas et al. in this issue [21]). | will restrict

between Pt and Fe. We had performed a somewhat different};. . : :

) discussion to metals on YSZ, particularly Pt, so that the ion-
comparison between Pt and Rh and concluded that Pt enters =~ . : TS ;
. . carrying current in the solid electrolyte will be<O and it
into the SMSI state more easily (at a lower temperature or .

in a shorter time) than does Rh, that the SMSI state for is the chemistry of this species at f[he three-phase boundary
Pt/TiO, is more difficult to reverse than RO, is, and that (tpb; between the gas phase, solid electrolyte, and metal)

the (nonstoichiometric) M, TiO, surface complex is more and the species that 't. evolved to as it mlgrates over the
oxygen-rich on Rh than on Pt [11]. These two generalization metal surface that is of interest. The essential facts that have

appear to be mutually consistent but may just be different 2E€" established experimentally are that an oxygen anion,
ways of saying that the overall metal-support interaction is perhaps é_ mlgrates across the tpb and is more or Igss
driven by the competition between M—Ti and M~O bond unlforml)_/ @stnputed over the metal surfage. This species
formation, which would then order the three metalsEe  €an be distinguished from the oxygen species adsorbed from
Rh < Pt in terms of their tendency to enter the SMSI state. 1€ 9as phase (in a given temperature range) by temperature-

The consequences of SMSI depend on the metal, theProgrammed desorption (TPD) and XPS.

oxide, and the reaction and so generalizations are not simple. 1€ €lectrochemically pumped oxygen species is more
To the extent that decoration occurs, it is likely to slow down Strongly bonded to Pt than oxygen adsorbed from the gas

all reactions and be particularly detrimental to the more Phase (as determined by TPD; it desorbs at higher temper-
structure sensitive ones, such as ethane hydrogenolysis (se@tUre), but the latter is promoted (becomes more weakly
Fig. 3) but this may be outweighed by a positive effect of bonded) by the fo.rmfar. The electrochemically formed oxy-
new sites created for reactions involving the C—O bond, e.g., 98N has an O 1s binding energy of about 528.8 eV (compared
methanation of carbon monoxide, so that the overall rate t0 530.2 eV for normally chemisorbed atomic oxygen) and
change is positive [11]. Of course, steady-state reaction iniS therefore more negatively charged and, perhaps for this
the SMSI state more or less rules out oxidation reaction, '€ason, is much less reactive with gas-phagehtl CO in
because both the oxygen and the water produced tend tdhe UHV background [22] or with organic reductants. The
reverse SMSI, if we mean this term to imply decoration of Strongly bonded ionic state (formed electrochemically) acts

the metal surface by a reduced Tipecies. as a sacrificial promoter of the weakly bonded state (formed

from gas-phase adsorption). The desorption activation en-
2.2. Non-Faradaic electrochemical modification ergy of the weakly bonded state is linearly correlated with
of catalytic activity (NEMCA) the catalyst potential, as shown in Fig. 4 [23]. Thg de-

creases from 2.14 to 1.42 eV &gr is increased by 0.7 V
The 20-year history of the discovery and elucidation of or, equivalently, as the work functiow, is varied by 0.7 V,
NEMCA has been reviewed in book form recently [20] since the change in voltage of the working electrode (rel-
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ative to the reference electrode) is equal to the change in 40
work function [20]. (Note, though, that Metcalfe [24,25] has 30
argued themordynamically that the catalyst surface potential
can be equal to the applied overpotential only if (i) equi-
librium exits between oxygen ions in the electrolyte sup-
port and the catalyst surface, (ii) oxygen-ion coverages are «
intermediate, and (iii) there are no lateral interactions be- ©
tween surface ions.) This confirms that the catalyst potential 2
and work function have a pronounced effect on the bind-
ing energy of atomic oxygen and therefore can be expected =
to affect the rate of oxidation reactions involving adsorbed <
atomic oxygen.

While the promotion effect of this electrochemical spill-
over oxygen on atomic oxygen formed from the gas phase
has been quantified, the promotion effect on other reactants, :
e.g., hydrocarbons, has not been studied, and the overall , ) .
effect on catalytic rate will depend on the combined ef- 1.45 1.50 /4 155
fect on both (all) reactants. As anticipated, an appropriate 3.1 o
Langmuir—Hinshelwood kinetic expression shows that the UT . 10° K Tg=380"C
true activation energy for propylene oxidation is modified by
the heats of adsorption of bottb@nd GHs, which in turn Fig: 5. P_romotiona_lly induced compe;nsation effect: Arrhenius pIot_s at

g . . . . various fixed negative catalyst potentials compared with the open circuit
are modified by thg applied potentlgl. The do.mlnant effgct IS Arrhenius plot, 0.215 V. after Kaloyannis and Vayenas [26].
the strong adsorption of {Jor negative potentials (and high
relative partial pressures) and can rationalize the logarithmic
correlation on the relative rate (rate under applied potential SUpport interaction effects on the oxidation of ethylene [28].
normalized by the open circuit rate) on the apparent activa- We will brlefly consider the case of Rh, where the work func-
tion energy [26]. tion is varied by varying the support (T§QSIO;,, Al2Os3,

A common observation, with addition of classical pro- ZrOz2 (8% Y203), and Ti& (4% WG3)) and reducing the
moters, is a compensation effect where the rate changes in £atalyst (Rh dispersed on support) at 40D in flowing
log-linear fashion when the logarithm of the rate is plotted Hz for 1 h and by electrochemically pumpingOto/from
against 17 (K) in a Arrhenius plot, resulting in different ~ Rh supported on Zr®(8% Y20s). The turnover frequency
straight lines at different promoter loadings which intersect (TOF) is plotted against partial pressure of oxygen (at con-
at an isokinetic temperature. The equivalent “loading” pa- Stanttemperature and partial pressure of ethylene) in Fig. 6;
rameter for NEMCA is the applied voltage and, as shown the inset shows the same plot for the potentiostatically var-
in Fig. 5, an electrochemical-induced compensation effect ied work function. The similarity between the kinetic be-
is also observed for propylene oxidation on Pt supported on haviors is quite striking. Taken in the context of several
YSZ with an isokinetic temperature of 38C. other systems, this is good evidence for the equivalence of

Vayenas et al. have developed heuristic rules for a variety electrochemical and thermal-driven metal-support interac-
of situations of electrochemical promotion [27]. For the case tion. However, there are some caveats we need to keep in
of propylene oxidation on Pt discussed above, propylene mind. Even though the ££4/O; ratio is not net oxidiz-
acts as an electron donor (D) and oxygen as an electroning, the SMSI discussed above that involved JTi@ecora-
acceptor (A), and propylene is much more strongly adsorbedtion of the metal particles is not expected to survive under
than oxygen. Rule G2states:A reaction exhibits purely  these reaction conditions; i.e., it is likely that there is only
electrophilic behavior(the change of rate with change in a steady-state decoration of a ionic oxygen species and the
potential, or work function, at constant partial pressure of work function of the metal will only be equal to the support
(A) and (D) is less than zero(dr/d®) p,pp < 0), When if this ionic oxygen species is in equilibrium with the oxide
the electron donor reactantD) is strongly adsorbed and  comprising the support. Note also that the highly dispersed
much more strongly adsorbed on the catalyst surface thanRh on ZrG (8% Y203) does not have the same TOF (but
the electron acceptor reactaritd). This kind of behavior nearly the same critical oxygen partial pressure where the
can be seen in Fig. 5 when the rate is compared at constanRh is converted to the oxide) as the Rh on Z(8% Y203)

T (and pressure of reactants) and different applied potential.under open-circuit conditions. Why might this be? First we
Vayenas et al. have also developed mathematical modelsmust note that the electrochemical Rh has a counter Pt elec-
that rationalize these rules and apply to both classical andtrode so that “open circuit” does not mean zero potential and
electrochemical promotion [27]. this potential will also be affected by the gas phase in con-

Nicole et al. have investigated several comparisons of tact with the Pt counter electrode (the reaction mixture for

electrochemical and conventional thermal-driven metal— the single pellet CSTR reactors used). There are likely other
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| K ;@ opencircuit cause only the electronic interpretation can explain all three
I L2 sy properties in a consistent way.
w0 - i} ’ ‘ ! : Y fjjg’o"‘;,‘(, There have, of course, been multiple proposed explana-
. » - tions of the unique PKL-zeolite catalytic properties. The
L ‘§" i e earliest hypothesis was that the KL-zeolite was basic and
@ o , i i i E that the basicity of the support altered the selectivity in fa-
S a0t ' : | v vor of benzene formation from-hexane [33]. While added
g’ ! . U - basicity can improve the benzene selectivity, it has been
5 . ' 0 " po, IkPa 2 3 argued convincingly that basicity alone, e.g., as found in
£ : ! Pt/M(AI)O, cannot account for the benzene selectivity of
S Or : g=32°:§kpa Pt/KL—zeolite [34]. A subsequent proposal was that parallel,
E ] L : Cd’-_':)%% Rh/ narrow (0.71-nm minimum diameter; 1.3-nm maximum di-
f ) C TiO2 (4% WO3) ameter) pores might channel the linear reactantin such a way
o L] ‘ I: éifg_z (8%Y204) that would make terminal carbon adsorption (as opposed to
g 2 adsorption at an internal carbon) more likely and that this
| ® TiO; . .
L ;:iﬁrm___% ot would be more likely to lead to 1-6 ring clqsure [35]. Sub-
; — 3 ~ sequently, it has been reasoned that there is room in the pore
0 . L : . : L ' : channels for a variety of conformations of lineay, C, etc.,
0 2 p; / kPa 6 8 alkanes, and that 1-6 ring closure is an inherent property of
2

small, clean Pt particles [29,30]. Thus, an initial encounter at
Fig. 6. Effect of po, on the rate of GH4 oxidation on Rh supported on the end of the molegule WOUld.nOt be more probable, and in
four supports of increasing. Catalyst loading, 0.05 wt%. (Inset) Effect ~ any case, benzene is not a primary product but a secondary
of potentiostatically imposed catalyst potentiajyr on the rate and TOF product of hexenes [34]_
dependence opo, at fixed pc,H,, after Nicole et al. [28]. There is, however, another geometric or constraint argu-
ment having to do with the constraint on bimolecular en-
counters (to form coke precursors) that is more difficult to
discount. Iglesia et al. have demonstrated that the initial ac-
tivity for alkane aromatization is an inherent property of
well-dispersed Pt on nonacidic supports, but what distin-
guishes the KL-zeolite support is the ability to retain the
small Pt clusters free of coke formed by self-poisoning with
reactant [29,30]. They have proposed that this is a result of
small L—zeolite channels that constrain the formation of the
bimolecular activated complexes that form coke rather than a

When P{KL-zeolite first came to our attention, it was electronic modification of the Pt making it more inert to cok-

because of its unique selectivity for aromatization and, in ing reactions. However, such bimolecular coking reactions
particular, for the conversion of-hexane to benzene [9].  are not arrested in Y—zeolite, which has similar dimensions,
However, as we have come to understand the nature of thisput the intersection of pores might provide somewhat more
reaction on PtKL-zeolite in more detail, it is now gener-  space. A portion of the K in KL—zeolite can be exchanged for
ally agreed that this selectivity is not unique per se becauseprotons and then it is observed thafRL—zeolite does de-
clean, small clusters of Pt on other supports can also have aay from coke formation (neopentane reactant) byKPt
high initial aromatization selectivity [29,30]. It is generally  zeolite does not under the same conditions [36]. Replace-
agreed that what is truly unique abouy Rt—zeolite is that ment of K™ by H* does open the channels a bit and the acid
it both stabilizes very small clusters of Pt against sintering sites also provide a second mechanistic pathway to coke (an
(and migration out of the KL—zeolite pores) [31] and stabi- argument for the difference between Y- and L—zeolites as
lizes them against self-poisoning by coke formation under well) but presumably bimolecular reaction is still required to
the rather severe reaction conditions required for aromatiza-form coke. While none of these arguments rules out inhibi-
tion [29,30]. A correlated property of Pt supported in KL— tion of coke formation by bimolecular activation constraint,
zeolite is that it is very sensitive to sulfur poisoning [32]. such geometric hypotheses do not provide a rationalization
It would seem very improbable that all three of these alter- of associated unique properties of/Rt—zeolite, e.g., the
ations of the properties of Pt—stable small clusters, inert to extremely low sulfur tolerance, but these can be associated
hydrocarbon self-poisoning, but extraordinary susceptibility with the basicity of the KL—zeolite support [36].
to sulfur poisoning—would not be related to the same chem- It is recognized that sulfur tolerance correlates with
istry. If one accepts this hypothesis, then one is led to favor support acidity, higher acidity resulting in greater sulfur
an electronic interpretation of the KL—zeolite altered proper- tolerance so that low sulfur tolerance could be anticipated
ties rather than a physical or geometric effect on reaction be-for a basic support such as KL-zeolite (see Ref. [36] and

differences, e.g., the effect of measuring the percentage of
exposed Rh by different methods for the conventional and
electrolyte-supported Rh, so our comparison of electrochem-
ical and thermal driven promotion, as observed in Fig. 6, can
only be qualitative.

2.3. PyKL—-zeolite aromatization catalysts
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references therein). Sulfur tolerance is generally discussedand benzene adsorption. A strong base would repel

in terms of electron transfer between the support and nobleelectron donation and the dispersion forces alone would be
metals, but a true coulombic transfer of charge seemsroughly in the ratio of the electrons in molecular orbitals,
unlikely because most supports are insulators. Mojet et al. e.g., 1-1.2. Based on this interpretatiory {t—zeolite or Pt
have recently recast this electronic argument in terms of a supported on KL—zeolite with partial exchange with alkaline
coulombic interaction between metal particle and support earth metals (Mg, C&*, or B&™) have the smallesky/n
oxygen ions which affects the metal interatomic potential reported [38—41].

but does not require an actual electronic charge transfer [37].  The disclosure of MCM-41 materials (discussed in more
Acidity /basicity, charge transfer, and perturbation of metal detail in the following section) provided a material that
interatomic potential are all attempts to describe a particular has a pore structure very similar to L—zeolite; i.e., both

kind of metal-support interaction, but while | believe this haye one-dimensional pores in a hexagonal array. Both the
interaction is real, how it should best be described remains pore size and the Composition can be varied in MCM-41

an open question. (which is not possible for L—zeolite) and this stimulated
a comparative study of PKL—zeolite and PtKAI-MCM-

2.4. PyKL-zeolite and PHKAI-MCM-41: a comparison 41 catalysts [40]. Using knowledge of A-MCM-41 gained

and the case for reaction probes from the investigation of AI-MCM-41 pore size on acidity

. o [42], we prepared AI-MCM-41 with Al ratios of 24, 6,
The late Herman Pines was fond of reminding students gnq 3 the latter having the same/&i ratio as in L—zeolite.

of catalysis that “the most sensitive probe of a catalyst is & These materials were exhaustively exchanged with t&

catalytic reaction.” This cannot be denied, but he did often prepare KAI-MCM-41; actual KAl ratios were in the range

fail to warn them that it was not always easy to find @ 1 155 1.2 for all examples; i.e., none of these materials
catalytic reaction probe where the rate could be interpreted has any Bransted acidity. Some properties can be found in

una.mbiguously ?n terms of some chemipal Property, €.9., rape 1 and more details can be found in Ref. [40].
basicity. An obvious advantage (in addition to sensitivity) Here we only consider the last four columns, all data

'Shtgt‘zt ge.tcigalﬁ?cbfa%'.ogt'lergg]ngn?ros dun(‘:aecije ;ro:)oet:;y, derived from a catalytic reaction. Column 4 is the parameter
whatever 1t mig - et al ! uc P Kt/p described above and indicates that Pt in KL—zeolite is
reaction that is both sensitive and can be directly related .
. . the least good electron acceptor, i.e., that Pt supported on
to a chemical property of the catalyst surface. It relies e .
. KL-zeolite is the strongest base. The primary products of
not on the rate per se but on a relative rate of toluene . -

X T hexane reaction on these nonacidic catalysts are benzene and
and benzene hydrogenation which is used to extract ahexenes which account for greater than 80% of the products
ratio of equilibrium adsorption constants for toluene and The b ' i 9 | 6 Iot |I[s)h '
benzene adsorption. By extracting the ratio of equilibrium € enzenﬂjexene ratio (column 6) correates Wil

(and thus with Pt electron acceptor ability). Likewise,

constants from kinetic data, we avoid the complication that 1-6 i | i0ed hvicvel
the reactants might also adsorb on nonreactive surface Sitegenzene (1-6 ring ¢ osure? ratioed to methylcyclopentane
lus methylpentanes (1-5 ring closure and products from 1—

and therefore complicate the interpretation because we ard’'¥ , o
primarily interested in those sites that catalyze reaction. 2 [iNg closure) also tracks with Pt electron acceptor ability
The adsorption equilibrium constant is a thermodynamic (Put see the qualifier below).

property, which is only temperature dependent, so as long Although the trend is the same for all fqur of the last
as the measurements are compared at the same temperaturg2lumns of Table 1, we acknowledge that in terms of 1-
other variables are not relevant. Because hydrogenation$/1-> ring closure, this ratio varies by less than a factor
are generally believed to be structure independent, we can0f three across the range of /RAI-MCM-41 catalysts,
further assume that the ratio of the toluene to benzene@nd that there is a factor of more than three between
adsorption constank,, does not depend on particle size or the most basic PKAI-MCM(10)-41, Sy/Al = 24, and
other effects on local geometric surface structure, although PYKL; i.e., the latter is unique. A closer inspection of the
particle size might be expected to affect electron acceptorkinetic data for benzene hydrogenation rate would make
ability and thereby changk . this same point. That is, #AI-MCM(10)-41, Si/Al = 24,

The chemical interpretation of the ratio &y, is rather ~ and PYKL have TOFs of 0.3 and 0.27, respectively, which
straightforward [39]. Both toluene and benzene are  suggests a continuity between the MCM-41 and KL-zeolite-
electron donors, and by definition, an acid is an electron supported Pt catalysts, but tiig for benzene hydrogenation
acceptor. The better the electron acceptor (interpreted ags 13+ 0.8 kcal/mol on all of the MCM-41 supports and
being more acidic or less basic), the more successful toluene20 kcalmol on KL—zeolite. This suggests that perhaps there
(the better electron donor) will be in competition with is a continuity across all these catalysts with regard to
benzene and the larg&t,y, will be [38]. As the site becomes  basicity, as reflected in th&;,, a thermodynamic property,
less able to accept electroris;, becomes smaller, and in  but other kinetic factors, not included in the measure of
the limit, one might expecKyp, to approach one when basicity, make PKL a unique catalyst for reactions af
only the normal dispersion forces are involved in toluene hexane.
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Table 1
Sampled H/Ptb ag® Kt/bd TOF, benzene Benzeftgexene Ring closure
(nm) hydrogenatich ratio (1-6/1-50

Pt/KL 1.15 - 2.18 027 1.23 9.40
Pt/KAI-MCM(C10), Si/Al =24 1.42 3.37 2.70 30 0.94 2.97
Pt/KAI-MCM(C12), Si/Al =24 1.42 351 2.80 83 0.89 2.93
Pt/KAI-MCM(C14), Si/Al =24 1.28 3.91 2.82 61 0.71 2.10
Pt/KAI-MCM(C12), Si/Al =6 111 3.64 3.00 83 0.67 1.97
Pt/KAI-MCM(C14), Si/Al =6 1.20 4.06 3.55 a8 0.52 1.86
Pt/KAI-MCM(C12), Si/Al =3 0.99 3.73 3.97 264 0.50 1.66
Pt/KAI-MCM(C14), Si/Al =3 1.24 4.10 4.80 235 0.24 1.18

@ The values in parentheses indicate the alkyl chain length of the surfactant; shorter chains result in smaller pores, as reflected ig.the XRD
b Measured volumetrically at room temperature, extrapolated to zero pressure.

€ ag is a hexagonal unit cell length measured by XRD.

d Ratio of toluene to benzene adsorption constants at 353 K.

€ Turnover frequency, TOF, measured at 353 K.

f For hexane reaction at 733 K, atmospheric pressusgnHhexane= 20 and conversios: 9-11%.

9 Ratio of benzene to methylcyclopentane plus all methylpentanes (formed from methylcyclopentane).

One final point needs to be made on the benzene hydro-3. M esoporous molecular sieves
genation TOF of the MCM-41-supported catalysts of Ta-

ble 1. If we focus only on the $Al ratio the hydrogena- | choose to close this brief discussion of catalytic ad-
tion rate varies by more than a factor of 40 and linearly vances, discontinuities in our thinking about heterogeneous
correlates withKip. The basicity, as measured Kp, catalysts provoked by new materials, with a short discussion

varies by less than a factor of two, and the portion of of MCM-41 as a catalyst per se. It is chronologically the last
this that might be attributed to radius-of-curvature effects to appear, interest may be about to crest, and more impor-
(which can only be isolated at constany &li ratio) never tant, the catalytic science | want to end with does not have a
exceeds a factor of 1.2. What is the nature of the huge metal-support component, as the previous topics did.
effect of SyAl ratio? It is not simply addition of acid- Work on a family of mesostructured materials composed
ity. Recall that the KAI ratio is constant and exceeds of amorphous silica, the M41S family, must have been
one, so decreases in/3il ratio add K and basicity over-  underway at Mobil for several years but was made public
all. This is reflected in the overall increase &f;,. No in a 1991 patent [45] and two 1992 publications [10,46]
simple explanation can be provided, but given tigtis (with several patents and papers to follow). | will focus on
nearly constant for benzene hydrogenation on all the MCM- MCM-41, and particularly on AI-MCM-41 and V-MCM-
41-supported catalysts, it is proposed that these KAI sites41, where a small fraction of the Si has been substituted by
increase the overall adsorption of benzene (on the sup-Al or V. As mentioned above, the MCM-41 pore structure is
port, the Pt is always at full coverage, resulting in zero that of one-dimensional channels in a hexagonal array with
order in benzene). Perhaps the result is similar to that amorphous silica walls of about 1 nm. They are rather easily
described by Lin and Vannice [43] for benzene hydro- synthesized using long-chain alkyl surfactants that aggregate
genation on very different supports that show a similar ef- into cylindrical micelles on which the silica polymerizes and
fect, which is also attributed to a kinetic contribution to then cross-links to make bundles of order of one micron.
benzene adsorption on the support (see also Poondi andVhile most researchers have emphasized the properties of
Vannice [44] regarding caution needed in the interpreta- very narrow pore size distribution (typically 0.15-nm half-
tion of Kb values when hydrogen-deficient species are width at half-height in pore size distributions determined
formed). from a liquid nitrogen temperature nitrogen adsorption
While Chueh [40] and others [36,37] have tried to isotherm), our interest has been in the ability to synthesize
demonstrate an electronic interaction between small Ptmaterials of constant composition and structure but with
clusters and different supports, the kinetically measured varying pore size. The pore size is primarily a function of
effect onKyp and its correlation with rates of several other the alkyl chain length of the templating surfactant, but it can
reactions ofn-hexane (and with neopentane and coking be further manipulated by other synthesis parameters.
deactivation [41]) are the most persuasive evidence that Our original goal was to test the hypothesis that the ac-
electronic interaction exists at the metal-oxide interface, tivity and/or selectivity of a catalytic site might be systemat-
or at least an associative chemical bonding, and affectsically varied by changing the radius of curvature of the pore
catalysis. Of course, the NEMCA (see Section 2.2) also wall on which the site was situated. This idea was not new; it
confirms that work function can be varied by applied had been discussed some time ago by Derouane et al. for ze-
potential and this, too, is an electronic perturbation of the olites [47] and more recently the radius-of-curvature effect
metal that affects catalysis. on cracking reactions has been demonstrated [48-50]. How-



20 G.L. Haller / Journal of Catalysis 216 (2003) 12—22

ever, the basis of the catalytic rate effect in these micropores 4 623K
was not the direct influence of the radius of curvature on the T SouK }

catalytic activity but the indirect effect of radius of curvature
on the heat of adsorption of the reactant (altering the appar-
ent activation energy). In fact, the direct chemical effect on
the catalytic activity could not be determined because there&
w

are no known zeolites where pore size can be varied without 3
varying both the composition and the structure as well.

D
1

r Frequency

S
1

Turno
to HCHO / 10-2 mol (mol s)-1

The radius-of-curvature changes in the mesoporous I
MCM-41 is going to be small compared to the microporous
zeolites, so we are unlikely to see the same kind of reactant . e t
coverage effects observed for cracking reactions in zeolites. 2 24 ' 28 ' 32 36

However, very minor changes in local geometry, e.g., bond
angles of Si—O-V, might have significant effects on atomic
properties ofthe V, e.g., bmdmg energy of valence electrons, Fig. 7. The effect of pore size on the TOF of methanol oxidation to
which might affect catalytic activity. forma[dehyde r_10rma|ized by oxygen gptake at vario_us t'emperatures. Th(_a
our first attempt to observe a radius-of-curvature effect pore size is gstlmated from the liquid nitrogen adsorption isotherm (see Wei
) o . . = [55] for details).
on catalytic activity used an acid-catalyzed isomerization
(2-methyl-2-pentene) on AI-MCM-41 [42]. This molecule
can undergo both a methyl shift (requiring a strong acid the oxidation potential of V with change in pore size (see
site) and a double-bond shift (requiring a weak acid site) Fig. 8). However, there was no change in selectivity (be-
and the ratio of the two rates is a reaction measure of acidtween formaldehyde and total oxidation), which might have
strength. We found an apparent variation in acid strength of Peen expected if the radius of curvature in fact perturbed
about a factor of five (using 3-methyl-2-pentg@emethyl- the oxidation potential and the catalysis was a result of a
3-pentene selectivity as a measure of acidity) [51] as the V™*/V*® cycle (where it is generally thought that the reox-
pore size was decreased about a factor of two (in the idation of the site is the slow step).
range of 2- to 4-nm diameter)' but the results were rather In a further inVeStigation of methanol oxidation on V-
scattered and ambiguous. These results are equivocal foMCM-41 we did not find a pore size effect at higher V
two reasons: using very short surfactantg @d G in loading; instead the rate increased linearly with V loading
the case of 2-methyl-2-pentene reaction) might result in a (Pased on total V loading) and this was not entirely com-
small amount of molecular templating (creating a crystalline Pensated for when the rate was normalized to oxygen up-
zeolite impurity’ which would increase aC|d|ty)' and in any take on sites reduced with the reactant (methan()l) at the
case incorporation of Al into the MCM-41 matrix always  reaction temperature [52]. What is now clear is that there
results in a degradation of structure, particularly for very low Mmay be a radius-of-curvature effect, but it is not going to
Si/Al ratios. What was unequivocal was that the stability Pe huge and to unambiguously prove it exists, we need to
of Al in the Si tetrahedral sites increased as the pore sizegain more control over the constancy of composition and
decreased [42]. structure. That is, if the synthesis conditions are held con-

In fact, we can see a more prominent effect of pore size stant and the pore radius is varied by simply varying the
in Table 1, where the radius-of-curvature effect on reaction
is mediated by a Pt particle (a metal-support effect, as
discussed above). If we compare any two catalysts where the
Si/Al ratio is constant, we find tha,, decreases with pore
size (when the AI-MCM-41 is synthesized using a shorter
alkyl surfactant, e.g., compare C14 to C12 fofA&i= 3).
That is, the support appears to become more basic (smalle
Kib), and the metal cluster senses this change, as the por
size becomes smaller.

A more convincing example of radius-of-curvature effect
on catalytic activity has been observed for methanol oxida-
tion on V-MCM-41 for a series of catalysts where the V 0 A . S
loading was approximately 0.04 wt% (see Fig. 7). Here the 18.1 18.3 18.5 18.7
rate changes about one order of magnitude and shows a max-
imum at midrange (which excludes transport as the domi-
nant effect). The activity for methanol oxidation also cor- rig. g The TOF of methanol oxidation to formaldehyde normalized
relates with a shift in the energy of the V pre-edge X-ray by oxygen uptake at various temperatures varied with the edge energy
absorption feature, which we have interpreted as a change inmeasured on dehydrated V-MCM-41 (which correlated with pore size).

Pore Sizes / A

- A 623K
—e— 603K
» 583K

N
1

TurnoVBr Frequency
o
1

to HCHO / 10-2 mol (mol s)-1

XANES Edge Position/ eV
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chain length of the templating surfactant, the composition = There are many take-home lessons from the three dif-
and structure are only approximately constant. As the tem-ferent kinds of metal-support interactions | have discussed,
plating surfactant (pore size) is decreased, the efficiency of V but | would posit three that are exemplary. Now that we are
incorporation increases and the structural order deterioratesaware that a reduced species of oxide support can block the
either of which may have a greater effect on catalytic activ- surface of the metal (SMSI), we must always ask if the con-
ity and selectivity than the pore radius of curvature per se. ditions of the reaction are extreme enough to make this a
The way around both these problems is obvious but requiresproblem. Even on a support such as §i@sually consid-
a large number of experiments. That is, we need to developered quite inert, those who design auto exhaust catalysts re-
a multivariable quantitative synthesis model which will al- alize that it is important not to have Pt in contact with $iO
low us to adjust the synthesis parameters in such a way thatbecause there will be sufficiently high temperature to cause
the composition (fraction of source V in synthesis solution a silicon species (SiQor Si) to migrate and block the sur-
which is incorporated into the final product) and structure face of Pt during the lifetime of the catalyst. From NEMCA
(pore volume, pore size distribution, normalized high index we learn that a potential can be used to form a controllable
X-ray intensity, etc.) are constant. The number of synthesis double layer (the spillover ions that carries current in the
parameters that may be varied is large and would include V solid electrolyte, e.g., & from YSZ) that can affect catal-
source concentration, 8i20, Si/surfactant, pH, time, and  ysis. Perhaps it is just this double layer of Ti@n noble
temperature. These experiments are now underway. metals that provides the sites that accelerate the reactions
of C-O bonds that have been documented as another ef-
fect of SMSI, a hypothesis consistent with the double layer
4. Summary and conclusions described by Dulub et al. [19]. Finally, | have both argued
that basicity of L—zeolite offers an explanation of the unique
Chemistry can be said to be the study of the making properties of Pt in L—zeolite and quoted Jacobs et al. [34] to
and breaking of bonds which are the result of a sharing of the effect that bascity alone cannot account for the unique
electrons, but there is merit in describing this sharing as Pt/KL-zeolite properties. This may not be a contradiction if
equal (covalent), e.g., in moleculap}br unequal (partially  we take into account the fact that a chemical, induced bascity
ionic), as in HCI. Likewise, there may be some advantage may be augmented by a radius of curvature effect in the mi-
in describing metal-support interaction as a combination cropores of L-zeolite. That is the implication of the discus-
of geometric, coulombic, and electronic contributions. By sion in Section 2.4 comparing Pt supported on KL—zeolite
geometric, | imply a simple blocking of space so that all and KAI-MCM-41 with various pore sizes, which brings us
or part of a site is inaccessible to a reactant. Coulombic pack to the current investigation of radius-of-curvature ef-
effects can be ascribed to any through-space interaction offects in various substituted MCM-41. While these materials
charges, e.g., the repulsion of dipoles of parallel orientation, may yet find a variety of practical catalytic uses and will
and electronic is everything else. surely advance our conceptional understanding of heteroge-
If we restrict our attention to reactions of bonds be- neous catalysis, they offer us our best hope for a compre-

tween carbon and hydrogen, e.g., alkane hydrogenolysis, Wehensive investigation of radius-of-curvature modification of
can view SMSI as mostly geometric, NEMCA as mostly 3 catalytic site.

coulombic, and Pt interaction with L—zeolite as mostly elec-

tronic. Even if we accept the rather detailed picture deter-

mined for Pt interaction with Ti(110) [19], we do not have a Acknowledgments

mechanistic description of migration of TiGcross the tpb

and the metal surface nor do we know the chemical composi- Most of the work reviewed here was supported by DOE,

tion Of the migrating species. | WOF"O‘ pose this as the centrgl Office of Basic Energy Sciences, and this agency is currently
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of surface oxygen and reducing species? In the case of Ptin, | heterogeneous catalysis.

L—zeolite, catalytic reaction probes suggest a rather simple
electron transfer or acid—base interaction, but this picture ap-
pears in conflict with some spectroscopic probes of the inter-
action. Fundamentally, we do not know how to describe the
pondmg between a smalllmetal particle and an oxide surfa}ce [1] http://www.m-w.com Merriam-Webster, 2002,
in a way that would explain why, for example, a Pt cluster is [2] E.M. Flanigen, et al., Nature 271 (1978) 512.
more stable on an aluminum oxide than a silicon oxide when 3] v. wasawa (Ed.), X-Ray Absorption Fine Structure for Catalysts and
the Pt is essentially in contact with oxide ions in both cases. Surfaces, World Scientific, Singapore, 1996.
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