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Sizmary

To date most experipents designed to probe Styong Hetal-Support lutevactious {SH51) have
focused ou electron transfer between the oetal and the support. For certain atructure
seasitive resctions, eg., hydrogenolysis, SMSI can be uoderatood to be of geometric origin
and camuxed by migration of a species from the support cuto the vetsl particle. We preseot
thrae kinds of evidence for this wodel for the Bhl'l'ioz system! Auger sputter profiling of
model catslysts, extended X-ray sheorption fine st (EXAFS) analysis and infrared
spectrs of chemisgrbed €O. The hydrogenstion of €O and decooposition of Ny are, like
hydrogeuolysis, structure demsitive. However, SMSI hss very tittle effrct on these rveac~
tions. In the case of O hydrogenstion, SMSI in veversed by the zeaction products COp and
Ry0, Apparently the most abundant surface xspecies in HHy Secomp ition, chemiscrbed N
atoos, competes vith migrated support species.

Iatroduction

1o the 1ssg f£ivé years there has been rapid growth in the susber of laboratories iavolved in
the study of metal-support interactions. Much of the credit for avakenirg interest in an
old ares of catslytic research susc be given to Tsuster and coworkers at Bxxon (1), Whar
makes their contrihlt.iom more significant than the legion of other papers that report “an
effect™ of support, additive, etc., en sctivity or chenirorption is the cbservation that the
intersction between group VIIL metals and Ti0p, referred to as & styong meral-support
intersction (SHSI), can be induced by a mimple chemical trestreat of the catalyst (reduction

in iiz at high tecperature) asd that it can be raveraed simply by oxidation and re-reduction
in Hy at low’

y . The ibility of the metsl-support interaction, the unsm-
biguous identification of the interaction with the reducibilicy of the support snd degon-
steatioo that Tip is oot unique {2) make it unlikely that the effect is an appagest wetsl-
suppost interaction, i.e., steribucable to parcicle size, suppoxt impuriry, or other
effectn (3) which have not beso properly coutrolled. It should be pointed out that Tauster
ct al. (1) slso demonerrated that trivial explanations of the group VILE-TiO; ictersction
cuch as oaseive siotering, or complete encspaulatien of the cetal, may be ruled out
experisentally, Horeover, they shoved thac the extent of interaction cou 1d be guantified by
the degree o which Hy or €0 cha:il.orp:inn axe depressed. '
The most prevalent prion soong h groups studying metal-support interactions has
been that the effect is caused by electron tramsfer. In fact, the electronic properties
wust slvsys be altered to some degres by the contacc potential developed wheu the metsl
particle and cxide Femi Jevels cowe into equilibrium ac the interface (4). Theorecical (5)
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sod axperimental work (6-11) suggests, vith acme exceptiomn (12), a Group VIIL wetal-Ti
cation bonding sccospanied by electron dooation from the Ti cation te metsl atoma, However,
catalytic probes using structure scnaitive ccactivns, eg., hydregenolysis, isdicate that

geooctyic effectw zay dominate over clectronic effects of mctal-suppert interaction for
these reaccions (13).

Reduction of RW/TiO; catalyats ac 773K cames a large depreasion in hydrogemolysis sceivity
(about 1075 for ethme hydrogeoolysis relative to a lov tesperatuxe reduction), amd the
zegnitude of the effecz is the oost pronounced for the smallest particles (&), 1o com-
trast, cycloh dehyd ira activity is ouly deczcased about a factor of two vien
acrivivien, sfter reducticss st 473K and 77)K, are cocpared. Thix behavior is suite anslo~
gous to the effect of a gooup IB meral om the activicy of a group VIIL rersl, eg. Cu oo
Ni (15}, Toe similarity betwees Rh-Ti0, intersction mnd group VIII-group IR metslas interac—
tion iz also evident in the kineric parsmeters of ettane hydrogenalysis (13).

The sbove-pentioned results bave produced & working bypotbesir that postulstes the migration
of sooe species from the support over the mezsl perticle, This migration affects cosecble
sites tuch as an inest group 18 metal doss. Cocplete encapmulation cangot result, at Jesst
not at 773K, since the rate of cyclohexane debydrogesation I~ depreseed az most by a factor
of two. This does not rule out Joga}ized electzon transfer between the migrated species and
particle as determined by XPS (9), see zef, 13 for discussion. .
In this paper we will preseat direct evideace for migration of s aub-oxide of titaniz enta
Rh particles obrained frem Auges/sputter profile exprriments and from extended X-ray absorp-
tioa fine structure _(mrs) aaslysis, The amalogy between group VIII-group 13 metal-metal
intersction end the group VIII-Ti0; interactitn will be atrengthened by infrared spectra of
€0 clienisnvption oa Zh/Ti0, as & funcricn of reduction texpersture. Some reactions such as
€0 hydrogensticn or FH; decomposition, vhich aze vsuslly cousidered structure seasitive
reactions, do sot reflect SHSI if ooe uses the original definivion of Tauster et al. {1},
ia., & reversible effect of high terperssure reduction. We will present results for these
zeactions snd supgest that, valike hydregenolysis, the effects of suppeit on these resctioos
are caly appareat vhen RL/TiO, is cowpared to Xb on irreducible supp acd that they e
sanifestations of eleckrunic sx well as goovetric effecta.

Experizestal

Dlrraviolet :ﬂnmelet:ﬁu (GrS) spectrs were caken with a double-pass cylindrical = rror
electron spectrometer. Carbou momcxide chemisorptice wes soaitored by chasges in the UPS
spectra, primarily by the sppearance of the & a-rolecular orbital. The preparation 2od
characterization of B £ilme on Ti0; (110) used for the CO adeorpticn experirents have been
previcusly reported (16). The EXA?S spectra were ebrained in a cell designed for in situ
cxidatjon and reduction. The catalysts used for Lhe IXAYS sualywis were thoss used in o
ptevious study (17), Detailed descriptios of the experiscnts] procedurs snd ssslysis will
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be published elsevhere (IB). The infraxed spectra were obrained by transmission Fourier *
transforn apectroscopy using a conventional hestable, evacusble cells A complete deserip~

tion of catalyst preparation and the resction studies con be found in ref. 19.

Results and Discussion

1, Hodel Catalysts .
Hodel catalysea were prepared by evaporating 1.5 to &4 ronolayers equivalent of Rh onto clean

Ti0, (110) (16). Depth composition profiles of these filus vere obzained using Auges
spectroscopy and Ar~iem sputtering. An unreduced catalyst exhibits a comotonically decreas-
icg Xh wignal asd incressing Ti and O signals with spustering tixme, but a saxple reduced at
673K exhibirs a maximum in the Rk and winima in Ti and 0 signals as the saxple is sputtered
(16). These results suggest that a Ti0, species has migrated onto the Rh particles. The
fact thac the overlayer is a spb-oxride is deduced from the lower Ti/O ratio for the over—
layer chan for the clem T30, cryatal. As cbserved for powder catalysts, after high tevper—
sture reduction, the reduced model catalyst no longer chemizorbs €0. However, sputtering of
the reduced catalyst until the Rh Aoger signal was uesr its maximos yestored CO chemisorp-
tion. This is dempnstrated in Figure 1, vhich abows the UPS spectra for CO exposure of 1)
polycrystalline Eh and b) & model RW/TO, caralyst reduced at 67K in 10 torr By and then

parcially sputtered.
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2. ERAFS of Rh-Ag/Si0p and Rh~Ag/Ti0;

The original purpose of the EXAFS study was to investigate the effect of support on the Rh-
Az intersction. lovever, Rh/Ti0; shoved aiailar behavior (vith respect to Ah-0 bond forwa-
tion) to thaz of Rh-Ag/Ti0,, but the lacter EXAFS spectra were obtainod with higher signxl~
to-noise ratio und allov a direct comparison to another catxlyst where the prepazation was
idectical except that the support wvas Si0p. Figures 2a sod 2b shov, respectively,
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Figure 2: (8) Magnitude of Fourier tramsforn of Rh K edge EXAFS of Rh-Ag/Si0; after reduc~

tion at 499K for 70 min, (b) afrer reduction ar 753K for 90 min. Spectra recozded at
liquid K, terperature. '

the ragnitudes of the Fourier tracsforrs of Rh K edge YXAFS of the lov and high tecperature
reduced Rh-Ag/5i0,, Cocparable spectra for Rh-Ag/TiD, are shown in Figure Ja asd 3b, The
region of incerest is below 2 A in these spectra. A small decremee ia cbaerved for the Rb-0
pesks when the reduction tespersture is varied for the Si0p mpported catalyst, but ca Ti0y
this peak is about 15 times as large after = high temperature reduction than aSter 2 low
terperature reduction. A crwde wodel for the high tevperature reduced lh—,\glrinz spectrua
in Figure 3b is shown in Figure 4z, We lhave d this by bining the

EXAFS of Rh-0 neigtbora from the Tourier filtered spectiva of IR0y snd of Eh-Rh ueighbors
from the Fourier filtered spectrum of Rh foil in a ratio of 1:2, smd Fourier rransforming
these to give the result exhibited in Figure 4a. For comparisan, Figure 4b shows the
Fourier filtered first Rh-Rh and Rh-0 sbells of a Rb-Ag/Ti0, catalyst after high tesperature
reductjon, Curve fitting indicates a Rh-Kh boud length of 270 % and & Rh-0 distsace of
298 X; zoordication pumbars for the shells are on the oxder of B aod 3, respectively, The
qualitative interpretation of these spectra is that thbere are wore Xx0 intsrsctious after
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Figure 3: (a) Magnitudes of Fourier transforms of Rh X edge EXAFS oF Rh-Ag/Ti0y after

" reduetion at 487X for 70 min, (b) after reduction at 753 for 90 min., Spactra recorded at

liquid Ky remperatuze.
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Figure 4 (a) Magoitude of Fourier rxansform of codel EXAFS. The small pesk corxespends to
axygen otoms st a mean discance of 197 % frc . h arom. The large penk represents the
first shell Rh stoms at 269 X in metallic Rl. ..J Magnirude of Fourier transform of Rh K
edgn IXAFS of first lhelln‘ of Rh-8b and Bh~0 in Rh-Ag/Ti0, catalyat afrer HIR.
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. high tesperature reduction than after & low tempsrature reductios. This could be the result

I
of F& particles spreading out during the high tesperature reduction, as previously zeported
for r:/rioz (20). In the light of the sputter profiles, however, we toke the EXAFS rraults
] -t as alditional evidence for Ti subroxide migratiom over Rbh parcicles. Thesa results are in

constreat vith those recently reported by Short ek al. (21} for Pt/Ti0, wheta no eviceoce
was fouend for Pr-0 cpordination greater than 1/2 atow/Pr for either low~ or highetewperature
veduction. However, it should be poted that their "high" terperarure reduction was 75K
lower thag that used here, L.e., 513K rather than 748K and, of course, a diffarens wate] i=
- : involved.
3. Infrared of €O on RW/Xi0, .
In order to probe the surface structure of alloys, Elschens (22) utilized the property of CO
to sdsoxd om s single group VIII atom in & linear fashion, on s pair of such atems in
bridging fashion med only very weskly or rot at all on the group 1B setals. Heeshowed that
CO, vhich is predominantly in the bridge scructure on Pd and the linear structure om P,
exhibits a spectrun identical to that of Pt vhen adsorbed oa the equimolar alloy. Eischens
concluded that the alloy surface does not have the properties of a sizple mixture of the two
cooponents and suggested that the absence of bridged CO could merely indicare thet theze are
few adjscent prirs of Pd ctome and that CO does oot bridge between a Pd and Pt paiz. This
view uss been confirmed in the more recent wor™ of Sows-Noto and Sachtler ou Bd-Ag (23) and
Mi-Cu (24) alloys. In both cases, the linear band of CO on the group VIIT maral first grows
while che bridged band decreases as the alloy becomes richer (io the bulk and on the
surface) In the group 1B metal; all CO adsarption dissppesrs as :he surface becomes cow
pletely covered with the 18 xmctal. Parallel behavior is observed for Kb/IiO; as it is
reduced at ever Liigher tezperatures. Figure 5 ahovs Infrared spectrs of the catalyst
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saturated with CO and d at room temp @ after severzl diffevent reducktion temr~

peratures. The catalyat ves veduced st 473K for one bour and exhibits a bridged band in the
" region of 1830 cn"l. the linear baod 2060 cu® and a gem dicarbonyl, probably ah"(co)z. at
2030 and 2100 el (figure Sa). After a two hour .zeduction the bridged band had wostly
dissppesared, the linesr band hod sbout doubled in intemsity and the gem dicl;rbanyl vas ot
mich affected, As tha the veduction remperature and time are increased (Figure 5, spectiun
C through specttun B) both the linesr and gem dicarbonyl ically disspp Again, we

interpret these resulte as the progressive covering of Rh particles by a species of rirsnjum
oxide.

J4e. €O Dydrogenatioa

We have studied CO hydrogenation over a Rh/Ti0, catalyst scries of varying dispersion in a
steady state £lov reactor operating at 1 atm total pressuce, 473K, and a 8,:C0 ratio of 3:l.
To compare the effect of Jifferent supports, a RhlSiOz catalyst wvas alag used, Table 1

summsrizes CO hydzogenation rates after LYR {low texperature redustion, 473K) and KIR (high

[ temperature reduction, 773K)
TABIE 1
00 Bydrogenation Activity

CATALYST H/ah REDUCTION PRODUCT FORMATTON RATEX
pethane C2¢ - salcohols

RB/Si0,  0.85 m 200 0w 0.0

B B/Ti0, 0.5 5. 0.0 11 2.4
: HIR 5.0 1.0 2.1

© RWTI0, | 0.65 w250 1.5 L5

oSN < 1) 1.1 1.5

miTi0, 0,76 LIR 30.0 2.1 1.8

T OEIR 20.0 2.0 13

olecules per surface Ah (based on I/Rh) per mec at 473K,
The lsrge varistiem in rates £rea §i0, to Ti0, supported Rh indicates a stromg influence of
the of the supp on €0 byd ion, It is interesting ro mote that even though
there are large diffexences in activity and selectivity when the support is varied, there
exists alost Do charge hetween the low tesperafure reduced Bh/TiO, catwlyat {in a nou-SHSI
state) and the high terpersture reduced catalyst (in the SMSI state). We vt to exphasize
this Eact, vhich has not received much attention from workers investigating SMST catalysce.
Carbon ide hyd: ion has been idered & sensitive probe of SHSL, and it has even
been proposed to be ronked first io & bierarchy of resticg reactions to decide vhether n
catalyat, exhibits SHST (25). Morris, Moyes ond Uells (26) have critically xevieved some of
the work reparted oo CO hydrogenation ovar Ti0, supported catalyats esd bave pointed out the
£1av we are bighlighting here. They chaerve thet similar selectivities have been observed
after YT and 1TR on RG/Ti0; (27) and PA/Ti0, (28), indicsring rbat SHST has oo influence on
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CO hydrogenstion reactions. They also pote that many authors, vho ascribe the enhszced
selectivity to SHSE (29), have not carried ot the vescrion after LIR to decide whether the
tbaerved effects are directly relaged to SHSI. The misconception probably cooes from the
fact that most of this work has bees done on Ni/TiO, cacalysts, vhich require temperatures
around 723K to achieve complote reduction of Ni, At those tempecatures SMSI is already
operative, Indeed, ms Morris er al. (26) indicate, the CO hydrogenation resction itself
rewves the SHSIL, Bach oxygen (Erom disseciated €O) and water (formed during the resction)
are shle to restore the pormal properties of the metal, Tuerefors, it is not surprising

. thar SMSI cannot influeace TO hydrogenation.

There exists, of course, a support effect evidenced by the variations cbserved in activities
and melectivities vhen different supporcs are used, This wust aot be confused with the SHSI
effect, uhick iv the alteragion of the normal catalytic propexties afcer HIR caused a
modification of the suppost properties. The support effect observed in this resction may be
relaced to intrinsic properties of the supporting oxide. For exswple, Ichikews (30), study-
ing supported hodi bonyl <l , cbserved that 20, and Ti0,; supports improve the
selectivity for ethanol formatisn in the resction C0-Hy coupared to silica supported rhodium
clusters, ¥atzer et al. (27) have proposed a correlation between selectivity ‘to alechol
formation vith the basicity of che support. They found, in apreevent vith such a corzela-
tion, that Ti0, supported kh has a much higher selectivity to alcohol formation thes the
530, supported catalyst. However, it bss beea showm (31} that by varying the type of Si0
support the alcohol producticn rate con be greatly altsred, snd it has been suggeated that
this enbancemeot arises from alkaline impurities in some types of 5i0, supports, Thus, the
correlation with basicity may not fully explain the cbserved trends, In any case, this viev
ecphasizes that enhancement in scrivity and selectivity for CO hydrogenation Tesctions must
i ppore, not to the extrinaic SHMSL effect.

be related to some i ic ies of the

piop

The strong similarity between group ViIl~group 1B metal-metsl snd group VIII~TiO; metal~
oxide interactions found for some reactiocas is mot cbserved for the methonatioo of €0, For
exarple, this reaction is strongly retarded when Cu is sdded to Ni catalysrs (32), while
litrle effect is cbaerved vhen a RR/Ti0, cacelyst reduced at high tezpersture is cocpared to
that reduced ac lov tewp es. This opposite bebavior, rsther tban weakening our anal~
ogy, reinforces the ides that the SHSX is reversed by the CO-H; resction icself. Atomic
oxygen and water, formed during the zeaction, destroy the interaction. Im the case of Ri-Cu
catalysts, the activity drops by xore than an order of magoitude by adding 10X Cu, while the
scrivation ecerzy recains unchanged, This has been explained by the geometric argusent thet
Cu blocks a part of the ensezble.of Ni stoos required to dissociate €O {(32), That casesble,
in the case of €O methsvation over RA/Ti0, cazalysts, is kept clesn of foreiga species by
the resction products chemselves. Rowevers it ia deactivated for the case of atbaoe hydro=
geuolyais, i.n‘ which the resction does not significantly affect the interaction.
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5. NHy Decomposition .

We have carried out thia roaction over Rh entalysts on theee different supporcs (sioz. Al,0y
and Ti0,) after LIR and HIR using both & aoteady state flow reactor and g pulse reactor to
scarch for differcocex in activity induced by the support ox SMSI. Because this reaction is
structuce seansitive, we might expect, by analogy with other structure sensitive resctions, a
large effect of SMSI, In addition, as dimcussed in Ref. 33, cohanced nitrogen chaﬁ.norp:iun
oy Rh telative to low terperature roduction was obtained after Rh/TiO, vas reduced at 773K:
However, the RW/TiO, catalyst exhibited no significant changes in sctivity after HIR rela-
tive to that obscrved after LIR (19)., Horcover, mo effect of the support was observed among
the three different supports studied. Almost the same turnover frequencies and similar
activasrion energies were observed in the tespernture range studied for the three different
BUPPOTES.

TABLE 2
Amenis Decomposition on Rhodium Carslysts

- CATALYST TURNOVER EREQUENCY (uc“l)* ACTIVATION ENERGY
. st T = 673K, P = 760 torr keal/mol
RA/Ti0, ) 0.% " 18,0
om0 17.0
Rfsio, 0.3 2.0
RR/AL,04 0.35 . 18.0

*Based on W/Rh after LIR,

Table 2 Coopares turnover fxequencies {at 673R, 760 torr of pure ¥iq) and activation emer-
gies for NHy decorposirion over the three different cacalyets. The SHSI de=s mot appear ‘to
affect this resction greatly. Alsost tha same resction rates aod activation emergiss were
obtained folloving LTR and HIR. In sgreement vith our vesults, Dumesic and co-workers (34)
have found that, for the reverae resction (NE; syntbesis), followirg reduction st 773K,
Fe/TiO, catslysts exhibit the sawe activacion energy and nearly equsl tumover frequency as
they do following sequential oxidation st room cep acd reduction ar 713K,

Conelusicns

The snalogy between netal-metal interaction of group VIII-group 1b bipetallic catalysts and
the petal-oxide interaction of group VIII-TiO, is stresgthened by the effect of reduction

D ion (see Pigure 5). Direct evidence for the migratica of a sub-
oxide of Ti0, onto Bh particles is obtained from.aputter prafiling, and It has bees decon-
atyated that this sub-oxide ishibits CO ¢hemisorpticn. We conclude that SMSI depresaes the
activity of Bh for hydrogenolysis for the same xesmson that sn jnert group 1B wmetal does,
i, it bresks up or reoders inactive the lrrge group VIIL metsl ensesbles vhich constitute
the active eites for this raactics. The hydrogenation of CO and the decozposition of NHy

o CO chexi
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are alsq generally idered to be scositive xeactions but are not affected by

SHSI (defined as & reversible effect on chemisorption capacity or catalytic scrivity induced
by & high temperature roductica). It is probable that SHSI, the stroog binding of 2 sub-
axide of Ti0; to the netal sucface, is reversed by cqu.e:i:in;c chemisorption of the products
of CO hydrogenation (chemisorhed oxygen and H0) and the reactant of NHy decompoaition
(chenisorbed H,).
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