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Fresh Pt and Iron A&Or catalysts reduced at 773 K exhibit high H/M ratios (1 to 2.5) indicative of 
highly dispersed metal phases. In contrast, TiOrsupported Pt and Ir catalysts display low H/M 
ratios (<O&t) following hydrogen reduction at 773 K. The suppressed hydrogen uptakes typically 
exhibited by TiOrbased Group VIII metal catalysts result from a strong metal-support interaction 
(SMSI) and not from a poor metals dispersion. Following reduction at 773 K, the H/M ratios 
displayed by Pt and Ir catalysts supported on TiOr-AIrOr mixed-oxide carriers are intermediate in 
value between those observed on TiOr and A&O3 supports. The extent of Hz uptake suppression is 
dependent upon the relative TiOr and Group VIII metal concentrations on the AlrOr surface. The 
magnitude of H2 uptake suppression (and thus SMSI formation) increases at higher TiOJGroup 
VIII metal ratios. Higher reduction temperatures and extended reduction times at a given elevated 
temperature also enhance SMSI formation. Taken together, these results imply that the generation 
of reduced Group VIII metal-Ti02-X species on the Alz03 surface may be responsible for the SMSI 
effect. 0 1985 Academic Press. Inc. 

1. INTRODUCTION 

Over the past several years, a new family 
of supported metal catalysts has been de- 
veloped by a large number of investigators. 
Through the early efforts of Tauster et al., a 
number of ceramic carriers which induce 
strong interactions with a supported metal 
phase were identified (I, 2). Systems exhib- 
iting strong metal-support interactions 
have been designated SMSI catalysts. Rep- 
resentative carriers include TiOz, V203, 
TazOs, and NbzOs, and typical metals in- 
clude the Group VIII series (2). 

Group VIII metal SMSI catalysts are 
phenomologically characterized by sup- 
pressed HZ and CO chemisorption capaci- 
ties and in certain cases by a resistance to 
sintering of the Group VIII metal compo- 
nent at elevated reduction or oxidation tem- 
peratures (I). The presence of welldis- 
persed Group VIII metal phases in SMSI 
catalysts has been established by X-ray line 
broadening, transmission electron micros- 

copy (TEM), and 02 chemisorption mea- 
surements (I, 3-5). The essential absence 
of Hz and CO chemisorption is a conse- 
quence of SMSI and not the result of a 
poorly dispersed Group VIII metal compo- 
nent. The existence of strong metal-sup- 
port interactions has also been inferred 
from experiments in which bulk Group VIII 
metals were found to disperse on TiOz fol- 
lowing calcination of a physical mixture of 
the two components at elevated tempera- 
tures. 

Group VIII metal SMSI catalysts have 
also been reported to alter numerous cata- 
lytic reaction patterns (6-10). An example 
of such reactivity modification is ethane hy- 
drogenolysis. The hydrogenolysis activities 
of Pt and Ir supported on A&03, SiOz, and 
TiOz carriers are compared in Table 1. The 
hydrogenolysis activities of Pt and Ir on 
Ti@ are approximately an order of magni- 
tude lower than the same metals supported 
on either Al203 or SiOz . Suppressed hydro- 
genolysis, as well as hydrogenation, activi- 
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TABLE 1 

Ethane Hydrogenolysis: The Effect of Support on 
Catalyst Activity” 

Catalyst I-Lb 

2% R/A&Or 55 
10% Pt/Sid,d 54 
2% Pt/TiOr 55 

Rate’ (523 K) 

5.7 x 109 
2.2 x 109 
1.3 x 108 

2% Ir/AlrOs 
10% IrlSiOzd 
2% IrlTiOz 

51 5.2 x 10” 
36 5.8 x lOI 
46 2.9 x 1O’2 

B Ethane hydrogenolysis was carried out at 101 kPa 
with partial pressures of He, Hz, and ethane of 78, 20, 
and 3 kPa, respectively. 2.0 g of catalyst was em- 
ployed and reduced at 673 K with 20% H2/He (500 
cmVmin) for 1 .O hr prior to use. 

b E. = apparent activation energy (kcabmole). 
c Reaction rates (molecules/set/cm*). 
rl Abstracted from Sinfelt (30). 

ties appear to be a general feature of SMSI 
catalysts. 

Although SMSI carriers successfully sta- 
bilize some Group VIII metals against re- 
ductive and oxidative sintering and benefi- 
cially modify certain catalytic conversions 
(e.g., reduce hydrogenolysis, lower meth- 
ane made under Fischer-Tropsch synthesis 
conditions), they do suffer several limita- 
tions. Chief among these is that, under typi- 
cal reaction temperatures (570-870 K), 
SMSI carriers often experience reductions 
in surface area. Following thermal treat- 
ment BET surface areas of 25 m2/g or less 
are exhibited by many of these carriers. 
The loss in carrier surface area potentially 
reduces the quantity of Group VIII metals 
which can be maintained in a well-dis- 
persed state. Surface-area collapse may 
also encapsulate a significant quantity of 
the Group VIII metal component within the 
carrier pore structure and thereby render 
the active metal unavailable for catalytic 
utilization. Finally, a loss in surface area 
can significantly reduce the concentration 
of Group VIII metals which can be retained 
on the carrier surface. 

In an attempt to stabilize the surface area 

of SMSI carriers, preparative techniques 
were employed which place a SMSI phase 
on the surface of a non-SMSI support. The 
preparative technique involves the reaction 
of a hydrolyzable complex of titanium (e.g., 
TiCh, Ti(OC3H&) with the hydroxyl 
groups present on the surface of supports 
such as A1203 and Si02 (II). The generation 
of a supported Ti02 phase is completed by 
air calcining the partially hydrolyzed sur- 
face complex at an elevated temperature. 
Supported Ti02 carriers display high, ther- 
mally stable BET surface areas and exhibit 
only A&O3 or Si02 X-ray diffraction pat- 
terns. The absence of X-ray diffraction pat- 
terns from the supported TiO2 component 
suggests that this phase is either well dis- 
persed over the A&O3 or SiO2 surface or 
that it is amorphous. 

Preliminary chemisorption studies indi- 
cated that Group VIII metals supported on 
Ti02-A1203 carriers exhibit H2 chemisorp- 
tion uptakes intermediate between those 
found on TiOz and A1203. To better quan- 
tify the effects changes in the Ti02 Group 
VIII-metal ratio have upon chemisorption 
properties and relative oxidative sintering 
stabilities of Group VIII metals, a study of 
Pt and Ir catalysts on Ti02, A1203, and 
Ti02-A1203 carriers was undertaken. The 
investigative probes included X-ray diffrac- 
tion, H2 chemisorption, and TEM measure- 
ments. This paper summarizes the results 
of these studies. 

2. EXPERIMENTAL 

Catalysts. A series of 0.3-2 wt% Pt and 
Ir catalysts was prepared on Ti02, A1203, 
and Ti02-A1203 supports by incipient wet- 
ness impregnation. Analyzed aqueous solu- 
tions of chloroplatinic and chloroiridic 
acids (0.1 g metal/cm3) were employed. The 
impregnates were dried in dry air for 16 hr 
at 393 K and then mildly calcined in dry air 
at 543 K for an additional 4.0 hr. Metal 
analyses were found in all cases to be in 
good agreement with the nominal values 
(12). Ti02 supports were used as supplied 
by either Degussa or Cabot Corporation. 
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The physical properties of both of these 
materials are similar (I). TiO2-Al203 
mixed-oxide supports were prepared by the 
incipient wetness impregnation of dried r)- 
A&O3 powders (192 m*/g) with heptane so- 
lutions of TiCI, under a nitrogen atmo- 
sphere in a drybox enclosure. Heptane was 
removed with reduced pressure ( 10m3 Ton-). 
A surface TiO2 phase was produced by air 
calcining the partially hydrolyzed titanium 
chloride at 823 K for 16 hr. Ti02-Al203 sup- 
ports were also prepared by the incipient 
wetness impregnation of dry y-Al203 (178 
m*/g) with toluene solutions of titanium iso- 
propoxide (Ti(OC3H&) under nitrogen. 
Toluene was removed with reduced pres- 
sure. A surface TiOz phase was prepared by 
allowing the isopropoxide to slowly hydro- 
lyze in air overnight followed by air calcin- 
ing at 823 K for 16 hr. The air-calcined 
Ti02-A&O3 mixed-oxide supports are 
white. 

Chemisorption measurements. Hydro- 
gen chemisorption studies were performed 
with a conventional glass-vacuum system 
(13). The system incorporated an oil-diffu- 
sion pump backed by a mechanical pump 
with liquid-nitrogen traps on the inlet and 
outlet of the diffusion pump. Ultimate dy- 
namic vacua of about lo-’ Tort- were ob- 
tainable. Pressure measurements during 
chemisorption studies were made with a 
Texas Instruments precision pressure 
gauge. Samples of l-4 g, sieved to 20-40 
mesh size, were placed in flow-through 
cells made of quartz. Samples were re- 
duced at selected temperatures under hy- 
drogen (500 cm3/min) in situ for various 
times. The reduced samples were allowed 
to cool 50 K below the reduction tempera- 
ture under hydrogen and evacuated at this 
temperature for 0.5 hr. The sample was 
then cooled under dynamic vacuum to 
room temperature. Longer evacuation 
times did not affect the chemisorption 
results. Hydrogen uptakes were deter- 
mined at 298 f 2 K on the reduced and 
evacuated samples. Typically, 0.5 hr was 
allowed for each uptake point. H/M ratios 

were calculated by assuming that H2 up- 
takes at zero pressure of H2 corresponded 
to saturation coverage of the metal. These 
uptakes were determined by extrapolation 
of the high-pressure linear portion of the 
isotherm as described by Benson and 
Boudart and Wilson and Hall (24, IS). BET 
surface-area measurements were deter- 
mined with argon at liquid-nitrogen temper- 
ature (16). A value of 0.146 nm* was as- 
sumed for the area of an argon atom 
and a value of 210 Tot-r was used for PO. 
Hydrogen of 99.95% purity was passed 
through a Deoxo unit (Engelhard Indus- 
tries, Inc.), a 5-A molecular-sieve drying 
trap, an Oxy-trap (Alltech Associates, 
Arlington Heights, Ill.) to remove last 
traces of oxygen, and finally through a liq- 
uid-nitrogen trap before being admitted to 
the catalyst for reductions or chemisorption 
measurements. 

Sintering treatments. Oxidative calcina- 
tions of catalysts under 101 kPa (760 Tort) 
total pressure and various temperatures 
were carried out by one of the following 
procedures: (i) calcining under dry air in a 
muflle furnace, (ii) calcining under dry air 
or 20% 02/He flowing at 500 cm3/min in a 
quartz tube furnace, or (iii) calcining under 
dry air (200-500 cm3/min) in a quartz gas- 
adsorption cell. Catalysts were reduced 
prior to oxidative calcination treatments. 

X-Ray difiaction measurements. A Phil- 
ips Electronics X-ray diffractometer 
(XKG-3000) with nickel-filtered CuKol radi- 
ation was used for X-ray diffraction stud- 
ies. Metal and metal-oxide crystallite sizes 
were calculated from line-broadening mea- 
surements , as described elsewhere (I 7). 
The 400 diffraction line of A1203 was em- 
ployed as an internal standard when the rel- 
ative extent of Group VIII-metal sintering 
was determined. 

Cyclohexene isomerization. Cyclohex- 
ene conversions were carried out over 
Al203 and Ti02-A1203 supports in a 25-cm3 
fixed-bed stainless-steel reactor to ascer- 
tain the relative acidity of these materials 
(18). Skeletal isomerization of cyclohexene 
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to a mixture of isomeric (I, 3, I)-methylcy- 
clopentenes was carried out at 623 K under 
1380 kPa total pressure. The space velocity 
was 25 WHW and the Hz/cyclohexene ratio 
was held at 2.3. Preliminary studies estab- 
lished that under these conditions no ap- 
preciable mass or pore-volume diffusion 
limitations were encountered with these 
materials. Product analyses were carried 
out by on-line GC measurements employ- 
ing a 300-ft. squalene capillary column in 
conjunction with flame-ionization detec- 
tion. 

Acidity measurements. The acidities of 
TiOt , Al203, and Ti02-A120s supports 
were determined by titration of the solids 
with a standardized n-butylaminelbenzene 
solution in the presence of a series of Ham- 
mett indicators (19, 20). Prior to acidity 
measurements the supports were calcined 
under dry air at 773 K. 

TEM measurements. Electron micros- 
copy studies were performed on a Philips 
EM300 transmission electron microscope 
as described by Prestridge and Yates (21). 

3. RESULTS AND DISCUSSION 

General Properties of Ti02-Alz03 
Supports 

Selected properties of the TiOt , A1203, 
and TiO&l203 supports used in this study 
are summarized in Table 2. Ti02-A1203 
mixed-oxide supports retain BET surface 
areas in the range of 150-180 m2/g even af- 
ter calcining at 870-1070 K for extended 
times. Air-calcined TiO2-A1203 samples are 
devoid of TiOt X-ray diffraction lines. The 
absence of a Ti02 X-ray pattern suggests 
that this phase is well dispersed over the 
Al203 surface. In the case of a 16.7% Ti02- 
Al203 carrier, selected area electron micro- 
scopic examination failed to reveal the 
presence of TiO2. This result indicates that 
TiO2 is present in crystallites less than 1.0 
nm in diameter and moreover that such 
crystallites must be highly dispersed over 
the Al203 surface. In general, the surface 
hydrolysis method of preparation favors 

TABLE 2 

Selected Properties of Ti02, A1203, and 
TiO*-A&O3 Supports 

SUPport BET Total acidity” Strong acidity 
surface area Ho 5 -3.0 Ho 5 -8.2 

(m*k) (rO.l pmole/m*) (20. I ~molelm’) 

wQO3 192 2.5 1.7 

Y-.&O, 178 2.5 1.7 
TiO#’ 60 I.1 0 

2. I% TiOz-AITO$ 179 I.8 1.8 
16.7% Ti02-A120$ 161 2.0 1.7 
1.7% Ti02-A120Jd 154 2.2 2.1 
8.3% Ti&-A1203d 159 2.0 2.0 

16.7% TiOrAl&” 153 2.1 2.1 

o Total acidity includes sites of strengths ~-8.2, r-5.6, and r-3.0 
Ho as determined by n-butylamine titration in the presence of a series of 
Hammett indicators: Ha r-8.2. anthmquinone indicator (acidic form 
requires 90% HzSO& If0 r-5.6. benzalacetophenone indicator (acidic 
fomt requires 71% H+O& Ho ~-3.0, dicinnamalacetow indicator 
(acidic form requires 48% HlSOd). 

b Strongest acid sites are Ho s-5.6. 
c Prepared by TiCI, impregnation of l)-AIZO, (mixed oxide prepared by 

calcining at 823 K under air for I6 hr). 
d Prepared by Ti(OC,H,)d impregnation of y-Al203 (mixed oxide pre- 

pared by calcining at 823 K under air for I6 hr). 

the formation of well-dispersed TiO;! 
phases. In contrast to Ti02-Al203 carriers, 
air calcination of Ti02 at 870 K results in a 
decrease in BET surface area from 60 to 18 
m2/g. Thermally stable Ti02-A&O3 mixed- 
oxide carriers, thus, offer the potential of 
providing a well-dispersed TiO;! surface 
phase at which a SMSI may occur with a 
supported Group VIII metal. 

n-Butylamine titrations on TiOz-Al203 
carriers were performed to establish if a 
supported TiOz phase modifies that acidity 
of the Al203 support. The total acidity of 
Ti02 per unit surface area is about 60% 
lower than that of q- or y-A120J (see Table 
2). Unlike the transitional aluminas, TiOz 
does not possess acidic centers stronger 
than HO = -5.6. Mixed-oxide Ti02-A1203 
supports, however, exhibit acidities com- 
parable to that of A1203. An eightfold in- 
crease in the supported TiOz concentration 
did not measurably decrease the number of 
strong acid sites (Ho I -8.2). We have esti- 
mated that 2.1 and 16.7% Ti02 phases dis- 
persed monoatomically as TiO2 would oc- 
cupy 6.2 and 49.5%, respectively, of the 
A1203 surface. Acidity retention demon- 
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- 16.7% TiOzA1203 

TIME ON FEED WNI 

FIG. 1. Isomerization of cyclohexene over Ti02- 
AlzOJ mixed-oxide supports. Run conditions: 623 K, 
1380 kF%, HJcyclohexene = 2.3, WHW = 25. 

skated by the Ti02-A&O3 carriers implies 
that either TiOz does not interact with the 
Al203 acid sites which trigger Hammett in- 
dicators or that new acid centers are gener- 
ated at an A1203-Ti02 interface. Further, 
the choice of Ti precursor does ndt appear 
to affect the number or the distribution of 
acid sites on Ti02-A&O3 supports. 

The retention of acidity on the TiOz- 
Al203 mixed-oxide carriers suggested by 
the n-butylamine titrations was confirmed 
by cyclohexene isomerization studies. The 
results of these studies are presented in Fig. 
1. As measured by the quantity of cyclo- 
hexene isomerized, 8.3 and 16.7% TiOl- 
Al203 supports prepared via a Ti(O&H& 
precursor are 30 to 40% less active isomeri- 
zation catalysts than y&03. Thus cyclo- 
hexene isomerization is a more sensitive 
surface acidity probe than n-butylamine ti- 
tration, since the latter method indicated 
little (about 10%) acidity differences be- 
tween these materials and -+&OS. A 1.7% 
TiO&l203 carrier, also prepared via 
Ti(OCsH7)4, exhibits an isomerization ac- 
tivity comparable to that of y-A1203. This 
result indicates that low Ti02 concentra- 
tions do not adversely effect the acidity of 

y-A&03. TiO&lz03 catalysts prepared via 
impregnation of Tic4 are about 30% more 
active cyclohexene isomerization catalysts 
than those prepared using a Ti(OCsH& pre- 
cursor. This difference arises from the re- 
tention of the chloride ion (-0.6 wt%) on 
the TiCLprepared mixed oxides. Upon the 
addition of 0.6 wt% Cl, the isomerization 
activity of y-AIZOJ is also increased by 
about 30%. The catalysts compared in Fig. 
1 exhibited essentially equivalent selectivi- 
ties as measured by the l/(3 + 4) ratio of 
isomeric methylcyclopentenes. The mea- 
sured ratios are close to the 3.6 equilibrium 
value expected at 623 K (22). 

Chemisorption Studies 

A number of Pt and Ir catalysts sup- 
ported on TiOl, A&03, and Ti02-A1203 
carriers have been characterized by HZ che- 
misorption measurements. A sampling of 
these measurements is presented in Table 
3. Catalysts were routinely reduced under 
HZ (500 cm3/min) at 773 K then evacuated 
at 723 K for 0.5 hr prior to H2 chemisorp- 
tion measurements at 298 K. Calcined sam- 
ples were treated under 20% OJHe (500 
cm3/min) at 773 K for 4.0 hr and then sub- 
jected to the reduction conditions outlined 
above. 

A1203 Supported Catalysts 

Fresh 0.3-2% Pt on Al203 catalysts ex- 
hibit H/Pt values near unity. Such values 
are normal for well-dispersed platinum cat- 
alysts (23, 24). Pt/Al203 catalysts calcined 
under oxygen at 773 K retain high surface 
areas. Temperatures in excess of 900 K are 
generally required to appreciably sinter 
AlZ03-supported Pt catalysts (25). Fresh Ir/ 
Al203 catalysts exhibit H/Ir values in ex- 
cess of unity. H/k values in the range 1.8 to 
2.6 are typically obtained for fresh 0.3 to 
2% Ir catalysts (26, 27). Multiple absorbate 
bonding has been shown to be a property of 
highly dispersed iridium particles and not of 
hydrogen spillover (26). Ir/A1203 catalysts 
oxidatively calcined at 773 K for 4.0 hr are, 
in contrast to Pt/AlzO, catalysts, readily 
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TABLE 3 

Chemisorption Measurementsa 

Group VIII metal support (%) H/M 

A&O3 Ti02 Fresh Calcinedb 

2%Pt 100 - 1.0 1.0 
1% Pt loo - 1.2 1.2 
0.3% Pt 100 - 1.2 1.2 
2% Ir loo - 1.9 0.38’ 
1% Ir 100 - 2.1 0.28’ 
0.3% Ir 100 - 2.6 0.48’ 
2%Pt - 100 0.01 0.02 
0.3% Pt - 100 0.04 0.03 
2% Ir - 100 0.02 0.01 
0.3% Ir - 100 0.01 0.01 
0.3% Pt 98.3 1.7 1.2 1.2 
0.3% Pt 97.9 2.1 1.1 1.1 
0.3% Pt 83.3 16.7 0.63 0.62 
2% Pt 83.3 16.7 0.44 0.46 
0.3% Ir 97.9 2.1 2.5 12 
0.3% Ir 83.3 16.7 1.4 0.23c 
2% Ir 83.3 16.7 0.74 0.16’ 

o Catalysts reduced 2 hr at 773 K under H2 (500 cm31 
min) then evacuated at 723 K for 0.5 hr prior to chemi- 
sorption measurements at 298 2 2 K. 

b Calcined under 20% OJHe (500 cm3/min) at 773 K 
for 4.0 hr then subjected to conditions outlined in (a) 
above. 

c Calcined samples demonstrated IrOt X-ray diffrac- 
tion patterns indicating substantial crystallite growth 
(15 to 25-m-n particles). 

sintered. The sintering process is accompa- 
nied by a sharp decrease in the respective 
H/Ir values and by the appearance of IrOz 
X-ray diffraction lines in the calcined sam- 
ples (25, 28, 29). 

TiOI-Supported Catalysts 

Platinum and iridium supported on Ti02 
demonstrate extremely suppressed hydro- 
gen uptakes following reduction at 773 K. 
H/M values for these catalysts are typically 
less then 0.02. The suppression of Hz che- 
misorption is essentially independent of 
metal loading. The inability of these cata- 
lysts to chemisorb hydrogen at room tem- 
perature is a consequence of SMSI and is 
not the result of poorly dispersed Group 
VIII-metal phases (I). The apparent H/M 
values of TiOz-supported Pt and Ir catalysts 

are not altered upon calcining under oxygen 
at 773 K. Both fresh and calcined TiOz- 
based catalysts are devoid of X-ray diffrac- 
tion patterns due to sintered metal (Pt, It-) 
or metal-oxide (IrO?) phases. Alumina-sup- 
ported Pt or Ir catalysts displaying H/M 
values near 0.02 would, in contrast, display 
X-ray lines indicative of large, 40- to 60-nm 
metal crystallites. The absence of X-ray dif- 
fraction lines in calcined TiOz-supported 
catalysts indicates that the metal crystal- 
lites are less than 5.0 nm in diameter (17). 

The extent of H2 chemisorption suppres- 
sion in Ti02-based, SMSI catalysts is de- 
pendent upon reduction temperature. This 
dependency is presented in Fig. 2. The 
curves show that the H/M values of both Pt 
and Ir are markedly lowered at higher re- 
duction temperatures. Following a 573 K 
reduction, Pt and Ir are only partially in the 
SMSI state. The nearly complete suppres- 
sion of hydrogen chemisorption at higher 
reduction temperatures suggests the forma- 
tion of a reduced surface species of some 
kind. The generation of a Group VIII 
metal-TiOz-, species has been implicated 
as a possible reduced metal phase (I, 2, 5). 
The SMSI state established by reduction at 
773 K is destroyed by calcining in air at 
temperatures above 673 K. Subsequent re- 
duction of the calcined catalyst at 573 K 
generates a system which exhibits an H/M 

I ’ 1 
1.2 - 

1 I I I 
573 773 

REDUCTION TEMPERATURE f”K) 

Fro. 2. The effect of reduction temperature on the 
hydrogen uptakes of TiOTsupported 0.3% Pt and 0.3% 
Ir catalysts. Reduction conditions: 573 or 773 K, Hz 
(500 cm3/min), 2.0 hr. 
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TABLE 4 

Sintering of 2% Iridium Catalysts” 

support (%) 

A403 TiOZ 

110~ crystallite 
size6 
(ma 

Relative 
sinteringc 

(o/ 

- loo - 0 
loo - 18-22 100 
83.3 16.7 18-22 85-90 

o Following an H2 reduction at 773 K, the catalysts 
were calcined under 29% Or/He (500 cm’/min) at 773 
K for 4.0 hr. 

b Calculated from the half-width of the IrOr diffrac- 
tion line at 28 = 53.8”. 

c Calculated from the relative peak areas of the IrOr 
diffraction line at 28 = 28” and the A&Or (400) ditfrac- 
tion line. 

value similar in magnitude to that obtained 
by reducing the fresh catalyst at the lower 
temperature. The destruction of the SMSI 
state by oxidation supports the contention 
that a reduced Group VIII metal-Ti surface 
species is responsible for the suppression of 
HZ chemisorption in Rt and Ir on TiO:! cata- 
lysts. 

TiOz-AlzO&pported Catalysts 

The HEY values of fresh Pt on TiOz- 
Al203 catalysts (see Table 3) reduced at 773 
K decrease from unity at higher TiOJPt ra- 
tios. This may result either from a lower 
initial platinum dispersion (2- to 4-nm Pt 
crystallites versus 1 .O-mn Pt crystallites) or 
from partial SMSI formation between the 
supported Ti02 phase and a fraction of the 
platinum component. It is reasonable to as- 
sume that the latter effect would be favored 
in catalysts possessing higher TiO#t ra- 
tios. As found for Pt/A1203 catalysts, the 
apparent H/Pt values of these catalysts are 
not lowered by oxidative calcination at 773 
K. 

H/Ir values for fresh Ir on TiO+U203 
catalysts were also found to decrease with 
increasing TiOz/Ir ratios. Thus the chemi- 
sorption behavior of Pt and Ir supported on 
TiOrA1203 carriers is dependent upon the 
relative metal and Ti02 concentrations on 

the A&O3 surface. In contrast to Pt/TiOZ- 
Al203 and Ir/TiOa catalysts, Ir/TiO&l203 
catalysts were sintered upon calcining un- 
der oxygen at 773 K (see Table 4). The rela- 
tive extent of Ir sintering on TiOz-A1203 
carriers is comparable to that observed 
for Ir/A1203 catalysts. Thus, Ti02-A1203 
mixed-oxide carriers function as SMSI sup- 
ports under reducing conditions but, in con- 
trast to TiO*, do not stabilize Ir against 
oxidative agglomeration. An attempt was 
made to redisperse a sintered 2% h-/16.7% 
TiO+&Os catalyst by reducing under hy- 
drogen at 973 K for several hours. Such 
conditions, it was reasoned, might gener- 
ate mobile Ir species which would be sub- 
sequently trapped by well-dispersed, re- 
duced, surface Ti02 centers. The result of 
such a capture would possibly by the for- 
mation of a more highly dispersed, Ir- 
TiOa-, surface species. Redispersion, how- 
ever, by this procedure was not successful. 

The Effect of Reduction Temperature 

The effect of reduction temperature on 
the Ha chemisorption properties of 0.3% Pt 
catalysts on Al203 and TiO+U203 carriers 
is summarized in Fig. 3. The curves were 
generated by sequentially reducing the 
three catalysts under Hz (500 cm3/min) at 
the stated temperatures for 2.0 hr. Hz che- 

1.4 - 

1.2 - 

1.0 - 

f 0.8 - 

0.8 - 

0.4 - 

0.2 - 

0.0 1 ’ I I 
573 7Y3 873 

REDIJCTIDN TEMPERATURE 1°K) 

FIG. 3. The effect of reduction temperature on the 
hydrogen uptakes of 0.3% Ft catalysts on Al203 and 
TiO&&Or supports. Reduction conditions: 573,773, 
and 973 K, HZ (500 cmVmin), 2.0 hr. 
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0 1 2 3 4 5 6 7 

REDUCTION TIME (HR) 

FIG. 4. The effect of extended reduction times on 
the hydrogen uptakes of a 0.3% Pt/16.7% Ti02-A&O3 
catalyst. Reduction conditions: 773, 873, and 973 K, 
HI (500 cm3/min), 0.25 to 7.0 hr. 

misorption at 298 K was then measured af- 
ter each reduction step. 

The H/Pt ratio of 0.3% Pt/A1~0~ was not 
altered by increasing the reduction temper- 
ature from 573 to 973 K. The two TiOz- 
AlzOj-supported 0.3% Pt catalysts, how- 
ever, exhibit increasingly lower H/Pt 
values at higher reduction temperatures. 
The largest decrease in H/Pt value oc- 
curred in the catalyst containing the higher 
TiOJPt ratio. The suppression of hydrogen 
uptake is consistent with the onset of 
SMSI. The data suggests that SMSI forma- 
tion is favored by higher TiOJPt ratios and 
by higher reduction temperatures. At the 
higher reduction temperature, the 0.3% Pt/ 
16.7% Ti02-A&O3 catalyst demonstrated 
an H/Pt value approaching that exhibited 
by Pt/TiOn catalysts in the SMSI state. As 
was found for Pt/Ti02 catalysts, the SMSI 
state in TiOz-A1203-supported 0.3% Pt cat- 
alysts was broken by calcining under 20% 
Oz/He (500 cm3/min) at 723 K for 4.0 hr. 
Upon breakage of the SMSI and then re- 
ducing at a lower temperature, a substantial 
increase in the H/Pt value occurred. Fol- 
lowing a 573 K reduction, the calcined Pt/ 
TiO&lzOs catalysts regained 60-70% of 

their initial (non-SMSI state) H/Pt values. 
No X-ray evidence for the sintering of Pt 
was observed in any of these catalysts. 

The Effect of Reduction Time 

The effect of extended reduction times 
on the Hz chemisorption properties of a 
0.3% Pt/16.7% Ti02-A120~ catalyst is pre- 
sented in Fig. 4. The catalyst was sequen- 
tially reduced under Hz (500 cm3/min) for 
the times and temperatures listed on the 
curve. At a given reduction temperature, a 
substantial decline in the H/Pt value was 
observed over a 7-hr period. The initial H/ 
Pt of 1.3 1 (t = 0) was obtained on a sample 
reduced at 573 K for 2.0 hr. At this temper- 
ature, the Pt component is not in a SMSI 
state and displays normal HZ chemisorption 
behavior. At higher reduction tempera- 
tures, the major decrease in hydrogen up- 
take occurs within the first hour of treat- 
ment. The initial rapid loss in H2 chemi- 
sorption capacity followed by a more 
gradual decline in Hz uptake at a given tem- 
perature suggests that the migration of Pt to 
a reduced TiOz center may be kinetically 
controlling the rate of SMSI formation. Re- 
duction for 7 hr at 973 K was required to 
completely suppress H2 chemisorption. A 
complicating factor present in the Pt/TiOl- 
A120, system may be the reducibility of the 
TiOp centers. A TiOz site on an A1203 ma- 
trix may be more difficult to reduce than 
pure TiOz. Such an effect may partially ac- 
count for the higher reduction temperatures 
required to impart SMSI formation in Pt/ 
Ti02-A&O3 catalysts. Electron micro- 
graphs of the 16.7% Ti02-A&O3 support 
and the 0.3% Pt/16.7% TiO*-A1203 catalyst 
each reduced at 973 K for 7 hr were re- 
corded. No evidence for the presence of a 
Ti02 phase was observed in either sample. 
The platinum-containing catalyst exhibited 
thin, faceted Pt crystallites having maxi- 
mum diameters of 1.5 nm. The average Pt 
diameter for the observable crystallites was 
near 1.0 nm. The electron micrographs thus 
support the suggestion that the suppression 
of H2 chemisorption in Pt/Ti02-A1203 cata- 
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lysts results from the SMSI formation and 
not from agglomeration of the Pt compo- 
nent . 

4. SUMMARY 

A number of Pt and Ir catalysts sup- 
ported on TiOl, AI~OJ, and Ti02-AlzOJ 
carriers were studied by Hz chemisorption, 
X-ray diffraction, and TEM measurements. 
Fresh Pt and Ir catalysts supported on 
Al203 exhibit high H/M values indicative of 
well-dispersed noble metal components. 
The surface areas of Pt/A1203 catalysts are 
not lowered by oxidative calcination at 773 
K. Ir/Alz03 catalysts are, in contrast, sin- 
tered by such treatments. 

Fresh Pt and Ir on TiO2 catalysts display 
extremely low (CO.02) H/M values. Sup- 
pressed hydrogen uptakes result from 
SMSI formation and not from poorly dis- 
persed metal phases. TiOz-supported Pt 
and Ir catalysts are not sintered by calcin- 
ing under oxygen at 773 K. 

The H/M ratios of fresh Ti02-AlzO3-sup- 
ported Pt and Ir catalysts are intermediate 
in value to those found on Ti02 and Al203 
supports. The extent of hydrogen uptake 
suppression depends upon the relative 
Group VIII-metal and TiOz concentrations 
on the Al203 carrier. The magnitude of HZ 
chemisorption suppression increases with 
increasing TiOz/Group-VIII metal ratio. 
This systematic trend implies that interac- 
tion between the supported Group VIII 
metal and Ti02 components is favored 
at higher TiOz/Group VIII-metal ratios. 
Higher reduction temperatures and in- 
creased reduction times also enhance the 
rate of loss of Hz chemisorption (SMSI for- 
mation). Oxidative sintering of Ir catalysts 
on Ti02-Al203 supports is comparable to 
that observed for Ir/Al~03 catalysts. 
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