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The strong metal-support interaction (SMSI) in the system consisting of iron supported on high-
surface-area titania powder was investigated. By observation of the anatase-rutile phase transi-
tion, titania grain enlargement, and the SMSI effect at several reduction temperatures in the range
643-873 K, it was found that these three phenomena occur simultaneously at reduction tempera-
tures above 723 K. This suggests that the three phenomena are interrelated, and that the phase
transition and grain enlargement are important factors concerning SMSI in high-surface-area pow-
der samples. A mechanism has been proposed whereby Ti** defect centers in the titania lattice
formed from support reduction are responsible for acceleration of phase transition and grain en-
largement, and the TiO, species that migrates onto supported metal particles is formed during the
chaotic state of simultaneous phase transition and grain enlargement. At the temperature of the
onset of the above three phenomena (~723 K), a stabilization against high-temperature sintering of
iron particles became evident, suggesting that this effect becomes operative at the onset of SMSI.
Iron particles supported on rutile were significantly smaller than anatase-supported particles which
were reduced at the same temperature. The rutile was formed from anatase before impregnation
with iron by reduction in hydrogen at 873 K followed by oxidation with oxygen at 473 K. The
smaller iron particles and incomplete iron reduction were attributed to Q; ions adsorbed to the
titania surface which acted to anchor Fe’* and/or Fe?* ions to the support, preventing their

migration and combination to form large fully reduced iron particles.

INTRODUCTION

In 1978 it was reported that the chemi-
sorption capacities of group VIII noble
metals supported on titania were drastically
suppressed due to a strong metal—support
interaction (SMSI) after hydrogen reduc-
tion at temperatures near 773 K (/). The
anomalous chemisorption behavior was at-
tributed to chemical interaction between
metal and support, such as bonding of noble
metal atoms to surface titanium ions, or in-
termetallic compound formation. Similar
decreases in chemisorption capacities after
reduction at high temperatures were later
noted with iridium supported on a series of
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other oxides (2). In fact, it was observed
that the extent of chemisorption suppres-
sion correlated well with the reducibility of
the support. Increased d-orbital occupancy
of the support, with subsequent covalent
bond formation between support metal ions
and supported metal atoms, was proposed
as a possible mechanism for the effect. The-
oretical calculations performed by Horsley
(3) on surface clusters formed between Pt
and the (TiOg)®~ octahedron indicated that
indeed covalent sharing between Pt and the
support surface is likely if one of the oxy-
gen atoms is removed from the octahedron.
It has been established that titania is re-
duced in hydrogen at temperatures where
SMSI is observed (4-7). Ultraviolet and x-
ray photoelectron spectroscopic measure-
ments have indicated reductions in binding
energies of titania-supported metals, pro-
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viding evidence for increased electron den-
sity of the metal (8—10). Thus, reduction of
the support and subsequent electronic in-
teraction with supported crystallites
seemed plausible. Several other studies
proposed similar electronic interactions be-
tween metal and support as the origin of
SMSI (11-13).

Evidence suggestive of a different mech-
anism for the metal-support interaction in
metal-titania systems was provided in a
study by Simoens et al. (14), who prepared
a special model catalyst by evaporating a
nickel film onto a surface having areas of
silica and titania. After reduction, Auger
analysis detected titanium, nickel, and oxy-
gen on the nickel covering the titania sur-
face, whereas only nickel was detected on
the regions overlaying silica. This result
suggested that a titania species had mi-
grated onto the nickel surface. Similar ob-
servations were made by Sadeghi and
Henrich (15) with a model catalyst consist-
ing of rhodium evaporated onto a titania
single crystal. After H, or vacuum reduc-
tion at 673 K, they obtained surface depth
profiles by monitoring Auger signals while
sputtering with Ar* ions. The initially high
oxygen and titanium signals, which sharply
decreased as the rhodium signal increased,
suggested that a titanium species had mi-
grated onto the rhodium surface. This was
supported by the observation that before
sputtering the surface would not chemisorb
CO, but after sputtering CO chemisorption
occurred. Other studies provided evidence
that the surface properties of titania-sup-
ported crystallites were influenced by diffu-
sion of titania adspecies to particle surfaces
(16-19).

Recently, Raupp and Dumesic (20) have
demonstrated the presence of both diffu-
sional and electronic effects in a model Ni/
TiO, catalyst. Nevertheless, when metal-
titania catalysts are reduced at temper-
atures in excess of 773 K, several phe-
nomena are known to occur. Reduction
of the support has been reported at temper-
atures below 773 K (4-7). The anatase—
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rutile phase transition has been observed at
temperatures as low as 623 K for samples
treated in hydrogen (21-23). Loss in sup-
port surface area has also been observed at
673 K and higher (24, 25); and the well-
known metal-support interaction becomes
evident at temperatures near 773 K and
higher. Thus, it appears that with high-sur-
face-area titania-supported metals, the ana-
tase-rutile phase transition and surface
area loss may be occurring in samples re-
duced near 773 K where the SMSI effect is
observed. It is therefore important to deter-
mine what effect, if any, these phenomena
have on the metal-support interaction. In
this investigation, the properties of titania-
supported iron crystallites, as well as the
phase composition and morphology of the
support, were studied over a range of re-
duction temperatures which included the
temperature at which SMSI occurs. It was
noted that the anatase—rutile phase transi-
tion, growth of titania grains, and the SMSI
effect all occurred simultaneously at reduc-
tion temperatures above 723 K. This sug-
gests that these three phenomena are inter-
related, and that the phase transition and
grain growth are important phenomena
concerning SMSI. A mechanism is pro-
posed which takes into account these and
other observations.

EXPERIMENTAL

Catalyst preparation. All catalysts were
prepared using Degussa P-25 TiO,. x-Ray
diffraction analysis of the material indi-
cated that it was approximately 15% rutile,
85% anatase. No other phases could be de-
tected in the diffraction patterns. Catalyst
samples were prepared by incipient wet-
ness impregnation with saturated solutions
of Fe(NOs); - 9H,0 (99.997%, Aldrich) in 1
and 2 M HNO; and in dimethyl formamide
(DMF). This was done to determine the ef-
fect of acid concentration on the resulting
catalyst, as well as to determine if any dif-
ferences exist between catalysts prepared
with aqueous and organic impregnating sol-
vents. The nitric acid and DMF used were
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both reagent grade, and were obtained from
Fisher Scientific. Impregnation was accom-
plished by dropwise addition of 0.25 ml of
solution per gram of titania powder, after
which samples were air-dried at 393 K for
24 h. Two successive impregnations in this
manner yielded samples with composition
between 6 and 7 wt% iron. The exact com-
position was determined by inductively
coupled plasma (ICP) spectroscopic analy-
sis of solutions obtained by dissolution of
catalyst samples in an HF/H,SO4 mixture.

Samples (0.95 g) were placed in a quartz
adsorption cell, and were reduced in flow-
ing hydrogen (1.7 ml s~!). The hydrogen
(99.995%, Airco) was purified by passage
through an Engelhard Deoxo purifier, fol-
lowed by passage through a molecular sieve
trap immersed in liquid nitrogen. The re-
duction schedule consisted of 2 h flowing
hydrogen at 393 K, followed by 24 h flowing
hydrogen at the desired reduction tempera-
ture, which was in the range 643-873 K.
After reduction the samples were evacu-
ated to 10~* Pa at 643 K for 2 h to remove
chemisorbed hydrogen.

Carbon monoxide chemisorption. CO
chemisorption was used to determine the
number of surface-exposed metallic iron at-
oms. The method used was similar to that
developed by Emmett and Brunauer (26,
27), and used by others (17, 28). Accord-
ingly, a CO adsorption isotherm at 193 K
(dry ice—acetone) was first obtained on the
freshly reduced catalyst. The sample was
then warmed to 273 K and evacuated for 1 h
at 1073 Pa to remove physisorbed CO. A
second isotherm was then obtained at 193
K. The difference between the two iso-
therms at 13.33 kPa was taken as the
amount of chemisorbed CO. Static adsorp-
tion measurements were conducted in a
conventional greaseless glass high-vacuum
adsorption apparatus which was pumped
with a mercury diffusion pump backed by a
rotary oil pump. Mercury contamination
was prevented by a liquid nitrogen trap and
a gold wire trap placed between the pump
and the manifold. ICP analysis of dissolved
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samples never detected mercury. Pressures
for adsorption measurements were deter-
mined with a Texas Instruments Model 145
precision pressure gage. The apparatus has
been described in greater detail elsewhere
(29). Carbon monoxide (99.97%, Linde)
was purified by passage through copper
turnings held at 473 K, followed by passage
through molecular sieves immersed in a
dry ice-acetone bath. The helium used
for dead-volume measurements (99.995%,
Airco) was purified in the same manner,
with the molecular sieves immersed in lig-
uid nitrogen.

The number of surface-exposed iron at-
oms was determined from the amount of
chemisorbed CO through the assumption of
a 2:1 Fe:CO surface stoichiometry (28).
The surface-average crystallite size was
subsequently estimated from the disper-
sion, D, using the expression (30)

_ 09

ds - D (l)

where, d; has units of nanometers.

x-Ray diffraction crystallite size. The
volume-average size of the iron crystallites,
d,, was determined by x-ray diffraction
line-broadening analysis using the Scherrer
equation (3])

Ksh

V:W (2)

where 6 and A\ are the Bragg angle and
wavelength of the radiation, respectively.
The value used for the Scherrer constant,
K, was 0.89. The half-height width of the
pure diffraction profile, 8,», was obtained
from the experimental peak half-height
width, B, , using Warrens correction:

Bin = Bin — bin. (3)

The extent of instrumental broadening, b ).
was determined by scanning iron filings
which were annealed at 973 K for 48 h. This
treatment ensured large strain-free crystals.
The diffractometer was a Philips Model
12215, which utilized CuKa radiation.
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Broadening was measured on the (110) a-
iron line at 20 = 44.71°. The peak was
scanned at a rate of 0.25° min~!.
Quantitative analysis of support phases.
The phase composition of support samples
exposed to various conditions was deter-
mined by x-ray diffraction analysis. Only
anatase and rutile were detected. The ana-
tase—rutile mass ratio, xa/xg, was deter-
mined by the direct comparison method as
described by Cullity (31). With this
method, the ratio of the integral intensities
of a characteristic reflection for each phase,
I./Iy, is related to the ratio of the mass
fractions of each phase by the expression

Ia _ Ry xa pr

4
I RR xg pa @

where pr/pa is the ratio of the density of
each phase. The parameter R for each
phase is given by the following, which origi-
nates from the expression describing the in-
tegral intensity of a line in the x-ray diffrac-
tion pattern:

1 1 + cos? 28
— L p2, 1T U5 U
R szpmsin20cos0'

)
Here, v is the unit cell volume, F is the
structure factor, and p,, is the multiplicity
factor. The R values for each phase were
evaluated as outlined by Cullity (37), and
can be found elsewhere (29). The intensi-
ties were obtained by integrating the peaks
in the diffraction patterns using a Gauss-—
Legendre quadrature (32).

Total surface area measurement. The
surface area of catalysts exposed to various
conditions were measured using the BET
method with nitrogen as the adsorbate at
liquid nitrogen temperature. Static adsorp-
tion measurements were performed in the
same adsorption apparatus described
above. The nitrogen (Linde, 99.998%) was
used with no further purification. For each
sample, about 15 points on the isotherm
were taken in the p/p, range 0.05-0.30. The
surface area was obtained from the mono-
layer uptake using the value of 0.162 nm?
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molecule~! for the cross-sectional area of a
nitrogen molecule (33).

Sample preparation for transmission
electron microscopy. Samples to be exam-
ined by transmission electron microscopy
were first lightly ground in a mortar and
pestle. Five milligrams of the resulting
powder was placed in 10 ml of toluene and
ultrasonically dispersed for # h. A single
drop of the suspension was placed on a car-
bon-coated copper microscope grid, and
was allowed to air-dry for 10 min at 340 K.
The sample was then placed in the micro-
scope, which was a JEOL 100B instrument.
This was similar to the method used by
Smith et al. (34).

RESULTS
Characterization of the Support

Titania samples were exposed to flowing
H,, flowing O, (both 1.7 ml s~!), and vac-
uum (10~4 Pa), for 12 h at several tempera-
tures in the range 473-873 K. The BET sur-
face area and phase composition of the
samples were subsequently determined.
This was done to determine the effect of
gaseous environment and temperature on
the support morphology and phase compo-
sition, over a range of temperatures includ-
ing the temperature at which SMSI occurs.
A sample consisting of 6.8% Fe/TiO, was
also exposed to flowing H,, and the support
was subsequently characterized to deter-
mine the effect of the iron crystallites on
the support morphology and phase compo-
sition.

The effect of temperature on the BET
surface area for titania samples exposed to
different atmospheres and for Fe/TiO, sam-
ples exposed to H; is shown in Fig. 1. It is
noted that a significant decrease in BET
surface area took place for all samples at
temperatures in excess of 673 K. Oxygen-
treated samples experienced only moderate
surface area decrease, while the surface ar-
eas of H,-treated samples were markedly
reduced at temperatures between 673 and
873 K. The surface areas of vacuum-treated
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F1G. 1. Effect of temperature and gaseous environ-
ment on BET surface area after 12 h exposure: (O)
pure TiO, in O,, (M) pure TiO, in H,, (@) pure TiO, in
vacuo, (0) 6.8% Fe/TiO; in H,.

samples were intermediate to those treated
with H, and O,. From these results, it is
clear that high temperatures and reducing
environments accelerate the titania surface
area loss. Electron micrographs of samples
treated in H; at 473 and 873 K indicated that
the surface area decrease was due to en-
largement of titania grains. The grains of
the sample treated at 473 K were about 20~
50 nm in diameter, whereas those of the
sample treated at 873 K grew to about 50—
150 nm in diameter.

Fe/TiO, samples treated in the same
manner in H, experienced drastic surface
area reduction between 673 and 873 K.
Comparing the data for the blank and iron-
loaded titania samples of Fig. 1, it was
noted that treatment of pure titania in H, at
773 K decreased the surface area by about
13%, while treatment of Fe/TiO, under the
same conditions caused a 23% loss in sur-
face area. Likewise, treatment of pure TiO,
at 873 K reduced the surface area by about
72%, while treatment of Fe/TiO, under the
same conditions reduced the surface area
by 81%. Thus, it appears that iron acceler-
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ates the surface area decrease and, thus,
the grain enlargement process in Fe/TiO,
samples. The curve for the Fe/TiO, sam-
ples in Fig. 1 is displaced downward some-
what relative to the curves for the blank
support samples. This was due to increased
physical contact of the support grains,
which was induced during impregnation of
the support powder with iron solution. The
blank support samples were prepared in a
manner similar to the iron-loaded samples,
with the exception that distilled water was
used instead of iron solution. However, in
the preparation of the iron-loaded samples,
a significantly higher degree of mixing of
the powder with the solution (to ensure uni-
form loading) produced samples with lower
surface area.

The effect of temperature on the anatase
percentage for titania samples exposed for
12 h to different atmospheres, and Fe/TiO,
samples exposed to H, for 12 h is presented
in Fig. 2. Oxygen-treated samples experi-
enced moderate phase transition at temper-
atures above 673 K; however, vacuum- and
H,-treated samples experienced more ex-
tensive phase transition at temperatures in
excess of 673 K. Anatase percentages of
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Fic. 2. Effect of temperature and gaseous environ-
ment on the support composition after 12 h exposure:
(O) pure TiO, in O,, (M) pure TiO, in H,, (®) pure
TiO; in vacuo, () 6.8% Fe/TiO, in H,.
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Fi1G. 3. Carbon monoxide adsorption isotherms for
6.3% Fe/TiO, impregnated with saturated Fe(NQO,); -
9H,0 in 1 M HNOs, reduced in hydrogen for 24 h at
643 K: (@) first isotherm, (l) second isotherm.

vacuum-treated samples were intermediate
to those of H,- and O,-treated samples. For
both TiO, and Fe/TiO, treated in H,, the
phase transition was complete at 873 K. No
anatase could be detected in these samples.
From these results it is clear that reducing
environments and high temperatures accel-
erate the phase transition. It should be
noted that the anatase composition of the
Fe/TiO, sample after treatment at 773 K is
significantly less than that of pure titania
treated under the same condition, indicat-
ing that the anatase—rutile phase transition
is catalyzed by iron.

Characterization of Supported Iron
Crystallites

Carbon monoxide chemisorption was
used to infer iron particle sizes in various
catalyst samples. Adsorption isotherms for
a 6.3% Fe/TiO; catalyst prepared from
Fe(NOs); - 9H,0O in 1 M HNO; and reduced
at 643 K are shown in Fig. 3. Taking the
difference between the two isotherms
results in the chemisorption isotherm of
Fig. 4. After the first isotherm was ob-
tained, the adsorption cell was warmed to
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273 K and evacuated to remove physi-
sorbed CO. This is higher than the tempera-
ture usually used with this technique (193
K), since it was determined (29) that for the
present apparatus, removal of physisorbed
CO was too slow at 193 K. Insufficient re-
moval of physisorbed CO results in over-
prediction of the amount of chemisorbed
CO. This was eliminated by warming the
sample to 273 K between adsorption iso-
therms. However, warming the sample in-
troduces the danger of dissociating CO and
invalidating the assumed adsorption stoi-
chiometry. The adsorption of CO on poly-
crystalline iron has been studied by Yu et
al. (35) using ultraviolet photoemission
spectroscopy (UPS). They noted that at
room temperature both molecular and dis-
sociated forms coexist. In another study,
Kishi and Roberts (36) showed using UPS
that CO adsorption at 80 and 196 K is mo-
lecular and stable on polycrystalline iron
films. However, at 295 K, CO adsorption
was mostly molecular with minor dissocia-
tion. This appears to agree with the UPS
studies of CO adsorption on (110) iron con-
ducted by Broden et al. (37), who report
only “‘slow” CO dissociation at 295 K.
More recently, Cameron and Dwyer (38)
have investigated the chemisorption of CO
on Fe (100) using XPS, LEED, TPD, and
UPS. This study indicated that not only
was CO fully associated at temperatures
below 300 K, but the surface stoichiometry
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FiG. 4. Carbon monoxide chemisorption isotherm
for 6.3% Fe/TiO, impregnated with saturated
Fe(NO;); - 9H,0 in 1 M HNO,, reduced in hydrogen
for 24 h at 643 K.
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TABLE 1

CO Uptake, Dispersion, and Particle Sizes for 6.3% Fe/TiO, Prepared
with Saturated Fe(NO;); : 9H,0 in 1 M HNO,; and Reduced in Hydrogen

for 24 h at Various Temperatures

Reduction CO uptake  Dispersion d d, d./d,
temperature (umol/g) (nm) (nm)
(K)
643 24.9 0.045 20.0 262 +1.3 1.31
673 22.7 0.041 222 30.1 =05 1.36
673 23.8 0.043 20.9 — —_
723 14.5 0.026 349 41.6 =09 1.19
773 6.6 0.012 769 434 <+1.2 0.56
823 4.1 0.007 1239 438+ 1.4 0.35
873 1.1 0.002 4524 37.1 09 0.08

is 2:1 Fe: CO. In view of these studies, we
were not concerned about dissociation of
CO after 1 h at 273 K. In a series of experi-
ments it was determined that after evacua-
tion at 273 K for periods of 2 and 3 h, the
same result for the amount of strongly held
CO was obtained as for the 1-h evacuated
samples, suggesting further that CO disso-
ciation at 273 K was not a problem, nor was
molecularly chemisorbed CO removed.
Furthermore, we have obtained better
agreement between x-ray diffraction and
CO chemisorption particle sizes than other
investigators (17, 28) who have kept the
sample at 193 K between isotherm mea-
surements. These investigators obtained
particle sizes from CO chemisorption that
were significantly smaller than those esti-
mated by x-ray diffraction, indicating that
CO uptake may have been overpredicted.
Table 1 shows CO chemisorption and x-
ray diffraction line-broadening analysis
data for several 6.3% Fe/TiO, catalysts im-
pregnated with saturated Fe(NO,); - 9H,0
in 1 M HNOs, and reduced in hydrogen ac-
cording to the reduction schedule described
under Experimental. Fresh samples were
reduced at 50 K intervals in the range 643—
873 K. The surface-average particle size
was calculated from the dispersion using
Eq. (1). The volume-average particle size
was determined from the Scherrer equa-
tion. By performing the same chemisorp-

tion measurement for a blank titania sample
reduced at 673 K, it was determined that
0.43 umol CO g~! was chemisorbed to the
support. Thus, this quantity was subtracted
from the CO uptakes for all iron-loaded
samples. Good agreement between particle
sizes determined by the two methods is the
case for the samples of Table 1 which were
reduced in the range 643-723 K. Two iden-
tical samples reduced at 673 K verified the
reproducibility of the measurement. CO up-
takes for catalysts reduced at or above 773
K are increasingly suppressed due to the
SMSI effect.

The last column of Table 1 shows the ra-
tio of the volume- and surface-average par-
ticle sizes determined by x-ray diffraction
and CO chemisorption, respectively. This
ratio was found to be a convenient indica-
tion of the extent of metal-support interac-
tion. At lower reduction temperatures
(643-723 K), the ratio remained fairly con-
stant, not varying by more than about 14%,
However, for the catalyst reduced at 773 K,
the ratio decreased by more than a factor of
2, and became progressively smaller as the
reduction temperature increased. This most
likely resulted from blockage of CO adsorp-
tion sites by titania adspecies which mi-
grated to the particle surfaces. The slightly
smaller particle size ratio at 643 K reduc-
tion temperature is probably due to incom-
plete reduction of iron.
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F1G. 5. Plot showing behavior of the various phe-
nomena occurring at the onset of SMSI: (M) BET sur-
face area, (0J) mass percentage anatase, (A) particle
size ratio.

Figure 5 shows the particle size ratio of
Table 1 plotted against reduction tempera-
ture. Also shown on the plot are the BET
surface areas and anatase mass percentages
for the 6.8% Fe/TiO, samples of Figs. 1 and
2, respectively. From Fig. 5 it is evident
that anatase-rutile phase transition, en-
largement of titania grains, and metal-sup-
port interaction appear to have occurred si-
multaneously, and at increasing extent as
the reduction temperature was increased.
The onset of these phenomena began at
about 723 K.

The crystallite sizes as determined by x-
ray diffraction line broadening for 6.3% Fe/
TiO, samples prepared with the iron salt in
1 M HNO; (Table 1) are plotted versus re-
duction temperature in Fig. 6. There are a
few features of this plot worth noting. For
reduction temperatures in the range 643-
723 K, the iron crystallites grew larger as
the reduction temperature increased. How-
ever, between 723 and 823 K, the particles
had less tendency to become larger as the
temperature increased, as was evidenced
by the decreased slope of the curve in the
temperature range 723-823 K. In addition,
the temperature at which the slope of the
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curve significantly decreases corresponds
to the temperature in Fig. 5 at which the
grain enlargement, phase transition, and
SMSI all begin to occur. Another feature
worth noting is the unexpected decrease in
particle size between 823 and 873 K. The
origin of these features is discussed below.

Figure 7 shows a transmission electron
micrograph of the 873 K-reduced sample of
Table 1. The iron particles appear to have
split apart, as evidenced by the existence of
pairs of particles shown in the circled re-
gions. In addition, one of the particles ap-
pears to have acquired a toroidal shape.
This same phenomenon was seen in several
other micrographs not shown here.

In an attempt to stabilize the support ma-
terial, and thereby suppress the SMSI ef-
fect, a titania sample was subjected to high-
temperature treatment before impregnation
with iron. A sample of pure titania was
treated in flowing H; for 12 h at 873 K. Af-
ter this treatment, the powder was blue, in-
dicating that it had been reduced (27). The
sample was then reoxidized in flowing oxy-
gen at 473 K for 4 h, after which it became a
light yellow color. x-Ray diffraction con-
firmed the presence of only rutile. The
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F1G. 6. Particle size determined from X-ray diffrac-
tion line-broadening analysis (XRDLBA) for 6.3% Fe/
TiO, impregnated with saturated Fe(NOs); - 9H,0 in 1
M HNO;, reduced in hydrogen for 24 h at various
temperatures.
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FiG. 7. Transmission electron micrograph of 6.3% Fe/TiO, impregnated with saturated Fe(NO,); -
9H,0 in 1 M HNO;, reduced in hydrogen for 24 h at 873 K.

rutile powder was then impregnated with
FC(N03)3 . 9H20 inlM HNO3, and re-
duced in a manner identical with the sam-
ples of Table 1. Carbon monoxide uptakes,
dispersions, and particle sizes for samples
reduced at 673 and 773 K are shown in Ta-
ble 2. The CO uptakes for these samples
were much smaller than those of the ana-
tase-supported samples of Table 1 which
were reduced at the same temperature. In
addition, the particle size ratios for these
samples are much smaller than those of Ta-
ble 1 reduced at the same temperature, indi-
cating poor reduction of iron or drastic in-
teraction with the support. The decrease in

the particle size ratio by a factor of 3.1 for
the sample reduced at the higher tempera-
ture suggests that the metal-support inter-
action responsible for suppression of CO
chemisorption occurred at 773 K. It was
also noted that the x-ray diffraction iron
particle sizes in the rutile-supported sam-
ples were significantly smaller than those
of the anatase-supported samples which
were reduced at the same temperatures
(Table 1).

CO uptakes, dispersions, and particle
sizes for catalysts prepared by impregna-
tion with saturated Fe(NO,); - 9H,O in 2 M
HNO;, and reduced at several tempera-

TABLE 2

CO Uptake, Dispersion, and Particle Sizes for 6.8% Fe/TiO, (Rutile)
Prepared with Saturated Fe(NO;); - 9H,0 in 1 M HNO; and Reduced in
Hydrogen for 24 h at Various Temperatures

Reduction CO uptake  Dispersion d, d, d,/d,
temperature (nmol/g) (nm) (nm)
(X)
673 8.7 0.041 640 256 0.5 0.40
773 2.3 0.004 2432  30.6 = 0.8 0.13
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TABLE 3

CO Uptake, Dispersion, and Particle Sizes for 6.0% Fe/TiO, Prepared
with Saturated Fe(NO;); - 9H,0 in 2 M HNO; and Reduced in Hydrogen

for 24 h at Various Temperatures

Reduction CO uptake  Dispersion d d, d./d;
temperature (umol/g) (nm) (nm)
(K)
643 17.4 0.032 279 24403 0.87
643 16.4 0.030 29.8 26.7 £ 0.7 0.90
673 22.0 0.041 22.1 31.7 £ 0.9 1.43
773 10.0 0.019 48.4 454 = 2.6 0.94
7734 13.1 0.024 37.1 43.7 £ 1.6 1.18

2 Reduced at 773 K for 24 h, followed by 3-h treatment in O,, and reduc-

tion at 673 K for 24 h.

tures are shown in Table 3. A sample re-
duced at 643 K exhibited smaller CO up-
take and smaller particle size ratio relative
to the catalyst prepared with 1 M HNO;
and reduced at the same temperature. This
result was verified by reducing a second
sample at the same temperature. The parti-
cle size ratio for the 673 K-reduced sample
is similar to that of the catalysts prepared
with 1 M HNO; (Table 1) and reduced at the
same temperature. As was the case with the
samples prepared with 1 M HNOs, the cat-
alyst reduced at 773 K exhibited a signifi-
cantly smaller particle size ratio relative to
the 673 K-reduced sample. Another identi-
cal sample reduced at 773 K in the same
manner, followed by 3 h O, treatment (1.7
ml s71) at 473 K and subsequent reduction
in H, at 673 K for 24 h, yielded crystallites
which were less affected by SMSI. The par-
ticle size ratio of 1.18 for this sample is
closer to the value obtained for the 673 K-
reduced sample, indicating nearly normal
behavior of the iron particles. Since the
particle size ratio is slightly smaller than
that of the 673 K-reduced sample, it ap-
pears that the O, treatment did not com-
pletely restore the particles to a state unaf-
fected by the support.

In an attempt to compare catalysts pre-
pared with aqueous and organic impregnat-
ing solvents, a series of samples were pre-

pared by impregnating titania with
solutions consisting of saturated Fe(NO;); -
9H,0 in DMF. The x-ray diffraction and
CO chemisorption results for samples re-
duced at several temperatures are shown in
Table 4. As was the case with catalysts pre-
pared with the iron salt dissolved in 2 M
HNO;, the ratio of x-ray diffraction and
chemisorption particle sizes for the 643 K-
reduced sample was significantly smaller
than the ratio seen with the catalyst pre-
pared with 1 M HNO; reduced at 643 K.
This is probably due to incomplete iron re-
duction at the lower temperature. The x-ray
diffraction and chemisorption particle sizes
for the samples reduced at 673 K are similar
to those of the catalysts prepared with the
iron salt dissolved in 1 and 2 M HNO; and
reduced at the same temperature. How-
ever, at the reduction temperature of 723 K
both x-ray diffraction and CO chemisorp-
tion indicated smaller particles on the
DMF-prepared samples versus the samples
prepared using 1 M HNO;.

DISCUSSION

It is well known that titania becomes par-
tially reduced in atmospheres of hydrogen
and vacuum. Removal of oxygen from sur-
faces of anatase and rutile has been inferred
by observing sample weight decreases in
hydrogen atmospheres (39). Reduction is
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TABLE 4

CO Uptake, Dispersion, and Particle Sizes for 6.3% Fe/TiO, Prepared
with Saturated Fe(NO;); - 9H,0 in Dimethyl Formamide and Reduced
in Hydrogen for 24 h at Various Temperatures

Reduction CO uptake  Dispersion d d, d,/d;
temperature (umol/g) (nm) (nm)
(K)
643 19.6 0.032 28.6 28.5 £ 0.8 1.00
673 26.2 0.042 21.3 29.2 + 0.8 1.37
673 25.9 0.042 21.6 26.5 £ 1.2 1.23
723 17.9 0.029 31.2 33.1+13 1.06

more severe as the temperature and hydro-
gen pressure are increased. According to
Herrmann and Pichat (40), removal of oxy-
gen during reduction results in surface an-
ionic oxygen vacancies by formation of sur-
face hydroxyl groups and subsequent
desorption of water. The reduction is repre-
sented by the reaction

H, + 20" & HzO + O + Voz— (6)

where V.- represents a surface anionic va-
cancy containing two trapped electrons.

More detailed information about the na-
ture of reduced titania has been obtained by
ESR spectroscopy. Peaks in the ESR spec-
tra of reduced pure titania (4-6, 4/) and Pt/
TiO; (5) have been assigned to the presence
of Ti3* ions. Gravelle et al. (4) attributed
one peak which was unaffected by oxygen
exposure to Ti3* ions in normal lattice or
octahedral sites. A second peak, which dis-
appeared after oxygen exposure, was at-
tributed to surface Ti** ions associated with
one or two anionic oxygen vacancies. Cor-
naz et al. (6) also observed peaks in the
ESR spectra of reduced titania which re-
mained when samples were exposed to ox-
ygen, but attributed these to bulk Ti** ions.
Other work has indicated that surface Ti**
ions can migrate into the bulk lattice during
reduction (41).

Above it was noted that enlargement of
titania grains and the anatase-rutile phase
transition were accelerated under reducing
conditions. During phase transition, the

elongated anatase crystal form rearranges
to the shorter rutile form. This process in-
volves a rearrangement of the majority of
the Ti** ions by rupture of two of the six
Ti-O bonds in the unit cell to form new
bonds (42, 43). Under reducing conditions,
as described above, anionic vacancies and/
or Ti** ions are present on the surface and
in the bulk. It is likely that rupture of a Ti-
O bond would be more favorable under
these conditions, since a titanium cation
produced by bond rupture would be stabi-
lized by the excess negative charge in the
lattice. Thus, the presence of Ti** defect
centers could provide sites at which nuclea-
tion of the rutile phase occurs. The rupture
of these bonds and the simultaneous phase
transition result in a highly chaotic state
where rapid diffusion is occurring. The
higher rates of titania grain growth under
reducing conditions observed above indi-
cates that diffusion of the support material
is more rapid in reducing environments.

It was also noted in Fig. S that the sup-
port grain enlargement, the anatase-rutile
phase transition, and the SMSI occurred si-
multaneously and at increasing extents as
the reduction temperature was increased
above 723 K. Simultaneous occurrence of
these three phenomena suggests that they
are interrelated, and that grain enlargement
and phase transition are important factors
concerning SMSI in high-surface-area tita-
nia-supported catalysts. From these obser-
vations, the following picture seems to
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emerge. At reduction temperatures in hy-
drogen of 723 K and higher, the support
becomes significantly reduced. Ti** ions
and anionic vacancies are present on the
surface and in the bulk. Support reduction
is enhanced by the presence of reduced iron
crystallites and their ability to dissociate
hydrogen (5, 44, 45). The increased con-
centration of Ti3* ions causes an increase in
the rate of rupture of Ti-O bonds in the
lattice and near the surface. This higher
rate of Ti—O bond rupture facilitates large-
scale rearrangement of the lattice as the
phase transition takes place. Thus, during
phase transition, a chaotic condition exists,
where rapid migration of titanium-oxygen
species, titanium ions, and oxygen ions is
occurring. These migrating species encoun-
ter the reduced iron particles, and are stabi-
lized by reaction with them to form a mixed
surface oxide:

Fe + TiO, — FeTiO,. )

This renders the iron no longer capable of
chemisorbing CO.

The characterization data presented in
Table 2 indicate that the SMSI phenome-
non also occurs with rutile-supported
metals reduced at 773 K. Thus, it cannot be
concluded that phase transition is entirely
responsible for the occurrence of SMSI in
anatase samples. Rather, it is likely that the
phase transition plays an important role in
the SMSI mechanism in anatase samples. It
was recently shown by Lane and Wolf (46)
that SMSI is more pronounced on anatase-
supported Pt versus rutile-supported Pt. In
addition, these authors suggest that the site
blockage mechanism is different for the
rutile catalysts. This is likely due to the
phase transition occurring during reduction
of the supported metal. Kikuchi et al. (47)
investigated the CO hydrogenation reaction
over Ru supported on both crystal forms of
titania. They observed higher activities and
a larger fraction of higher-molecular-weight
hydrocarbons over the rutile-supported cat-
alysts. Hydrogen chemisorption measure-
ments by these investigators for Ru sup-
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ported on both crystal forms reduced at 723
K indicated higher H, uptakes for the rutile
catalysts. This indicates that SMSI may
have been more pronounced on the ana-
tase-supported samples, suggesting that the
anatase-rutile phase transition may play a
role in the SMSI effect. Determination of
the exact manner in which the anatase—
rutile phase transition influences the SMSI
properties of supported metals would re-
quire further study.

From Fig. 6 it was observed that the x-
ray diffraction particle size increased with
temperature for reduction temperatures be-
tween 643 and 723 K. However, between
723 and 823 K the particles had less ten-
dency to grow as the reduction temperature
was increased. It was also noted that a de-
crease in particle size took place as the re-
duction temperature was increased from
823 to 873 K. The initially strong depen-
dence of particle size on temperature in the
range 643-723 K would at first appear to be
the result of normal sintering of iron parti-
cles. However, when considering the de-
tails of iron reduction on oxide supports,
another process may be occurring in this
temperature range. When Fe3* ions are re-
duced in hydrogen, metallic iron particles
are formed from reduction of Fe3* ions
which migrate over the support surface.
Once large metallic iron particles are
formed due to this migration, this seems to
accelerate the full reduction of iron (48).
For weak metal-support interaction, iron
can be reduced to large metallic particles.
However, for strong metal-support inter-
action, reduction of iron ions is difficult due
to their inability to migrate over the support
and combine to form large particles. This is
the case with iron supported on alumina,
where it is believed that Fe?* jons are stabi-
lized by occupation of empty octahedral
sites on the alumina surface (49). This is
thought to be the reason that iron is incom-
pletely reduced on alumina even at high re-
duction temperatures. For iron supported
on titania, Tau and Bennett (2/) determined
the percentage of zero-valent iron for 10%
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Fe/TiO, catalysts using Mossbauer spec-
troscopy. They determined that for 24-h re-
duction in hydrogen at 723 K, 91.2% of the
iron was in the zero-valent state, and at 773
K, iron was completely reduced. Thus, in
the present study, at lower temperatures
(643-723 K) iron particles probably grow
by migration of ferric ions over the support
surface, since reduction of iron is not com-
plete. Once the particles become fully re-
duced (723-773 K) the mechanism of parti-
cle growth would likely change, and thus a
change in the rate of particle growth is pos-
sible. Thus, the decreased tendency of iron
particles to become larger with increasing
reduction temperature between 723 and 823
K may represent a change in the mecha-
nism of particle growth.

It has been shown in previous investiga-
tions that particles supported on titania are
stabilized against high-temperature sinter-
ing when in the SMSI state (12, 25, 50, 51).
The particle stabilization phenomenon at
temperatures between 723 and 823 K, noted
in Fig. 6, might be due to this effect. It is
believed that this is the most likely reason
for the observed stabilization of particle
growth. This is supported by the fact that
the temperature at which the slope of the
curve in Fig. 6 significantly changes (~723
K) coincides with the temperature in Fig. 5
at which BET surface area, anatase-rutile
phase transition, and ratio of x-ray and che-
misorption particle sizes begin to show sig-
nificant decreases (onset of SMSI).

The x-ray diffraction particle size in Fig.
6 sharply decreased as the reduction tem-
perature was increased from 823 to 873 K.
This result may be explained by the micro-
graph (Fig. 7), which indicated that the par-
ticles fractured and formed toroids. Split-
ting of iron particles, and toroid formation
has also been observed in Fe/ALO; (52)
and Fe/TiO, (53) model catalysts. This
would explain the decrease in x-ray diffrac-
tion particle size. It has also been suggested
that at high temperatures, the metal may
begin to diffuse into the titania support (10,
11). This might also cause broadening of
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the x-ray lines. Tatarchuk and Dumesic
(11) with a model Fe/TiO, catalyst have ob-
served diffuse spreading of the particles
and diffusion into the support at 873 K. In-
deed, spreading and thinning of particles
would cause broadening of the x-ray lines.

Table 2 presented CO chemisorption and
x-ray diffraction results for samples sup-
ported on rutile which were reduced at 673
and 773 K. Since only small amounts of CO
were taken up by these samples after reduc-
tion at 673 K, it appears that the extent of
iron reduction was small. x-Ray diffraction
indicated particles significantly smaller
than those of the anatase-supported sam-
ples reduced at the same temperature. To
explain these results, consideration must be
given to the manner in which the support
was treated before impregnation. The tita-
nia powder was first reduced in hydrogen to
induce the anatase—rutile phase transition.
It was then reoxidized with oxygen at 473 K
and subsequently impregnated with iron
and reduced in the normal manner. ESR
measurements by other investigators have
indicated that when reduced titania is
treated with oxygen, O, ions become ad-
sorbed to anionic vacancies (4, 6). Cornaz
et al. (6) showed that when oxygen-defi-
cient TiO;, is subjected to O, at room tem-
perature, several forms of surface oxygen
complexes are formed. The bonding be-
tween oxygen and surface titanium cations
is similar to metal-ligand bonds in transi-
tion metal complexes. These adsorbed oxy-
gen anions may have reacted with Fe?*
and/or Fe3* ions during support reduction,
resulting in surface complexes of the form
Ti-O-Fe or Ti—~O-0-Fe. This would pre-
vent migration of unreduced iron over the
support during reduction and would inhibit
the formation of large reduced iron parti-
cles. This would have the same effect as the
stabilization of Fe?* ions by occupation of
octahedral sites on alumina surfaces.

The ratio of x-ray diffraction and chemi-
sorption particle sizes for the 773 K-re-
duced rutile-supported iron sample was
smaller than that of the 673 K-reduced sam-
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ple by a factor of about 3.1, suggesting that
SMSI still took place. Thus, thermal stabili-
zation of the support apparently does not
inhibit metal-support interaction.

Above it was shown (Table 3) that oxida-
tion of catalysts in the SMSI state and sub-
sequent low-temperature reduction render
the supported particles back to a nearly
normal state. This phenomenon has also
been reported by others (7, 13, 17). This
type of result is difficult to rationalize in
terms of the migration of a reduced titania
species to the metal particle surface. The
migrating species is evidently in a highly
reactive form which is stabilized by reac-
tion with the reduced metal, preventing
chemisorption of H, or CO. In the SMSI
state, the titania species is probably present
as a near-monolayer film covering the parti-
cles. Oxidation and subsequent reduction
at 673 K cause a modification of the metal
particle surface such that clean iron sur-
faces are exposed after reduction, allowing
CO chemisorption. The following mecha-
nism is proposed to explain this. When the
SMSI-affected surface is oxidized, the ox-
ides of each metal are formed according to
the following reaction:

FeTiO, + (7 — 2x)0, — $Fe,0; + TiO,.
@®)

Titanium dioxide formed during this oxida-
tion would no longer be spread over the
iron surface, but would probably sinter and
form small titania crystallites on the iron
particle surface. During reduction at 673 K,
iron oxide would be reduced to metallic
iron, and further sintering of titania would
occur, but the small titania particles would
not be reduced, and thus would not interact
strongly with iron. The small titania aggre-
gates would cause some blockage of re-
duced metal sites, but would be much less
efficient in covering the particle surfaces
than the migrating titania species formed
during reduction at 773 K. This also ex-
plains why oxidation followed by low-tem-
perature reduction does not fully restore
normal behavior in most reported cases.
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The ratios of x-ray diffraction and CO
chemisorption particle sizes determined for
catalysts impregnated with the iron salt in 2
M HNO; and DMF (Tables 3 and 4, respec-
tively), which were reduced at 643 K, were
smaller than those of samples reduced at
673 K. As the reduction temperature was
increased from 643 to 673 K, most likely,
further reduction of iron caused an increase
in the particle size ratio due to higher CO
uptake. For the catalysts prepared with 1 M
HNO; (Table 1), the particle size ratio for
the catalyst reduced at 643 K was about the
same as that of the sample reduced at 673
K. Thus, for the samples prepared using 2
M HNO; and DMF impregnating solvents,
iron was apparently not as easily reduced
as with the samples prepared using 1 M
HNO;. The acid concentration of aqueous
iron impregnating solutions has been shown
to have an effect on the extent of iron re-
duction with other oxide supports (54). Ap-
parently, this is related to the hydrolysis of
iron in aqueous solution. In solution, iron
undergoes hydrolysis with water. The hy-
drolyzed form subsequently dimerizes via
formation of linear Fe-O-Fe bonds (55).
Large multinuclear structures are subse-
quently formed in solution by combination
of these dimers. Higher acid concentration
suppresses hydrolysis and formation of
these structures. During impregnation,
these multinuclear complexes are deposited
on the surface of the support. If these are
present, metallic iron particles might be
more easily formed at lower reduction tem-
peratures due to the close proximity of
ferric ions in the deposited complexes. At
lower acid concentration, a greater extent
of formation of these multinuclear iron
complexes is expected. This may be the
reason for the higher extent of iron reduc-
tion at 643 K with the catalyst prepared
from Fe(NOs); - 9H,0 in 1 M HNO; (as
suggested by the higher particle size ratio).
The lower water concentration in the DMF
impregnating solution may have resulted in
a smaller extent of iron hydrolysis, and may
be the reason for the low extent of iron re-
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duction at 643 K (smaller particle size ratio)
as compared with 1 M HNO; sample.

CONCLUSIONS

It was determined that the onset of the
SMSI state in powdered titania samples
containing mostly anatase appears to in-
volve a complex scheme where anatase—
rutile phase transition, titania grain enlarge-
ment, and SMSI occur simultaneously at
reduction temperatures higher than 723 K.
It was proposed that these phenomena are
interrelated, and that Ti3* ions from sup-
port reduction initiate the phase transition
and grain enlargement, and that the diffus-
ing TiO, species which migrates to particle
surfaces is produced during the chaotic
state of phase transition and grain enlarge-
ment. The fact that the SMSI phenomenon
also occurs in rutile samples indicates that
the anatase-rutile phase transition is not
entirely responsible for SMSI. However,
SMSI may be an important factor with ana-
tase-supported metals. In the temperature
range 723-823 K, iron particles were rela-
tively stabilized against high-temperature
sintering. The temperature at which this ef-
fect was first noted corresponds closely
with the temperature of the onset of SMSI,
indicating that SMSI was responsible for
the stabilization against high-temperature
sintering. At the reduction temperature of
873 K, iron particles appeared to split and
form toroids, and/or the metal may be dif-
fusing into the support. Iron particles sup-
ported on rutile were significantly smaller
than those supported on anatase which
were reduced at the same temperature. In
addition, the extent of iron reduction ap-
peared to be less on the rutile samples. The
difference was attributed to O; anions ad-
sorbed to titania, which resulted from re-
duction and subsequent oxidation to induce
the anatase~rutile phase transition. These
adsorbed O; ions apparently acted to an-
chor Fe** and/or Fe?" ions to the support,
preventing their migration and combination
with reduced iron particles.
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