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The morphology of Fe/TiO, model supported catalysts has been monitored using transmission 
electron microscopy following hydrogen reduction at progressively higher temperatures. Nuclea- 
tion and growth of iron particles from an initially contiguous iron overlayer was observed in the 
temperature range 608 to 707 K. Following reduction at 773 K, the smaller iron crystallites (less 
than 10 nm in size) were observed to spread over or wet the support surface, and reduction at 
temperatures of 875 K or higher extended this spreading behavior to larger crystallites. In addition, 
reduction at these latter temperatures caused decreases in the average iron particle size and the 
amount of iron present on the support as distinct iron crystallites. This can be attributed to a diffuse 
spreading of iron over the support or a diffusion of iron into the support. 

INTRODUCTION 

The interactions between metal and sup- 
port in supported metal catalysts are of 
current academic and industrial interest. Of 
particular importance for the present study 
was the observation by workers at Exxon 
of “strong metal-support interactions 
(SMSI)” for Group VIII metals supported 
on such materials as TiO, (Z-4). This inter- 
action was manifested by the suppression 
of carbon monoxide and molecular hydro- 
gen chemisorption following high-tempera- 
ture (ca. 773 K) reduction of these sup- 
ported metal catalysts. Characterization of 
these systems using electron microscopy 
and X-ray diffraction showed that this loss 
of chemisorption after high-temperature re- 
duction was not the result of metal sinter- 
ing. Moreover, high-resolution electron mi- 
croscopic studies of the Pt/TiO, system 
(3, 4) indicated that the Pt crystallites as- 
sumed a “pillbox” (or thin-raft) morphol- 
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ogy following high-temperature H, reduc- 
tion. This was believed to result from the 
strong Pt/Ti02 interaction as was the con- 
comitant reduction of the support to T&O,. 
Furthermore, this reduction of the support 
was seen to be catalyzed by Pt. That the 
strong metal-support interaction is, in fact, 
related to the reduction of the support was 
suggested by the observation of similar 
support interactions for Ir on other reduc- 
ible supports such as Nb205, V203, and 
Ta20s (2). 

Titania-supported systems which show 
strong metal-support interactions, as char- 
acterized by chemisorptive methods, cur- 
rently include supported Ni, Ru, Rh, Pd, 
OS, It-, and Pt. Some of these systems also 
possess interesting catalytic properties. For 
example, Ni/Ti02 (5), Ru/Ti02 (6), and 
Rh/TiO, (7) appear to be promising cata- 
lysts for CO/H, synthesis reactions. The 
Ni/Ti02 system had higher activity, pro- 
moted longer chain growth, produced less 
Ni(CO),, and showed less catalyst deacti- 
vation than either bulk nickel or nickel on 
other supports. Ru/TiO, produced more 
olefins and correspondingly less methane as 
compared to other Ru catalysts. The 
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Rh/TiO, system, when compared to 
Rh/Al,O,, was found to have a higher CO 
hydrogenation activity and produced 
significant amounts of alcohols, which in- 
creased with increasing reactant pressures 
(7). In other kinetic studies (8), Rh/TiOZ 
and Pt/TiO, catalysts showed marked de- 
creases in their benzene hydrogenation and 
cyclohexane dehydrogenation activities fol- 
lowing high-temperature reduction (ca. 723 
K). 

While the existence of strong metal-sup- 
port interactions has been related to the 
reducibility of the support, the nature of the 
chemical bonding between metal and sup- 
port is still a subject of current research 
effort. Tauster and co-workers (I), follow- 
ing their initial chemisorption experiments, 
suggested that the metal-support interac- 
tion involves either bonding between cat- 
ions of titanium and the noble metals as in 
the hexagonal barium titanates (9) or metal- 
lic bonding as in the case of intermetallics. 
In any case, the existence of titanium in an 
oxidation state lower than Ti4+ was deemed 
necessary for the presence of strong metal- 
support interactions. Reduction of the sup- 
port was also a key concept in the work of 
Baker ef al. (3, 4) who suggested that the 
formation of bonds between Pt and Ti3+ 
may be the origin of the observed SMSI ef- 
fects. Indeed, the possibility of such bond- 
ing was supported by the efforts of Hors- 
ley (/O), who conducted an x-alpha scat- 
tered wave calculation on the Pt/TiO,-H, 
system. Vannice and Garten (6), in discus- 
sing CO hydrogenation over Ru/TiO,, sug- 
gested that high-temperature reduction may 
increase the concentration of electron ac- 
ceptor defect sites on the TiO, surface ( I I). 
These sites would then interact with the 
supported crystallites to decrease the con- 
centration of d-band electrons in the metal. 
In other studies (8), electrical conductivity 
measurements of Pt/Tiq and Rh/TiO, cat- 
alysts have shown that these solids behave 
as n-type semiconductors, the conductivity 
of which increases with increasing tempera- 
ture of reduction. Subsequent kinetic mea- 

surements were then interpreted in terms of 
an adjustment of the Fermi levels between 
the metal and semiconductor support. 

In view of the difficulty in characterizing 
the nature of metal-support interactions in 
real catalytic materials (i.e., high-surface- 
area powders), the rationale of the present 
study was to use “model supported cata- 
lysts.” As a definition, a model supported 
catalyst consists of a thin oxide film (i.e., 
the support) onto which the catalytically 
active metal has been deposited. Such ma- 
terials are ideally suited for characteriza- 
tion by transmission electron microscopy 
(TEM) and X-ray photoelectron spectros- 
copy (XPS). The “model system” chosen 
to study strong metal-support interactions 
was FejTiO,. This was done to permit the 
use of conversion electron Mossbauer 
spectroscopy (CEMS) to monitor changes 
in the chemical state of iron, induced by 
interactions with TiO,. In short, the study 
of FejTiO, model supported catalysts en- 
ables collection of detailed structural and 
morphological information from both the 
support and metal phases using TEM, de- 
termination of the metal/support electronic 
and chemical properties using XPS, and 
detailed electronic, morphological, and 
magnetic characterization of the iron phase 
using CEMS. 

For clarity, the present work is divided 
into three contiguous papers. Part I in- 
volves the transmission electron micro- 
scopic results obtained from Fe/TiO, sys- 
terns, following reduction treatments at 
progressively higher temperatures; Part II 
deals with electron spectroscopic (XPS, 
CEMS) characterization of Fe/TiO, model 
supported catalysts following these same 
reduction treatments, and Part III con- 
siders the reversibility of these reduction 
trends following oxidation treatments, as 
studied by electron microscopic and spec- 
troscopic techniques (TEM, XPS, CEMS). 
Finally, the results from these different 
studies are summarized in Part III, and an 
overall discussion of the Fe/TiO, system 
behavior is presented. 
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EXPERIMENTAL 

Sample Preparation 

High-purity titanium foils (Alfa-Ventron 
99.7%), approximately 60 x 60 x 0.0125 
mm, were chemically cleaned in successive 
solutions of trichloroethylene, acetone, 
methanol, and distilled-deionized water, 
respectively. Chemical etching, or smooth- 
ing, was then carried out for approximately 
30 s using an aqueous solution of 10% nitric 
and 2% hydrofluoric acids (see Fig. 1). 
Foils so treated were then oxidized for 2 to 
3 h at 570-670 K in oxygen (101 kPa, 99.6% 
purity, containing 31 ppm trace hydrocar- 
bons). This treatment produces primarily 
rutile TiO, overlayers (12-14) on the order 
of -50 nm thick. Following this treatment, 
the oxidized foil was cut into three distinct 
segments. The metal backing of one seg- 
ment was then dissolved away using a more 
diluted form of the original etching solu- 
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FIG. 1. Schematic of sample preparation. 

tion. Specifically, the etchant solution was 
added dropwise to a beaker containing H,O 
and the oxidized foil until small bubbles 
appeared at the metal edges. At this con- 
centration the remaining metal foil dis- 
solved in approximately 1 h, leaving the 
oxide film floating on the surface of the 
aqueous solution. This film was stable on 
this solution for indefinite periods of time. 
Once floated, these oxide films were rinsed 
in methanol and water and placed on stan- 
dard 3-mm tungsten or titanium electron 
microscopy grids (Pelco). 

All three foil segments (see Fig. 1) were 
then placed in a vacuum metal-evaporator, 
and simultaneously coated with approxi- 
mately 2.5 to 5 nm of iron, depending on the 
loading desired. Small solid angles were 
employed during this procedure to ensure 
better than 95% uniformity in iron thick- 
ness over all such samples. Before evapora- 
tion, the iron (enriched to 91% 57Fe, Oak 
Ridge) was reduced at 1070 K in flowing 
hydrogen (101 kPa, 99.999%) for 2 h and 
placed in a preflashed alumina-coated 
moly-dimple boat (R. D. Mathis). Iron 
evaporation onto TiO, was subsequently 
carried out at background pressures of ap- 
proximately 1.3 x 10T5 Pa. XPS and Auger 
electron spectroscopy (AES) demonstrated 
that iron was the only metal deposited on 
the sample during this procedure (e.g., no 
MO was deposited). In addition, approxi- 
mately two monolayers equivalent of car- 
bon contamination was present on the sam- 
ples following metal deposition and 
removal from the coating chamber. The 
amount of iron deposited was estimated in a 
number of ways. These included (i) TEM 
contrast (mass) balances following nuclea- 
tion of the overlayer into three-dimensional 
crystallites. (ii) CEMS spectral area mea- 
surements, (iii) Fe/Ti spectral intensity ra- 
tios measured by XPS, (iv) d.c. sputtering 
times using a calibrated Ar beam in con- 
junction with XPS, and (v) the use of a 
quartz crystal thickness monitor, calibrated 
employing fixed solid angles and evapora- 
tion of measured amounts of iron. By using 
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these techniques it was possible to estimate 
the initial iron overlayer thicknesses with 
an accuracy of about 20% in the range from 
2.5 to 5 nm. 

In summary, three distinct sets of sam- 
ples were prepared, as described above. 
This is shown schematically in Fig. 1. Iron 
supported on TiO, films, from which the Ti 
metal backing had been previously re- 
moved, were used for TEM and controlled- 
atmosphere electron microscopy (CAEM), 
since these samples are thin and transpar- 
ent to an electron beam. The results of 
TEM are presented in this paper, while the 
results of CAEM are presented elsewhere 
(15). Samples consisting of iron supported 
on TiOz films, which retained the Ti metal 
backing, were used for XPS and CEMS 
experiments, as the thick metal backing 
served as a structural support for the larger 
sample areas needed (ca. 1 x 1 cm and 5 x 
5 cm, respectively). 

Sample Treatment 

In order to preserve the analogous nature 
of the sample preparations for the TEM, 
XPS, and CEMS studies, fixed temperature 
schedules and gaseous treatment condi- 
tions were employed in all studies. These 
are given in Table 1. Furthermore, the 
hydrogen pressure (ca. 10e2 Pa) and the 

TABLE 1 

Sample Treatment Conditionsf’ 

Reduction temperatureh Reduction time 
(K) (h) 

Initial iron overlayer - 
608 4.5 
643 3.8 
677 3.0 
707 3.0 
773 3.0 
875 3.0 
928 3.0 

n Reduction treatments at PHJPH2,, = 100: 
total pressure = 1.33 x IO-’ Pa. 

b Temperature maintained within 0.5%. 

Hz/H,0 ratio (ca. 100) during the various 
TEM and XPS reduction treatments were 
held constant for all studies. This was ac- 
complished by treating the samples for 
TEM in the “reaction chamber” of the 
apparatus used for the XI’S studies, the 
details of which are shown in Part II of this 
series. 

For completeness, it should be noted that 
the treatment of samples for TEM differed 
from that for XPS or CEMS (or CAEM) in 
one subtle way: the samples for TEM had 
to be removed from the hydrogen treatment 
chamber (and thereby exposed to air) prior 
to analysis in the electron microscope. In 
addition, after the TEM study, some sam- 
ples were returned to the hydrogen reduc- 
tion chamber for further treatment. For the 
XPS and CEMS studies, however, the var- 
ious reduction treatments were performed 
sequentially on the same sample with only 
exposure to the background vacuum be- 
tween treatments or during analysis. Thus, 
three different sets of TEM experiments 
were performed. One set consisted of the 
stepwise heating of the same sample to 
progressively higher reduction tempera- 
tures, with TEM analysis between each 
treatment. The second set of experiments 
involved specimens that had been treated 
just once, each at a different reduction 
temperature. And the third set involved 
specimens that were treated according to 
the appropriate reaction schedule, with ex- 
posure to air and TEM analysis permitted 
only after completion of a fixed number of 
sequential reduction steps. Within experi- 
mental error, these three sets of experi- 
ments gave equivalent results. Thus, while 
the results reported here are primarily for 
samples that have undergone progressively 
higher temperature reduction with expo- 
sure to air following the final treatment, it 
can be concluded that the temperature of 
the final reduction is more important than 
the reduction sequence in dictating the 
structure of the catalyst. This facilitates the 
comparison of results from TEM with those 
from XPS and CEMS. 
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Transmission Electron Microscopy 
Analysis was performed using an AEI 

802 transmission electron microscope 
which when operated at 80 kV beam energy 
had a working resolution of approximately 
1.5 nm. Background pressures were better 
than 1 x lop3 Pa. Magnification settings 
were calibrated against standard carbon 
gratings (Pelco). 

RESULTS/‘DISCUSSION 

Iron-Free Support Films 

Figure 2A shows an electron micrograph 

of an iron-free TiOz film, floated according 
to the previously discussed procedures. 
Transmitted electron diffraction showed 
the film to be polycrystalline, with little or 
no change in structure (or diffraction pat- 
tern) following heating to 973 K in oxygen. 
Treatment in hydrogen at 973 K, however, 
was seen to affect the morphology of these 
films, as shown in Fig. 2B. Thus, the re- 
structuring or sintering shown in Fig. 2B 
seems to be related to the presence of 
hydrogen with possibly some surface re- 
duction of the titania support. This process 

FIG. 2A. TiO, film as floated 
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FIG. 2B. TiO, film following hydrogen reduction at 973 K for 3 h. 

results in the formation of a number of detail. Unless otherwise stated, the reduc- 
small yet highly contrasted regions. Indeed, tion behavior of the 3%nm Fe specimens 
the partial reduction of TiOz under similar was equivalent to that of the 5-nm samples. 
conditions has been reported in the litera- Figure 2C shows a TiO, film, such as that 
ture (16-20). of Fig. 2A, which had subsequently been 

Iron Overlayer prior to Reduction 
coated with 5.0 nm of Fe. During this iron 
evaporation procedure, the TiOz substrates 

Two sets of samples were prepared, with were located far from the hot iron source 
average iron overlayer thicknesses of ap- (20-25 cm) and affixed to a sample holder at 
proximately 3.8 and 5.0 nm, respectively. room temperature and of high heat capac- 
For brevity, only the series of samples with ity. By minimizing sample heating during 
the 5-nm iron overlayer will be followed in evaporation, a “contiguous” iron overlayer 
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FIG. 2C. Initial Fe/TiO, specimen prepared by depositing S-nm Fe overlayer on TiO,. 

(as opposed to discrete iron particles) is 
favored. Indeed, within the resolution limit 
of the microscope (ca. 1.5 nm), nucleation 
of the iron into separate crystallites did not 
occur during this sample preparation proce- 
dure. Samples of this type constituted the 
starting point for subsequent reduction ex- 
periments. 

Reduction at Temperatures of 707 K or 
Lower 
Reduction of specimens at 608 and 643 K 

(see Table 1) led to nucleation at a number 

of isolated regions on the TiO, film. One of 
these regions is shown in Fig. 3, following 
reduction at 643 K. The micrograph of Fig. 
3 is nearly identical to those taken following 
reduction at 608 K, except that the higher 
reduction temperature (643 K) increases 
the number and size of these nucleated 
regions. The origin of this nonuniform nu- 
cleation is not well understood. It was 
observed, however, that nucleation of the 
iron overlayer into crystallites took place 
preferentially at rough (or structured) sup- 
port regions, possibly indicating that 
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FIG. 3. A 5-nm Fe/Ti02 specimen following reduction at 643 K for 3.8 h (see Table 1). 

reduction/nucleation occurred more read- in all cases observed. It should be noted 
ily at these sites. Nevertheless subsequent that extended microscopic analyses at 
reduction at higher temperatures (677 and either of these conditions led to observable 
707 K, Table 1) resulted in uniform nuclea- amounts of carbon contamination at crys- 
tion across the surface of the support, fol- tallite locations (i.e., dark halos surround- 
lowing which the location of initial nuclea- ing the iron particles). Neglecting the pres- 
tion regions was indiscernible. Figure 4 is ence of these halos does not alter 
an electron micrograph taken after reduc- interpretation of these micrographs. That 
tion at 707 K. Except for slight changes in is, iron particles formed following reduc- 
particle size, Fig. 4 is nearly identical to tion at 677 and 707 K are highly contrasted 
micrographs taken after reduction at 677 K, (appear to be dark) compared to the sur- 
at which point complete nucleation was rounding support phase. Furthermore this 
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FIG. 4. A 5-nm Fe/TiO, specimen following reduction at 707 K for 3 h (see Table 1). 

contrast difference is observed for essen- 
tially all of the iron crystallites, including 
those at the smaller end of the particle size 
distribution. This is interpreted as indicat- 
ing that iron crystallites reduced at these 
conditions, regardless of size, assume a 
three-dimensional morphology on the sup- 
port surface. 

Reduction at 773 K 

Figure 5 is an electron micrograph taken 

after reduction at 773 K (Table 1). Of 
importance is the observation that many of 
the smaller iron crystallites show low con- 
trast (appear to be light) compared to the 
support. Additionally, a few of the larger 
particles have this low-contrast appearance 
as well, although this phenomenon occurs 
predominantly among the smaller crystal- 
lites. The presence of adjacent particles 
possessing approximately equal diameters 
and yet markedly different contrasts is un- 
mistakable after reduction at this tempera- 
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FIG. 5. A 5-nm Fe/TiO* specimen following reduction at 773 K for 3 h (see Table 1) 

ture and was not previously observed at 
lower reduction temperatures. 

Consistent with previous investigations 
of Pt/TiO* samples reduced at 875 K (3, 4 1, 
it is proposed that these low-contrast crys- 
tallites are thinner than the high-contrast 
particles (of similar diameter) observed at 
lower reduction temperatures (707 IX). This 
would be possible if the three-dimensional 
particles (present at 707 K) begin to spread 
over or wet the support surface at 773 K. 

While these low-contrast particles are 
thicker than a few monolayers, they are 
nevertheless believed to be less than or 
equal to 5.0 nm in height, the original 
thickness of the iron overlayer. This result 
was estimated by comparing the contrast 
differences observed in Fig. 5 with the 
contrast difference between the iron-con- 
taining regions (contiguous film areas) and 
iron-free areas (light regions adjacent to 
crystallites) of Fig. 3, as viewed at approxi- 
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mately the same magnification. It should be 
noted that the contrast of a given particle is 
determined by both diffraction and thick- 
ness effects (21). However, the relative 
contrast changes observed among a large 
number of such particles should, except in 
cases of extreme orientation (epitaxial 
growth on oriented films or single crystals), 
be a valid indicator of thickness. For the 
polycrystalline TiOz films used in the 
present study, the various iron particles are 
expected to have different orientations with 

respect to the electron beam. Thus, the 
low-contrast behavior of many iron parti- 
cles on different support films and different 
regions of the same support (e.g., different 
orientations with respect to the electron 
beam axis), suggests that this behavior is 
due primarily to a particle thickness effect. 

Reduction at Temperatures qf 875 K or 
Higher 

Reduction at these higher temperatures 
brought about additional morphological 

FIG. 6. A 5-nm Fe/TiO, specimen following reduction at 875 K for 3 h (see Table 1). 
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changes in the iron particles. This is shown 
in Figs. 6 and 7, for reduction at 875 and 928 
K, respectively. In particular the sequence 
of micrographs (Figs. 5, 6, 7) after reduc- 
tion at 773, 875, and 928 K indicates an 
increasing tendency for larger particles to 
assume the “thin-crystal” morphology (or 
the “pillbox” morphology of Baker et al. 
(3, 4)). For example, a relatively large 
number of crystallites in the range 20-30 
nm possess the “thin-crystal” morphology 

after reduction at 875 K (Fig. 6) while just a 
few in this size range show this morphology 
following treatment at 773 K (Fig. 5). In 
fact, after reduction at 928 K (Fig. 7) there 
is evidence that much larger crystals (-50 
nm) have also adopted this thin-crystal 
shape. 

Particle Size Distributions 

To further quantify the reduction behav- 
ior described above, particle size distribu- 

FIG. 7. A 5-nm Fe/TiO, specimen following reduction at 928 K for 3 h (see Table I). 
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D 

DIAMETER/rim 

FIG. 8. Particle size distributions for 5-nm Fe/TiO* 
specimens following reduction at the indicated temper- 
atures: (A) 643 K, (B) 707 K,(C) 773 K, (D) 875 K, and 
(E) 928 K (see Table I). 

tions were determined after the various 
reduction treatments. These are shown in 
Fig. 8 for the 5-nm iron overlayer. Similar 
particle size distributions were obtained for 
the 3.8-nm iron overlayer, with the only 
difference being that these distributions 
were displaced toward smaller particle 
sizes compared to those for the 5-nm iron 
overlayer. Each of the distributions in Fig. 
8 was obtained by counting approximately 
1000 particles. It should also be mentioned 
that while the particle size intervals used in 
Fig. 8 are nonuniform in width, the corre- 
sponding intensity of each interval has been 
divided by its width in order that these plots 

better resemble true probability versus par- 
ticle size distributions. Finally, for ease in 
comparison the probability summed over 
all particle size intervals has been normal- 
ized to be the same for each of the particle 
size distributions. 

At the early stages of nucleation (Fig. 
8A) the most probable iron crystallite size 
is approximately 4.5 nm. After continued 
reduction through 677 to 707 K (Fig. 8B), 
crystallites with diameters greater than 20 
nm are formed at the expense of those with 
diameters less than 5 nm. Reduction at 
higher temperatures (Figs. 8C-E), how- 
ever, results in an apparent “redispersion” 
of the iron phase. For example, Fig. 8C 
shows a slight bimodal appearance; and, 
Figs. 8D and E indicate a strong preference 
toward smaller diameters, with a large frac- 
tion of the crystallites having sizes less than 
10 nm. This result is, in fact, not unique to 
this study, as previous workers (3, 4) 
studying Pt on TiO, saw similar results in 
this temperature regime. 

Of importance for the interpretation of 
this decrease in iron particle size is the 
calculation of the “volumetric size distribu- 
tions.” These correspond to plots of the 
volume of iron that is present (per unit area 
of titania) within iron particles of a particu- 
lar particle size interval. Such plots were 
obtained by multiplying the number of iron 
particles present (per unit area of titania), in 
the particle size interval centered at L), by 
D3. This corresponds to the assumption 
that all iron particles are three dimensional. 
The area, A, under these “volumetric size 
distributions” then corresponds to the 
amount of iron present as distinct, three- 
dimensional particles on the titania sup- 
port. Comparison of the value of A after 
progressively higher reduction tempera- 
tures shows that A decreases in a mono- 
tonic fashion by ca. 30 & 2% when the 
temperature is increased from 707 to 928 K. 
This change in A indicates that reduction of 
the average particle size is not caused by 
either atomistic sintering effects or redis- 
persion phenomena but rather from the loss 
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TABLE 2 

TEM Reduction Summary 

Reduction temperature 
(K) 

Observed TEM trends Reduction regimes 

Initial iron overlayer Contiguous Fe film 

608 

643 

Nonuniform nucleation, 
most probably particle 
size (D) < 10 nm 

677 

707 

Uniform nucleation, 
three-dimensional crystallites, 
CD) > 10nm 

Low-temperature 
reduction, nucleation, 
and growth 

773 Contrast between 
crystallites. 
(D) - 10 nm I 

Spreading of iron over support 

x75 

973 

Contrast between crystallites, 
decrease in number density and 
volume of crystallites, 

0) 5 lunm 

Diffuse spreading of iron 
over support or diffusion 
of iron into support 

of observable or highly contrasted material. 
Furthermore, reference to Figs. 4 through 7 
shows that the assumption of constant, 
three-dimensional particle morphology is 
not correct, since the crystallites become 
thinner after reductions at higher tempera- 
tures. Thus, the decrease in the amount of 
“observable iron” at higher temperatures 
is actually more pronounced than the de- 
crease in A would suggest. (For example, if 
cubic iron particles are converted into 
semispherical particles during hydrogen 
treatment at 928 K, then the observed de- 
crease in A corresponds to a 50% decrease 
in the amount of observable iron.) This loss 
of iron must reflect a conversion of iron 
from three-dimensional crystallites into an- 
other form not observed by TEM. The 
formation of new, three-dimensional crys- 
tallites below the TEM focal plane of the 
titania surface was ruled out by focusing 
experiments. Instead, possible mechanisms 
that would account for this behavior in- 
clude a diffuse spreading of iron ovrr 
the support or a diffusion of iron into the 
support. 

SUMMARY ,‘CONCLUSIONS 

The reduction behavior of iron supported 
on titania can be divided into three distinct 
regimes, as summarized in Table 2. Reduc- 
tion at temperatures less than or equal to 
707 K (see Figs. 3,4, and 8A and Bl leads to 
changes in the morphology of iron that can 
be explained in terms of nucleation and 
growth processes. At temperatures of 773 
K (see Figs. 5 and 8C) smaller crystallites 
are observed to spread over or wet the 
support surface, becoming light in appear- 
ance, as they adopt a “thin-crystal mor- 
phology.” Finally, reduction at tempera- 
tures of 875 K or higher causes large iron 
particles to adopt this “thin-crystal mor- 
phology” (Figs. 6 and 7) and the average 
iron particle size is observed to decrease 
(Figs. 8D and E). These changes are ac- 
companied by a decrease in the amount of 
iron present as distinct crystallites on the 
support. This is attributed to a diffuse 
spreading of iron OV~Y the support or a 
diffusion of iron into the support. Distinc- 
tion between these two processes is not 
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possible using TEM along. In Part II of this 
series, however, XPS and CEMS will be 
used to study further these phenomena. It 
will be shown that this loss of iron from 
distinct crystallites upon high-temperature 
reduction is due primarily to the diffusion of 
iron into the support. 
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