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The combination of results from transmission electron microscopy, X-ray photoelectron 
spectroscopy, and conversion electron Mossbatter spectroscopy are used to summarize and discuss 
the behavior of Fe/TiO, model supported catalytic specimens following hydrogen and oxygen 
treatments at progressively higher temperatures. During hydrogen treatment, initial iron overlayers 
(ca. 5 nm thick) on TiO, undergo reduction, nucleation, and growth to small metallic iron particles 
at temperatures from 608 to 707 K; these iron crystallites spread over (or wet) the titania support at 
773 K, forming particles with a “thin-crystal” morphology; and at 875 K, iron facilitates reduction 
of titania, accompanied by the diffusion of iron into the support. Following this high-temperature 
reduction, samples were treated in oxygen at ca. 950 K. Some of the iron that had diffused into the 
support returned to the surface. This high-temperature oxidation does not, however, simply 
reverse the effect of high-temperature reduction. Instead, the iron is converted into large particles 
of FeTi,O,. The lack of reversibility during sequential hydrogen and oxygen treatments at high 
temperatures is attributed to strong interactions between iron and titanium, manifested by the 
formation of dispersed and strongly interacting iron (e.g., y-Fe: Fe,Ti, 1 2 .Y 5 2) or FeTi,O, under 
reducing or oxidizing conditions, respectively. 

INTRODUCTION 

The previous two parts of this series 
dealt with electron microscopic (Part I) and 
electron spectroscopic (Part II) investiga- 
tions of Fe/TiO, model supported cata- 
lysts. In short, titania films covered with 
iron overlayers of either 5 nm or 3.8 nm 
were heated in hydrogen to progressively 
higher reduction temperatures, and various 
phenomena were thereby noted and stud- 
ied. In particular, these phenomena in- 
cluded nucleation of the iron overlayer into 
iron particles, reduction of the iron to the 
metallic state, spreading (or wetting) of iron 
over the support, reduction of Ti4+ to lower 
valence states, and diffusion of iron into the 
support. Table 1 shows a summary of these 

* Present address: Department of Chemical Engi- 
neering, Auburn University, Auburn, Alabama 36849. 

2 To whom correspondence should be addressed: 
Camille and Henry Dreyfus Foundation Teacher- 
Scholar. 

results for the 5-nm iron overlayer. Yet, it 
is through a combination of different tech- 
niques that better understanding of the var- 
ious phenomena can be achieved. Thus, 
while the first two parts of this series in- 
volved a technique-oriented discussion of 
the Fe/TiO, system, the present paper is a 
phenomenon-oriented discussion of this 
metal-support system. Accordingly, the 
two preceding papers discussed the differ- 
ent columns of Table 1 while the present 
paper considers the various rows. 

Another aspect of the Fe/TiO, system is 
its response to oxidation treatments. In- 
deed, it has been found by others (1-4) that 
the strong interactions between titania and 
various supported Group VIII metals can 
be destroyed by high-temperature (ca. 770 
K) oxygen treatment. Thus, oxidation 
studies of Fe/TiO, may provide informa- 
tion complementary to that obtained by the 
previous reduction studies (Parts I and II). 
For this reason the present paper also 
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TABLE 1 

TEM, XPS, CEMS Reduction Summary (5.0 nm Fe) 

Reduction 
temperature 

(K) 

Observed TEM Observed 
trends XPS trends 

Observed CEMS trends Reduction 
regimes 

Initial iron 
overlayer 

Contiguous Fe film Fe3+/Ti4+ 55% Fe’+ 32% Fe” 
13% Fe:+ ’ 

608 

643 

677 

Nonuniform nuclea- 
tion, most proba- 
ble particle size, 
(D) < 10 nm 

Uniform nucleation: 

Fe” and Fe*+ / Ti4+ 59% Fe”+, 4 I% Fe” 

Fe0 jTi4+ 57% FeU, 43% Fe’+ 

707 

three-dimensional 
crystallites, 
(D) > IOnm 

Fe” iTi’+ 100% Fe” 

773 Contrast between 
crystallites, 
@) = 10 nm 

Fe”/Ti4+ Fe”, broadened 
spectrum 

875 

973 

Contrast between 
crystallites, de- 
crease in number, 
density, 
and volume 
of crystallites, 
(U) cr IOnm 

Decrease in Fe 
spectral area, 
increase in Ti 
spectral area, 
reduction of 
Ti4+ 

Spectral singlet 
(e.g., y-Fe, Fe,Ti), 
-32% decrease in 
spectral area 

Low-temperature 
reduction, nu- 
cleation, and 
growth 

Spreading of iron 
over support 

Diffusion of iron 
into support 

presents and discusses transmission elec- 
tron microscopy (TEM), X-ray photoelec- 
tron spectroscopy (XPS), and conversion 
electron Mossbauer spectroscopy (CEMS) 
studies designed to monitor the morpholog- 
ical and chemical changes in the Fe/TiO, 
system that result from high-temperature 
oxidation. 

EXPERIMENTAL 

The samples used in the oxidation studies 
were those specimens which had been pre- 
viously reduced during the reduction 
studies in Parts I and II of this series. In 
short, they were derived from 5.0-nm or 
3.&nm iron overlayers on TiO, films, as 
described in Part I. 

Oxidation 

The samples used for the reduction 
studies of Parts I and II were subsequently 
oxidized and in some cases re-reduced as 
shown in Table 2. TEM, XPS, and CEMS 
were then used to monitor the accompany- 
ing morphological and chemical changes. 

The equipment and procedures employed Figure 1 shows the transmission electron 
in these TEM, XPS, and CEMS studies are micrographs from both the 5.0-nm and 3.8- 
the same as those described earlier. In nm specimens following oxidation at 9 18 K. 
particular, the TEM methodology was pre- Included also are the corresponding parti- 
sented in Part I while the experimental cle size distributions and particle volume 

aspects of XPS and CEMS were presented 
in Part II. 

Reduction 

RESULTS 

The results of the reduction studies of 
Parts I and II are summarized in Table 1. 
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TABLE 2 

Sample Treatment Conditions 

TEM” 
(Temperature/Time) 

XPS” 
(Temperature/Time) 

CEMSD 
(Temperature/Time) 

Oxidation’ 
918 K/3.0 h 943 and 973 K/3.0 h 674 Kjl.0 h 

777 K/1.0 h 
876 K/1.0 h 
922 K/3.0 h 
979 K/2.0 h 

Re-reductiond 
958 K/3.0 h 

(’ Oxidation in 0, at 1.33 x lo-” Pa. 
b Oxidation in 0, al 1.33 x 1OF Pa. 
‘Oxidation and re-reduction treatments shown here have been performed on 

samples previously reduced as described in Table 1, Part I. 
” Reduction at PHJPHZO = 100: total pressure = 1.33 X lo-’ Pa. 

distributions tabulated after counting ap- 
proximately 600 particles per distribution. 
By comparison, the corresponding electron 
micrographs and particle size distributions 
taken for the 5-nm iron sample prior to 
high-temperature oxidation were presented 
in Part I (Figs. 3 to 8). It can be seen that a 
significant growth of the iron particles has 
taken place during this oxidation treatment. 
The 3.8-nm iron sample behaves in a similar 
manner. 

X-Ray photoelectron spectra taken after 
high-temperature oxidation revealed that 
all of the titanium was converted to Ti4+, 
and all of the iron was present as Fe3+. This 
was determined by measuring the positions 
of the Fe-2p,,, peak and the Ti-2p3,,/2p,,, 
doublet, as shown by the broken spectra in 
Figs. 3 to 5 of Part II. At the same time, the 
Ti/Fe spectral area ratio was observed to 
decrease, shown by the broken portion of 
Fig. 6 in Part II, to a value of ca. 30 for the 
5-nm iron sample. Following this oxidation 
treatment, the 5-nm iron sample was re- 
reduced at 958 K in hydrogen, and it can be 
seeiin Fig. 6 (Part II) that the Ti/Fe area 
ratio increased once again, to a value of ca. 
100. 

Following this re-reduction of the 5.0-nm 

iron sample, Ar sputtering was employed to 
probe the iron concentration at various 
depths into the surface. In particular, the 
Fe/Ti spectral area ratio was measured 
after various exposure times to a d.c. Ar 
beam (2 kV, 25 pA/cm2); the spectral area 
ratio was then converted into an atomic 
ratio using the appropriate photoelectric 
cross sections and instrumental sensitivity 
factors (5, 6), while sputtering times were 
converted into approximate depths by mea- 
suring the sputter rates of targets of known 
thickness and with similar sputter yields. 
The corresponding Fe/Ti depth profile for 
the re-reduced 5-nm iron sample is shown 
in Fig. 2. For comparison, Fig. 2 also shows 
the Fe/Ti depth profile for the 3.8-nm iron 
sample following oxidation at 943 K. It 
should be noted that the maximum in the 
plot of the Fe/Ti ratio versus depth occurs 
closer to the surface for the oxidized 3.8- 
nm iron sample than for the re-reduced 5.0- 
nm iron sample. 

Figure 3 contains the room-temperature 
conversion electron Miissbauer spectra fol- 
lowing oxygen treatment, at progressively 
higher temperatures, of the previously re- 
duced 5-nm iron sample (see Fig. 7 of Part 
II). Oxygen treatment at 674 K has little 
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FIG. 1. Transmission electron micrographs and particle size/volume distributions for 5.0-nm and 
3%nm Fe/TiOp samples following oxidation at 918 K (Table 2) of previously reduced specimens 
(Table 1, Part I). (A,B,C): ~-MI iron sample; (D,E,F): 3.8-nm iron sample. 

effect on the Mossbauer spectrum, while 
treatment at higher temperatures (up to 979 
K) leads primarily to the formation of a new 
spectral doublet centered at 1.05 mm/s 
(with respect to metallic iron) with a quad- 
rupole splitting of 2.2 mm/s. Accompany- 
ing the formation of this doublet there is 
also a 55% decrease in the spectral area. A 
small amount of the a-Fe203 sextuplet (the 
peak positions of which are indicated by the 
lines at the top of the figure) is also detect- 
able in the spectrum recorded after oxida- 
tion at 876 K. 

DISCUSSION/SUMMARY 

Reduction Behavior 

It was noted in Part II of this series that 
the reduction behavior of Fe/TiO, samples 
may be divided into three regimes. These 
are summarized in Table 1 for the 5-nm iron 
sample. Consider iirst the different phe- 
nomena that take place in Regime I during 
reduction at progressively higher reduction 
temperatures up to 707 K. TEM (7) anal- 
ysis of the initial iron overlayer showed the 
presence of a contiguous iron film. XPS 
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measurements (8) agreed with this conclu- 
sion by virtue of a small absolute Ti/Fe 
concentration ratio. It was also observed 
that essentially all of the iron detectable by 
XPS was present as Fe3+. CEMS (a), how- 
ever, revealed in addition to Fe3+, the exis- 
tence of metallic iron and Fez+ in the iron 
overlayer. These differences are due to the 
greater sampling depth for CEMS com- 
pared to XPS. Thus, since CEMS probes 
essentially all of the iron overlayer while 
XPS monitors only the top 2 nm, it is 
concluded that the Fe3+ lies on the surface 
of the overlayer. 

Reduction through the first two tempera- 
tures (608 and 643 K) resulted in a partial 

nucleation of the iron overlayer on various 
regions of the TiO, film, as observed by 
TEM. XPS results for the 5-nm iron sample 
indicated essentially complete conversion 
of iron to Fe0 following reduction at 608 K. 
For the 3.8-nm iron sample, however, XPS 
measurements showed the continued pres- 
ence of a Fez+ component after treatment at 
608 K. These XPS results indicate that 
while the topmost -2.0 nm of the external 
iron surface (film and/or particles) is metal- 
lic, the iron lying below this surface (e.g., 
adjacent to the support) is in the Fez+ state. 
This is shown schematically in Fig. 4A. 
CEMS supports this interpretation by veri- 
fying the presence of Fe*+ in the 5-nm 
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FIG. 2. Fe/Ti atomic ratio determined by XPS 
versus sputtered depth: (Cl) 3.8~nm Fe/TiOz sample 
following oxidation at 943 K (Table 2) of a specimen 
previously reduced at %3 K (Table 1, Part I): (0) 5.0- 
nm FejTiq sample following re-reduction at 958 K 
(Table 2) of a specimen first reduced at 973 K (Table 1, 
Part I) and subsequently oxidized at 973 K (Table 2). 

overlayer after treatment at 608 K, when 
XPS detected only FeO. 

Reduction at 677 K resulted in uniform 
nucleation of iron over the entire titania 
surface. This corresponds to the complete 
reduction of iron to the metallic state, as 
measured by both XPS and CEMS (see Fig. 
4B). At this temperature, the metallic iron 
particles were present as three-dimensional 
crystallites (as evidenced by TEM) on a 
fully oxidized TiO, support (as determined 
by XPS). Heating to 707 K led to some 
sintering of the metallic iron particles, but 
the three-dimensional character of these 
particles was preserved. 

Regime II is entered upon reduction at 
773 K, at which temperature the iron parti- 
cles spread over (or wet) the titania sup- 
port. In particular, after this treatment the 
smaller iron particles were transformed into 
thin metallic crystallites which showed a 
low contrast (TEM) with respect to the 
titania support. This is shown schemati- 
cally in Fig. 4C. It has been proposed 
previously that such wetting behavior may 
be accompanied by (or related to) partial 
reduction of the support. In the present 
study no reduction at 773 K was observed 
using XPS; however, if this reduction is 
confined to local regions of the support near 

(or below) the iron crystallites, it is possible 
that it would not be readily detectable via 
these XPS measurements. Further evi- 
dence for the spreading of iron over the 
support in Regime II is that the metallic 
iron particle size distribution (from TEM) 
adopted a slightly bimodal shape and the 
Mossbauer spectral peaks broadened 
significantly following hydrogen treatment 
at 773 K. 

Reduction at 875 K leads to the phenom- 
ena of Regime III. XPS measurements indi- 
cated that Ti4+, in iron-containing samples, 
is reduced to lower valence states during 
this treatment. In contrast, iron-free sam- 
ples did not show this reduction of Ti4+, 
indicating that iron facilitates reduction of 
the support. TEM analyses after this treat- 
ment again showed the presence of the 
“thin-crystal” morphology, with this parti- 
cle morphology extended to crystallites of 
larger diameter compared to the behavior 
of Regime II. Comparison of particle size 

I- “. I 1, ” I ‘. * I “. * 

-10.0 -5.0 0.0 5.0 10.0 

VELOCITY/ mm s’ 

FIG. 3. Conversion electron Mossbauer spectra of 
5.0-nm Fe/TiO, sample following reduction at temper- 
atures through 875 K (Table 1, Part I) and oxidation at 
the indicated temperatures (Table 2). One vertical 
square is equivalent to 2’S effect. 
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FIG. 4. Schematic diagram of the Fe/TiO, system 
after reduction at progressively higher temperatures 
followed by oxidation. 

distributions indicated a shift toward 
smaller particles upon treatment in Regime 
III (i.e., apparent redispersion) and TEM 
contrast calculations (mass balances) dem- 
onstrated that this change in shape of the 
particle size distributions cannot be ex- 
plained by atomistic sintering on the sur- 
face of the support. In fact, by monitoring 
the size and number of crystallites per unit 
area of support, it was shown that, within 
the resolution of the TEM (1.5 nm), the 
amount of highly contrasted material 
present as distinct particles decreased by 
approximately 50% between the treatment 
temperatures of 707 and 973 K. This then 
indicates that at least one source of this 
apparent redispersion may be the loss of 
highly contrasted material. XPS measure- 
ments were consistent with the loss of 
surface iron as the intensity of the iron 2~~~~ 
signal decreased markedly following this 

high-temperature treatment. CEMS also 
showed a 30% decrease in spectral area, 
attributed to the electron attenuation which 
occurs from iron atoms located far below 
the surface. The results from TEM, XPS, 
and CEMS thus reveal that iron diffuses 
into the titania at temperatures of 875 K or 
higher. XPS also shows the presence of 
reduced titanium species following this hy- 
drogen treatment. Indeed, the diffusion of 
iron into the support and the reduction of 
titania may well be interrelated Spe- 
cifically, iron facilitates the reduction of 
titania, and the removal of oxygen from 
titania during this reduction allows iron to 
diffuse into the support. This is shown 
schematically in Fig. 4D. During this 
process, the iron is converted into a dis- 
persed and strongly interacting state within 
the support. Specifically, CEMS shows the 
presence of a spectral singlet consistent 
with the formation of y-Fe or Fe,Ti (1 5 .Y 
5 2). The existence of either of these 
phases requires a strong interaction with 
the support: the y-Fe structure (fee) formed 
by growth within a support matrix (9, IO), 
and Fe,Ti formed by incorporation of Ti 
into Fe. 

After treatment at 963 K or higher tem- 
peratures, the presence of reduced titanium 
species was observed by XPS on titania 
films that did not contain iron. The origin of 
this reduction is not well understood. For 
example, it may be partially due to the 
presence of carbon at the surface (observed 
in Part II by XPS) and/or a restructuring of 
the TiOz film (observed in Part I by TEM: 
Fig. 2B). While XPS did not detect any 
change in the carbon concentration at the 
surface upon hydrogen treatment at 963 K, 
it is known that impurities such as carbon 
can facilitate the reduction of titania ( ll- 
13). 

Oxidation Behavior 

It was shown by XPS that oxidation at 
943 or 973 K of samples previously reduced 
at 963 and 973 K leads to a partial restora- 



344 TATARCHUK AND DUMESIC 

tion in the surface iron concentration (see 
Figs. 3, 4, and 6 of Part II). In addition, Fig. 
5 of Part II clearly indicates that the tita- 
nium is returned to the Ti4+ state while 
Figs. 3 and 4 (Part II) show that the iron is 
oxidized to Fe3+ following this treatment. 

Complementary to these findings are the 
results of CEMS. It is seen in Fig. 3 that the 
singlet peak indicative of a strong interac- 
tion during reduction is oxidized only at 
temperatures greater than 674 K. This is 
consistent with the previous results indicat- 
ing that iron has diffused into the support 
following the initial high-temperature re- 
duction. After oxidation at 876 K a shoul- 
der can be observed on the positive-veloc- 
ity side of the strongly interacting singlet 
peak. The position of this shoulder is con- 
sistent with the presence of ilmenite (Fe 
TiO,). In addition, oxidation at this temper- 
ature leads to an increase in the intensity of 
the spectral sextuplet due to a-Fe203. Fi- 
nally, the ultimate oxidation product after 
treatment at 979 K is Fez+, as determined 
by the isomer shift of the resulting spectral 
doublet. Furthermore, the Miissbauer pa- 
rameters of this doublet suggest that the 
Fe*+ is present in the form of the pseudo- 
brookite-like compound FeTi20, ( 14, 15). 
It is not known to what extent the ilmenite 
and a-Fe,O,, observed at lower tempera- 
tures, are intermediates in the eventual 
formation of FeTi,.O,. Previous investiga- 
tors (/4, 1.5) have, in fact, produced 
FeTi,O, by reaction between a-F&O3 and 
Ti02, with trace amounts of ilmenite ob- 
served (15) as expected from thermody- 
namic consideration (16). Of importance is 
the fact that Fe2+Ti205 and Fq3+Ti0, can 
form a solid solution under these condi- 
tions, yet the observed Fe*+ species 
(CEMS) is somewhat expected in view of 
the excess Ti present. It is clear, however, 
that the interactions between Fe and TiO, 
cannot be destroyed by high-temperature 
oxidation. Specifically, iron-titanium 
mixed oxides are formed. 

Comparison of XPS and CEMS results 
further indicates that the mixed oxides 

formed upon high-temperature oxidation 
must be poorly dispersed. This follows in 
order that the “surface” iron is Fe3+ (as 
shown by XPS) while the “bulk” iron is 
Fe*+ (as shown by CEMS). This conclusion 
is supported by the 55% decrease in total 
Mossbauer spectral area accompanying the 
oxidation of the strongly interacting singlet 
peak to FeTi,O, (see Fig. 3). That is, a large 
fraction of the total crystallite volume must 
be located in sufficiently large particles of 
FeTi,O, (see Figs. IC and F) so that attenu- 
ation of the conversion and Auger electrons 
occurs from iron atoms deep within these 
particles. 

TEM studies of the 5nm and 3.8-nm iron 
samples after high-temperature oxidation 
confirm the growth of large crystallites (see 
Figs. IA through F). This is shown by 
comparing the electron micrographs and 
the particle size distribution for the 5-nm 
iron sample following oxidation (Figs. 1A 
through C) with the results of Part I which 
show the iron particles of this same sample 
prior to oxidation but following reduction 
(Figs. 3-8 of Part I). The two low- 
magnification micrographs of the oxidized 
3.&rm and 5.0-nm iron samples (Figs. IA 
and D) also indicate that the crystallites 
observed following oxidation are indeed 
related to iron, as the volume of highly 
contrasted material (assuming three-dimen- 
sional particles) is proportional to the initial 
iron overlayer thicknesses. The contrast 
balances performed on TEM specimens re- 
duced at 707 K, assuming cubic particle 
geometry as described in Part I, were then 
compared to those performed on micro- 
graphs taken following oxidation of these 
same specimens at 918 K. In short, these 
calculations involve use of the particle vol- 
ume distribution and knowledge of the 
number of particles per unit area of the 
titania surface to determine the volume of 
iron-containing phases present on the sup- 
port as discrete particles.’ The results of 
these measurements indicate that there is 
an increase in the volume of iron-containing 
material, following oxidation, by factors of 
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8.2 and 7.3 for the 5.0- and the 3.8-nm iron 
specimens, respectively. This increase in 
total crystallite volume can be attributed to 
the formation of an iron-titanium mixed 
oxide phase. Making use of the known 
densities of Fez+ -Ti4+ mixed oxides, it is 
possible to calculate the expected volume 
increases that would result if 1 cm3 of 
metallic iron were converted into the corre- 
sponding volume of mixed oxide. Indeed, it 
is found that the expected volume increase 
for formation of the ferrous pseudobrookite 
phase (FeTi,O,) is 7.48, while that for il- 
menite (FeTiO,) is only 4.53. While other 
Ti4+/Fe2+ mixed oxides do in fact exist 
(e.g., Fe,-,Ti,O,, etc.) (f7), these calcula- 
tions are nevertheless consistent with the 
formation of FeTi,O, suggested by CEMS. 

The previously noted increase in the sur- 
face iron concentration upon high-tempera- 
ture oxidation (as shown in the broken 
portions of Figs. 3, 4, and 6 in Part II) 
indicates that many of the FeTi,O, crystal- 
lites are located on the surface of the TiOz 
film. This is shown schematically in Fig. 
4E. In contrast, the iron is present within 
the titania film following high-temperature 
reduction. The results of Ar sputter 
profiling for Fe and Ti support these con- 
clusions that iron diffuses into the support 
during high-temperature reduction while 
iron is partially returned to the surface (in 
the form of large FeTi,O, particles) follow- 
ing high-temperature oxidation of a previ- 
ously reduced specimen. Indeed, the plots 
of the XPS-Fe/Ti atomic ratio versus depth 
into the sample (see Fig. 2) show that the 
maximum iron concentration is located 
closer to the surface of an oxidized sample 
than for a reduced sample. Unfortunately, a 
number of complications exist which pre- 
vent the direct quantitative interpretation 
of these profiles (18). The most serious of 
these complications is the fact that these 
samples consist of discrete iron-containing 
particles (of different composition and sput- 
ter yield) on a titania film. Sputter profiles 
thus reflect the removal of material from 
both the iron-containing particles and the 

support itself. Large particles on the sup- 
port would give the appearance of iron 
present at great depths into the support 
while small particles on the support would 
give the appearance of iron present near the 
surface of the support. The average iron 
particle size is much larger for the oxidized 
samples, however, and this effect cannot 
explain the observed differences in sput- 
ter profiles for the oxidized and reduced 
samples. 

Re-reduction at 958 K of these oxidized 
samples (see Table 2) results in a decrease 
in the surface iron concentration as indi- 
cated by Fig. 2 and the broken portions of 
Figs. 3 and 6 in Part II. The surface iron 
concentration does not, however, return to 
that value observed following the first high- 
temperature reduction, indicating that the 
movement of iron to and from the surface in 
oxygen and hydrogen respectively is not 
completely reversible. Furthermore, as dis- 
cussed in Part II, this change in iron con- 
centration cannot be explained by the re- 
moval of carbon and/or oxygen from the 
surface during reduction of the support. 
This lack of reversibility is not unexpected, 
as the iron is present in Ti-free phases prior 
to the first reduction (e.g., as iron oxides 
and metallic iron), while it is present in an 
Fe-Ti mixed oxide phase prior to the re- 
reduction. In addition, the first high-tem- 
perature reduction involves small iron par- 
ticles formed during reduction and 
nucleation of the initial iron overlayer, 
while the high-temperature re-reduction in- 
volves large iron-containing particles 
of poorly dispersed FeTi,O,. Thus, the lack 
of reversibility during sequential hydrogen 
and oxygen treatments at high tempera- 
tures is attributed to strong Fe-Ti interac- 
tions: formation of dispersed and strongly 
interacting iron (e.g., y-Fe, Fe,Ti) upon 
reduction and formation of FeTi,O, upon 
oxidation. 
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