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High-resolution electron microscopy (HREM), combined with digital image processing and computer simulation techniques, has
been used to carry out a microstructural characterization of some Rh/TiO, catalysts reduced at 473, 773 or 823 K. A sample
resulting from the reduction of the catalyst at 773 K, reoxidized with flowing O, at 673 K and finally reduced at 473 K was also
investigated. In contrast to earlier literature reports, the HREM images recorded here suggest the existence of some definite
structural relationships between both the rutile and anatase titania microcrystals and the rhodium particles grown on them.
Though some micrographs have been interpreted in terms of slightly reduced Magneli phases, our HREM study suggests that the
major microstructural feature of the high temperature (773 and 823 K) reduced samples is the formation of an amorphous
reduced titania phase, associated with which metal decoration occurs. Some metal sintering is also observed. The reoxidation
treatment, although inducing reversal of the decoration process leads to larger metal particles than those of the starting low-
temperature reduced catalysts. Note, also, that twinned metal particles are more often observed in the catalyst resulting from the

mild reduction of the reoxidized sample.

For the last decade, EM techniques and, more specifically,
HREM have been used increasingly in catalyst character-
ization. Although this latter technique has not yet been fully
exploited it is evident that it can be fruitfully applied to the
microstructural investigation of numerous heterogeneous
catalysts, including highly dispersed metals,!~* oxides used as
both active phases and supports,?-> sulfides? > or zeolites.”"®

Since Tauster et al.® reported for the first time on the so-
called strong metal-support interaction (SMSI) effect, much
work has been carried out to elucidate the nature of this phe-
nomenon. Typically, the SMSI effect is associated with
reducible oxide supports,'®~** M/TiO, being by far the most
extensively investigated catalytic system.*>~'4

It is quite obvious that an in-depth microstructural investi-
gation of the catalysts is critically important to arrive at a
better interpretation of the SMSI effect. However, the number
of EM studies devoted specifically to investigation of the
SMSI effect are rather limited, even for titania-supported
metal catalysts, the paradigmatic example of an SMSI system.

Transmission electron microscopy (TEM) was used in
Tauster’s work® to establish the metal particle size distribu-
tion in several M/TiO, catalysts. The information contained
in TEM micrographs provided essential experimental support
for one of the most characteristic features of the SMSI effect:
the strong perturbation of the metal chemisorptive proper-
ties.' 21315 Baker et al.’s studies on Pt/TiO,'¢!” can also be
considered as pioneering contributions of EM to the investi-
gation of the SMSI effect. By using TEM and selected area
electron diffraction (SAED) patterns, they made some propo-
sals about the microstructural nature of these catalysts which
have been accepted for a long time. Thus, the analysis of the
contrasts exhibited by the metal in Pt/TiO, catalysts allowed
them to propose that, under the SMSI state, platinum forms
flat pill-box shaped particles. Upon reoxidation,!” the metal
particles would recover their original hemispherical shapes. It
was concluded that, inherent to the SMSI effect, the metal
would spread over the support, this morphological change
being considered as a characteristic feature of Pt/TiO, in
SMSI state. Likewise, from an SAED pattern recorded for the
catalysts reduced at 1075 K, the authors were able to identify

the Ti,O, phase. The formation of such a reduced phase was
confirmed by the presence, in the Pt/TiO, catalysts reduced at
825 K, of some lattice spacings larger than those correspond-
ing to the dioxide phases.'® From these two observations, a
relationship was established between the SMSI effect and the
occurrence of a reduced titania phase, quite often formulated
as Ti,O,.!!-1618 These EM studies on Pt/TiO, were further
extended by Baker et al. to several other metals such as Ag,'?
Ni,2%-22 Fe?3 and Pd.2* TEM has also been applied to the
investigation of titania-supported rhodium catalysts.?%-28

In some of the studies mentioned above2®~22:2* support
migration onto the metal particles was considered to be an
important factor in characterizing the SMSI effect. However,
the major experimental evidence for such a proposal actually
came from a variety of spectroscopic studies.2!-2°35 It was
necessary to use surface profile high-resolution imaging
techniques®® to obtain the very first EM evidence of metal
decoration effects.>”° In ref. 38, however, the HREM image
showing the covered rhodium particles corresponded to a
Rh/TiO, catalyst reduced at very high temperature: 1073 K.
Later,*®**° HREM images of decorated metal particles were
also obtained for Rh/TiO, catalysts reduced at 773 K, the
temperature normally used to induce the SMSI state. HREM
has also been applied to the investigation of Pt/TiO,*!**? and,
more recently, Ru/TiO,*? catalysts. In the case of Ru/TiO,
the authors indicated the presence of surface decoration effects
while for the Pt/TiO, system, by combining experimental and
computer-simulated images the authors in ref. 41 suggested
that, in addition to metal decoration, Pt-Ti alloys are formed
upon reduction at 773 and 973 K.

Our laboratory has been working on the chemical and
microstructural properties of rare-earth-metal oxide-
supported metal catalysts for some time.**%-#4=5¢ Most of this
work has dealt with Rh/4f oxide catalysts since, in accordance
with the literature,>”® M/CeO, and even M/Ln,O; can
exhibit SMSI phenomena, the elucidation of the actual nature
of such an effect in M/4f oxide catalysts has constituted a
major objective of this investigation, in which HREM has
been applied systematically.**%4+31=5% In our project, the
Rh/TiO, system was used as a reference catalyst exhibiting
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the SMSI effect. Here, we report an HREM study carried out
on Rh/TiO,. As will be discussed below, in spite of being con-
sidered a classic SMSI system, there are some aspects of its
HREM characterization that were not sufficiently stressed in
the earlier literature.

Experimental

The starting titanium dioxide was the sample P-25, from
Degussa. To stabilize its textural and structural properties, the
titania sample was heated in a flow of H, for 3 h at 773 K and
then reoxidized for 4 h, at 673 K. The sample resulting from
this pretreatment, with a surface area of 20 m* g™, consisted
of a mixture of rutile (80%) and anatase (20%).

The Rh/TiO, catalysts were prepared by the incipient
wetness impregnation technique from an aqueous solution of
Rh(NOQ,),. After the impregnation treatment, the sample was
dried in air at 383 K, for 10 h and stored in a dessicator until
its reduction. This impregnation—drying cycle was repeated
several times to give a final metal loading of 5.0 wt.%.

The reduction treatments were carried out by heating the
Rh(NO,),/TiO, precursor system in a flow of H, (60 cm?
min~') at 10 K min~! from 298 K to the selected reduction
temperature (473, 773 or 823 K). The samples were held for
1 h at the reduction temperature, then treated in flowing
helium (60 cm® min~') for 1 h at the reduction temperature
and, finally, they were cooled, also in a flow of inert gas. In the
particular case of the catalysts reduced at 473 K, the sample
was further heated in a flow of helium to 773 K. In this way,
we ensure the elimination of the hydrogen chemisorbed on the
catalysts, before its exposure to air. To prevent the fast reoxi-
dation of the reduced catalysts, they were cooled to 191 K,
always in a flow of helium, then treated with O, (5%)-He for
0.5 h, warmed to 295 K in the oxidizing mixture and finally
exposed to the air. The samples prepared in this way were
transferred into the microscope following the procedure
reported elsewhere.®!

The HREM images were obtained in a JEOL-2000 EX
microscope with 0.21 nm point resolution. The instrument
was equipped with a top-entry specimen holder and an ion
pump. The computer simulated HREM images were obtained
by running the EMS Software package on an IRIS 4D35/
TG+ Silicon Graphics workstation. Digital processing of
both calculated and experimental HREM images was per-
formed with the help of the Semper 6+ software. Two com-
puter programs, written in Fortran 77 and developed at the
University of Cadiz, have also been routinely used in this
work. The so called EJEZ program was designed to establish
the set of zone axes of a known structure allowing one to
obtain HREM images on a microscope of given structural
resolution. The RHODIUS program has allowed us to build
the complex supercell structural models used as the basis for
the computer simulations presented in this work.

Results and Discussion

HREM has been used to characterize a series of Rh/TiO,
catalysts prepared as described above. The lowest reduction
temperature applied here, 473 K, is considered to lead to cata-
lysts exhibiting conventional chemical behaviour.'* The other
two reduction temperatures, 773 and 823 K, however, would
induce the onset of the SMSI state.'> We have also studied
the sample resulting from the reoxidation at 673 K and
further re-reduction at 473 K, of the catalysts previously
reduced at 773 K. This latter treatment is considered to allow
the recovery of the catalysts from the SMSI state.>® Hydrogen
chemisorption data and catalytic activity measurements for
the benzene hydrogenation reaction clearly indicate classical
SMSI behaviour for the Rh/TiO, catalysts studied here.
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HREM study of the Rh/TiO), catalysts reduced at 473 K

Fig. 1 shows a low-magnification general view of our low-
temperature reduced Rh/TiO, catalysts. Note the high density
of metal particles; in spite of this, the particle size distribution
is quite narrow, Fig. 2(a), the mean size being ca. 3 nm.

Fig. 3(a) and (b) show two representative profile-view
HREM images of the catalyst reduced at 473 K. They
account, respectively, for anatase and rutile supported
rhodium systems. In effect, by running the EJEZ program, we
have established the zone axis along which high-resolution
images of both anatase and rutile phases can be obtained in
our microscope. The results from this study are summarized in
Table 1.

In accordance with the crystallographic data included in
Table 1, the HREM images in Fig. 3(a) and (b), as well as the
corresponding diffraction patterns computed by digital pro-
cessing techniques which are also included as an inset in the
figure, can be interpreted as due to anatase close to [111]
orientation and rutile in [001] orientation, respectively. The
coexistence of Rh/TiO, (A) and Rh/TiO, (R) might well be
expected if it is recalled that our titania support actually con-
sists of a mixture of anatase (20%) and rutile (80%).

Regarding the supported rhodium phase, Fig. 3(a) and (b)
confirm the high density of metal particles sitting on the
support surface. The metal particles consist mainly of clean,
well faceted single crystals oriented close to the [110] zone
axis, the only one allowing us to obtain high-resolution
rhodium images. in our microscope.* Lattice fringes corre-
sponding to Rh {111} planes at 0.220 nm can be easily resolv-
ed in Fig. 3(a) and (b). From a morphological point of view,
the particles generally consist of truncated cuboctahedron
crystals with external surfaces made up of {111} and {002}
planes. Fig. 4 shows in perspective, as well as in [110] projec-
tion, the two types of more often observed metal crystallites.

The analysis of the images in Fig. 3 also suggests the exis-
tence of orientation relationships between the metal and the
support. Thus, in the case of Fig. 3(a), ca. 80% of the metal
particles have grown with their (002) faces parallel to the
support surface. Likewise, Fig. 5 shows an HREM image of
anatase in orientation close to [111]. Again, the (002) face of
the metal particle is parallel to the support surface. In this
figure, it can also be easily observed that, as a result of the
orientation relationship, Rh (111) planes grow parallel to the
(112) planes of anatase. The lattice spacings corresponding to
the planes mentioned above are 0.220 nm for Rh (111) and
0.233 nm for TiO,-A (112). These structural agreements
suggest the existence of an epitaxial growth of the metal crys-
tallites on the support.

In the case of the rutile-supported rhodium system, Fig. 6
also suggests the existence of defined structural relationships.
The image in Fig. 6 corresponds to the catalysts reduced at
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Fig. 1 Low-magnification image of the Rh/TiO, catalyst reduced at
473K
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Fig. 2 Particle size distributions obtained from the analysis of HREM images of the Rh/TiO, samples reduced at (a) 473 and (b) 773 K. (¢)
Integrated size distribution curves for the above-mentioned reduction temperatures.

773 K, further oxidized at 673 K and finally re-reduced at
473 K. Although some additional aspects of this catalyst
sample will be discussed below, here, we shall focus our atten-
tion on the metal-support structural relationship. In effect, the
HREM image in Fig. 6(a) shows a rhodium crystallite in [110]
orientation and based on a (002) plane, sitting on a [101]
plane of rutile in [010] orientation. This implies that Rh {111}
planes (lattice spacing 0.220 nm) grow nearly parallel to
TiO,-R {103} planes (lattice spacing 0.243 nm).

Fig. 6(c) and (d), which were constructed by running the
RHODIUS program developed at UCA, show schematic
drawings depicting the crystallographic details of this relation-
ship. The calculated HREM image, Fig. 6(b), obtained from
the structural model in Fig. 6(c) shows a very good match
with the experimental image, Fig. 6(a), thus confirming our
proposal. As suggested in Fig. 7(a), the epitaxial relationship
established between the metal and support planes contacting
at the interface could be responsible for the observed orienta-
tion effects. According to this figure, a good structural corre-
spondence is attained allowing us to define a small-size
coincidence cell that can be repeated periodically along the
[1107 and [1-10] Rh directions. As marked in Fig. 7, the
dimensions of this coincidence cell are 2.5 [110] Rh x 1 [1-
10] Rh.

The above orientation relationships can be considered rep-
resentative of the set of micrographs analysed in this work,

but we cannot rule out the existence of some others. We have
carried out a comparative analysis of the crystallography of
anatase and rhodium planes by using the EJEZ program.
From this analysis an epitaxial growth of Rh (002) on TiO,
(001) should be expected because it is also possible to define,
as observed in Fig. 7(b), a very small and periodic coincidence
lattice. The orientation relationship associated with this epi-
taxial growth could be defined as follows, Rh [100]{TiO,
(1001, Rh (001)|| TiO, (001). To confirm this idea experimen-
tally it would be necessary, according to data included in
Table 1(b), to analyse micrographs of Rh on TiO,-A showing
a support in {100} or {110} orientations and with extended
flat (001) surfaces. However, this information was not avail-
able from our HREM images.

The observation of orientation relationships between
rhodium and both anatase and rutile support phases contrasts
with that reported by Singh et al.>” They proposed that
rhodium does not exhibit preferred orientations relative to
TiO,. It should be mentioned, however, that this latter con-
clusion was based on the observation of continuous diffrac-
tion rings in the corresponding electron diffraction patterns.
This experimental basis has some drawbacks. First, in the case
of powder polycrystalline catalysts, the identification of prefer-
ential orientations from electron diffraction patterns may
require the use of a conventional SAED technique with a
narrow electron probe or even better nanodiffraction tech-
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Fig. 3 HREM profile-view images of the catalyst reduced at 473 K,
showing rhodium particles sitting on (a) anatase close to [111] orien-
tation and (b) rutile in [001] orientation
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Fig. 5 HREM view of the catalyst reduced at 473 K. Note the paral-
lel alignment between the (111) planes of rhodium and the (112) planes
of anatase.

niques.®® Otherwise, many randomly oriented catalyst par-
ticles can contribute to the diffraction process, thus leading to
ring patterns, with independence of the structural relation-
ships existing between metal and support. Secondly, because
of the closeness of support and metal lattice spacings, 0.233
nm for TiO,-A {1-12} or 0.219 nm for TiO,-R {1-11} and
0.220 nm for Rh {111}, it is difficult to resolve the diffraction
spots due to rhodium from those generated by the support
lattice.

The HREM study of Rh/TiO, reduced at 473 K has also
provided some useful information about the support
reduction state. Fig. 8 shows support images which could be
observed in some limited regions of the series of micrographs
recorded for this catalyst. The contrasts observed in Fig. 8(a),
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Fig. 4 Perspective view of truncated cuboctahedrons with (a) hexagonal and square faces and (c) triangular and square faces. The same models

in [110] projection are shown in (b) and (d), respectively.
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Table 1 Lattice spacings and angles for TiO,-R and TiO,-A in different orientations

d, d,
Zone axis (hkl), (hkl), /nm /nm angle d, d,/degrees
(a) TiO, rutile
001 0 1 0 1 0 0 0.459 0.459 90.0
1 1 0 1 0 0 0.325 0.459 450
1 -1 0 1 0 0 0.325 0.325 90.0
2 0 0 0 1 0 0.230 0459 90.0
2 0 0 1 1 0 0.230 0.325 45.0
0 2 0 2 0 0 0.230 0.230 90.0
010 0 0 1 1 0 0 0.296 0459 90.0
1 0 1 1 0 0 0.249 0.459 572
1 0 1 0 0 1 0.249 0.296 328
1 0 -1 1 0 1 0.249 0.249 65.6
2 0 0 0 0 1 0.230 0.296 90.0
2 0 0 1 0 1 0.230 0.249 572
110 0 0 1 1 -1 0 0.296 0.325 90.0
1 -1 1 1 -1 0 0.219 0.325 47.7
1 -1 1 0 0 1 0.219 0.296 423
-1 1 1 1 -1 1 0.219 0.219 84.6
011 0 1 -1 1 0 0 0.249 0.459 90.0
2 0 0 0 1 -1 0.230 0.249 90.0
1 1 -1 1 0 0 0219 0.459 61.6
1 i -1 0 1 -1 0.219 0.249 284
1 1 -1 2 0 0 0.219 0.230 61.6
1 -1 1 1 1 -1 0.219 0.219 56.9
111 1 0 -1 1 -1 0 0.249 0.325 675
0 1 -1 1 0 -1 0.249 0.249 450
112 1 1 -1 1 -1 0 0.219 0.325 90.0
121 1 -1 1 1 0 -1 0.219 0.249 68.7
(b) TiO, anatase
010 1 0 1 0 0 2 0.352 0.476 68.3
1 0 -1 1 0 1 0.352 0.352 434
1 0 3 0 0 2 0.243 0476 40.0
1 0 3 1 0 1 0.243 0.352 284
1 0 3 1 0 -1 0.243 0.352 71.7
1 0 -3 1 0 3 0.243 0.243 80.0
0 0 4 1 0 1 0.238 0.352 68.3
0 0 4 1 0 3 0.238 0.243 40.0
111 0 1 -1 1 0 -1 0.352 0.352 82.2
1 -1 0 1 0 -1 0.268 0.352 49.0
1 1 =2 1 0 -1 0.233 0.352 41.1
1 1 -2 1 -1 0 0.233 0.268 90.0
110 1 -1 0 0 0 2 0.268 0.476 90.0
0 0 4 1 -1 0 0.238 0.268 90.0
1 -1 2 0 0 2 0.233 0.476 60.6
1 -1 2 1 -1 0 0.233 0.268 29.4
1 -1 2 0 0 4 0.233 0.238 60.6
-1 1 2 1 -1 2 0233 0.233 58.7
001 i -1 0 1 1 0 0.268 0.268 90.0
131 0 1 -3 1 0 -1 0.243 0.352 735
1 -1 2 1 0 -1 0.233 0.352 67.0
1 -1 2 0 1 -3 0.233 0.243 395
331 1 0 -3 1 -1 0 0.243 0.268 63.0
0 1 -3 1 0 -3 0.243 0.243 54.0
351 t -1 2 1 0 -3 0.233 0.243 889
021 1 -1 2 1 1 -2 0.233 0.233 76.1

which cannot be interpreted in terms of any of the TiO, poly-
morphs, suggest the presence of phases belonging to the
Magneli series Ti,0,,_,, in our catalyst. The above-
mentioned contrasts can be considered as a characteristic
feature of phases exhibiting crystallographic shear (CS),%! thus
supporting the later proposal. As is well known, Magneli
phases result from the annihilation of oxygen vacancies
through a CS mechanism.%2

To confirm this tentative interpretation, we have carried out
a computer simulation of the HREM image corresponding to

a slightly reduced member of the Magneli series containing
CS on the {132} planes. Displacement vectors along the $[0-
11] TiO,-R direction and a distance equivalent to 9 {132}
planes between the CS-planes have been considered, Fig. 8(c).
These structural details correspond to a local composition
close to TigO,; (TiO, ggo). The structural model was built up
with the help of the RHODIUS program developed by us.
The simulation conditions were the following: sample thick-
ness 3 nm, electron beam accelerating voltage 200 kV, objec-
tive lense aperture diameter 12 nm™*!, defocus 50 nm, Cs 0.7
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Fig. 6 Epitaxial growth of a rhodium particle on rutile. (a) HREM experimental image, (b) simulated image, (c) perspective view of the structural
model built using the RHODIUS program to obtain the simulated image, (d) the same model shown in [110]-Rh projection.

mm, beam semiconvergence 1.5 mrad, defocus spread 10 nm.
Upon comparison of both computed, Fig. 8(b), and experi-
mental images, Fig. 8(c), we conclude the existence of a good
fit between them. This confirms the presence in our catalyst
reduced at 473 K of small regions which can be described in
terms of very slightly reduced Magneli phases.

To exclude the likely possibility of formation of this reduced
phase under the electron beam, a region of our unreduced
precursor/support system Rh(NO,),/TiO, was heavily irradi-
ated for a period of time much longer than that usually spent
in ordinary HREM studies. The growth of Magneli phases
could not be observed.

Several authors have reported that, in the presence of
rhodium, titania reduction can occur at relatively mild tem-
peratures.?®26:35 In ref. 35 this conclusion was drawn from a
study on model Rh (Pt)/TiO, systems carried out with the
help of surface analysis techniques such as Auger electron
spectroscopy (AES), secondary ion mass spectroscopy (SIMS)
and thermal desorption spectroscopy (TDS). Likewise, Yaca-
man,?® by analysing the TEM contrasts observed in the
support regions surrounding the rhodium particles, has also
suggested the occurrence of local reduction of titania in an
Rh/TiO, catalyst treated with H, at 573 K. The temperature-
programmed reduction (TPR) study reported in ref. 25 would
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be consistent with the occurrence of some titania reduction at
temperatures well below 773 K. This is also true in our case.
Fig. 9 shows the TPR study carried out on the sample investi-
gated here. As already noted by Prins and co-workers,?® for
well dispersed titania-supported rhodium catalyst, metal
reduction takes place at fairly low temperatures, even at 295
K. Fast rhodium reduction, at 298 K, has also been observed
on Rh/CeO, .3 The results reported in Fig. 9(a) would also be
in agreement with that, the hydrogen consumption at room
temperature: 1.19 (mmol H,) g~ !, being higher than that
required to reduce thoroughly the rhodium precursor to the
metallic state: 0.68 (mmol H,) g~!. As deduced from both the
strong H, consumption peak at 473 K, in Fig. 9(b), and the
absence of further hydrogen uptakes at higher temperatures,
the incorporation of hydrogen to the support would occur at
473 K or below. Though this does not necessarily mean that
oxygen vacancies are created at such a low temperature,>*%3
it would not be excluded that part of the chemisorbed H, can
lead to H,O formation under these mild conditions. In fact,
the reduced regions observed in Fig. 8 represent a minor frac-
tion of the whole support.

To our knowledge, the presence of Magneli phases on
M/TiO, catalysts reduced at such a low temperature has not
been reported previously. Moreover, except for the TEM-
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SAED studies by Baker et al.,'®!” which were carried out on
catalysts reduced at temperatures well above those normally
used to induce the SMSI effect, no evidence of crystalline
reduced phases of titania has been obtained from TEM/
HREM. In fact, the HREM studies carried out on catalysts
reduced at 773 K,*®3° and even higher reduction tem-
peratures,®’ did not find any indication of the presence of such
phases.

HREM study of the Rh/TiO, catalyst reduced at high
temperature (773 and 823 K)

Fig. 10 shows an HREM image of our Rh/TiO, catalyst
reduced at 773 K. There are a number of aspects worth com-
menting on in relation to this figure. First, the occurrence of
metal decoration effects can be clearly observed. As already
reported in ref. 37-39, the amorphous layer covering the
rhodium crystallite is a few A thick. As deduced from Fig.
11-13, this covering effect is partial, in spite of the fact that the
amount of H, chemisorbed by our catalyst is negligible.*°
This observation would be in agreement with the suggestion
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Fig. 8 HREM images of the Rh/TiO, catalysts reduced at 473 K
showing the growth of Magneli phases in a small region: (a) general
view, (b) enlargement of the squared region in (a) and (c) simulated
image of a member of the Magneli phases containing CS defects on
one of each nine {132} planes

made by Sanz and co-workers!* in the sense that the SMSI
effect actually consists of a combination of both electronic and
geometric effects.

The profile-view HREM image in Fig. 10 clearly indicates
that the outer support layers actually consist of a thin amorp-
hous phase covering the whole support. No increases in the
number or size of crystalline patches like those shown in Fig.
8 could be observed. The same is true for the catalyst reduced
at 823 K. In contrast, for this latter catalyst the support
amorphization becomes much heavier, Fig. 11, and, corre-
spondingly, there is an increase in the fraction of decorated/
fully covered metal particles. Nevertheless, as deduced from
Fig. 11 and 12, part of the metal surface is still free from
support.

To rule out the possibility that the contrasts observed on
the surface of the metal particle in Fig. 12 were due to an
incomplete growth of a {111} plane at the surface, a digital
intensity profile was recorded along the [111] direction inside
the region marked with an A, Fig. 12(b). In this profile, an
interplanar spacing of 0.30 nm is clearly identified. This value,
which is rather large in comparison with the 0.220 nm spacing
characteristic of Rh {111} planes, confirms that this image can
be interpreted in terms of a metal particle partially decorated
by support.

All the HREM studies on Rh/TiO, reduced at 773 K or
above®’"*° have agreed on the presence of an amorphous
surface phase in the support. In fact, it is explicitly stated in
ref. 37-39 that they were unable to identify crystalline reduced
phases of titania. Therefore, it seems to be very likely that the
formation of the reduced amorphous phase, rather than the
ordering of the oxygen vacancies in Magneli phases, consti-
tutes a key feature for the onset of the metal decoration
effects.

Our HREM study of the Rh/TiO, catalysts reduced at 773
K, and even 823 K, have not provided any evidence for dra-
matic morphological changes in the metal, such as those
leading to raft-like particles as a result of their spreading over
the support. This type of effect was reported earlier for
Pt/TiO, '®!7 and for Rh/TiO,.*” Our observation would be
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in agreement with the suggestion made in the review work on
the SMSI effect by Tauster,!? that, from a more detailed
analysis of the literature, no morphology change takes place
in the case of Rh/TiO, catalysts. We may note, however, a
significant increase in the metal particle size. According to Fig.
2(b), the sample reduced at 773 K contains metal particles

growth of a thin amorphous layer on the metal particles and the
support.
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TiO, - A [331])

Fig. 11 HREM images recorded on different regions of the catalyst,
reduced at 823 K, showing decoration effects

In parallel with this shift, the mean particle size increased
from 3.3 + 0.7 to 3.8 + 1.1 nm. This implies that, associated
with the high-temperature reduction treatment there is some
rhodium sintering. This effect would probably allow us to
explain the significant increase in the number of twinned par-
ticles observed upon increasing the reduction temperature

position in image

" image intensity (arb. units)

Fig. 12 (a) HREM image of the catalyst, reduced at 823 K, showing
a partial coverage effect, (b) enlargement of the region marked as A
and its corresponding digital intensity profile recorded along the
[111]-Rh direction



Fig. 13 HREM images of the catalyst reduced at 823 K clearly
showing the existence of metal particles with clean surfaces

from 473 to 773 or 823 K, Fig. 13(a). These findings contrast
with the absence of significant metal sintering reported in ref.
37 for Rh/TiO, catalysts reduced at even higher temperatures.

HREM study of the reoxidation effects on a Rh/TiO, catalyst
reduced at high temperature

In accordance with the procedure normally followed to
recover the Rh/TiO, catalysts from the SMSI state,’® a
sample reduced at 773 K was further reoxidized with flowing
O, at 673 K, for 1 h, and re-reduced at low temperature,
473 K. Fig. 14 shows HREM micrographs recorded for this
catalyst. They correspond to rhodium particles in orientation
close to [110] sitting on rutile oriented along the [010] direc-
tion. Most of the metal particles look to be clean and well
faceted, thus indicating the reversion of the decoration effect.
The recovery from the SMSI state is not complete. Thus, we
have found that some regions of the support surface and a
small fraction of the metal particles [encircled particle in Fig.
14(a)] still demonstrate decoration effects. Likewise, on some
micrographs of this catalyst, Fig. 15(a), we may note the pres-
ence of small regions where large lattice fringe spacings char-
acteristic of Magneli phases are still present. These two
observations suggest that the reoxidation treatment at 673 K
does not guarantee a complete recovery of a fully unreduced
support. A rather similar observation has also been reported
in ref. 39. However, the results above were obtained after a
prolonged treatment, overnight, under milder reoxidation
conditions: 573 K and 200 Torr of O,.

The HREM images in Fig. 15 also raise the question as to
whether the reduced phase which was reported to occur on
the sample reduced at 473 K, was actually formed upon low-
temperature reduction, in the presence of rhodium or was
already present in the pretreated support as a consequence of
an incomplete reoxidation of the titanium dioxide. With inde-
pendence of its origin, it seems, as already discussed, that this
type of phase does not play an important role in determining
the onset of the SMSI effect.

Two other aspects worth commenting on in connection
with the reoxidation treatment at 673 K are those concerning
the effect of such a treatment on the metal particles. Upon

2 nm a

b o '0 '
\' o e F
}'Q\\H il
RN N ;. -
*
W\ .

Fig. 14 Experimental HREM images recorded on the catalyst
reduced at 773 K and further reoxidized at 673 K

low-temperature reduction (473 K) of the oxidized catalyst,
Fig. 14 and 15, we may note that the metal particles do not
recover the size distribution observed upon direct reduction of
the precursor/support system at the same temperature. This

Fig. 15 Another region of the catalyst shown in Fig. 14. Note the
large spacing fringes in (a) and the occurrence of twinned particles in

(b).
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suggests that there is no significant redispersion of the metal.
On Rh/CeO,,* we have made a similar observation, i.e. the
reoxidation treatment, even at a slightly higher temperature,
773 K, does not induce metal redispersion. It was necessary to
heat in flowing O, at 1173 K to find a significant modification
of the particle size distribution.* Also worth noting is that the
metal particles resulting from the low-temperature reduction
of the reoxidized catalyst are often twinned. This twinning
effect can be easily observed in the HREM images [twin
planes (TP) marked in Fig. 14(b)] and, also, in the digital dif-
fraction patterns like those shown as insets in Fig. 14(b) and
15(b). As already outlined, this can be due to the presence of
twinned particles in the catalyst reduced at 773 K, but it could
not be excluded that the reoxidation treatment could also
have some influence. In relation to this idea, several authors
have agreed on the polycrystalline nature of the oxidized
rhodium particles formed upon oxidation of a dispersed metal
phase.*¢*¢5 Accordingly, it seems likely that a very mild
reduction treatment like that applied here can lead to poly-
crystalline metal particles.

From this HREM study of the reoxidation of a Rh/TiO,
catalyst under the SMSI state, the following conclusions could
be drawn. In accordance with our results, the oxidizing treat-
ment normally applied to recover the Rh/TiO, catalyst from
the SMSI state, does not seem to bring the catalyst to the
same condition as that reached upon direct reduction at low
temperature. Quite important microstructural differences can
be noted. First, the metal dispersions are different, being
poorer in the case of the reoxidized catalyst. Secondly, the face
development and defect content are also different from one
catalyst to the other. Moreover, it does not seem that a full
recovery from the metal decoration effects is achieved. All
these observations might well explain the differences in chemi-
sorptive and catalytic behaviour often reported in the liter-
ature.’34° In particular, differences should be expected in
their behaviour for structure-sensitive catalytic reactions.®®
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