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One percent Rh/V,0« catalysts prepared by wet impregnation with RhCl; - xH-O and subsequent
reduction in hydrogen were shown to be subject to the formation of lower oxides of vanadium via
an Rh-catalysed reduction process. V,0y, VO-, and V,0; compounds were observed at reduction
temperatures of 250, 430, and 600°C, respectively, as characterised by IR, XRD, and electron
optical methods. Maximum hydrogen uptake by the Rh-loaded V.0 occurred at 155°C according to
TPR data, and this contrasts with the onset of reduction of V,Os alone at ~450°C. Mechanistic and

structural aspects of the Rh-catalysed reduction process are discussed.

INTRODUCTION

Supported metal catalysts are widely em-
ployed in the chemical industry, with di-
verse applications such as petroleum refin-
ing, gas purification, and the treatment of
vehicle exhaust emission. The traditional
view considered the support as an inert car-
rier of the active component. More recent
evidence, however, has established that
with certain combinations of metals and
supports the latter can influence the cata-
lytic properties of the active component
(7). The metal-support interaction effect
may be defined as a direct influence of the
support on the chemisorption and catalytic
properties of the metal phase either by sta-
bilising unusual metal particle structures,
by changing the electronic properties due to
electron transfer processes between the
metal particles and the support, or by
chemical bonding (compound formation)
between metal and support (2).

The industrial importance of metal cata-
lysts supported on reducible oxides, such
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as vanadium pentoxide, titania, and
niobium oxide, has stimulated considerable
research interest during the last few years
(3); these supports are known to influence
the active component by strong interaction
(2). This article deals with the preparation
and physicochemical characterisation of
metallic Rh supported on V,0s and with the
observed catalytic reduction of the V,Os
support material at various temperatures.
X-ray diffraction (XRD), infrared spectros-
copy (IR), temperature-programmed reduc-
tion (TPR), scanning electron microscopy
(SEM), and predominantly transmission
electron microscopy (TEM) were employed
in these studies. The latter technique pro-
vides particle size, size distribution, and
metal dispersion data (4, 5) for comparison
with other techniques such as chemisorp-
tion and XRD measurements which are es-
sentially averaged data.

Several reviews have been the subject of
the use of electron microscopy in supported
metal catalyst characterisation (6—/2).

EXPERIMENTAL
Materials

V,0s powder was prepared by thermal
decomposition of high purity ammonium
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metavanadate (Aldrich) at 400°C for 2 h un-
der a stream of air (50 cm?/min).

The metal loading of the catalyst was
nominally 1% by weight Rh on V,0s pre-
pared by wet impregnating the support with
the appropriate amount of an aqueous solu-
tion of RhCl; - xH.O (Johnson Matthey).

Reduced samples of the metal-loaded
catalyst and V,0Os itself were prepared by
heating in a tubular furnace under a stream
of hydrogen (50 cm?/min) for 2 h at selected
temperatures of 250, 450, and 600°C. After
cooling, the samples were stored under
vacuum in a desiccator prior to examina-
tion.

X-ray Diffraction

The XRD equipment used was a Philips
diffractometer. The powdered samples
were mounted flat on adhesive tape. They
were rotated through 26 angles of 3°-70°
whilst being exposed to copper K, radiation
(A = 0.015418 nm) at 40 kV and 20 mA. The
resulting XRD patterns were recorded on a
chart recorder operating at 400 counts per
second.

Infrared Spectroscopy

The IR absorption spectra were regis-
tered on a Perkin—-Elmer 580-B spectropho-
tometer. Samples were examined in the
solid state in the form of thin discs contain-
ing approximately 2 mg of sample and 300
mg of spectroscopic potassium bromide
(BDH). Spectra were recorded in the range
4000 to 250 cm~'.

Transmission Electron Microscopy

Suitably thin samples for examination by
TEM were prepared ultrasonically from
suspensions in water or ethanol. Specimens
were mounted on standard 3-mm copper
grids covered with a carbon film. Observa-
tions were made with a JEOL. 1200EX elec-
tron microscope. The TEM magnification
was calibrated using 0.335-nm fringes from
graphite present on the sample grids.

An optical bench was normally used to
measure the lattice spacings observed in
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the HREM images. A grating of known
spacing was used as a standard.

Scanning Electron Microscopy

SEM was undertaken with a Philips S01B
instrument operated at 15 kV. Samples
were mounted separately on aluminium
stubs and precoated with gold in a sputter
coater to minimise the severe charging ef-
fects that proved to be characteristic of
these materials.

Temperature-Programmed Reduction

In our apparatus a gas mixture (6% hy-
drogen-94% nitrogen), with a flow rate of
20 cm*/min, can be directed through a mi-
croreactor, containing the catalyst, which
is surrounded by a cylindrical furnace. The
temperature of the furnace was controlled
by a linear temperature programmer (Stan-
ton Redcroft LVP/CA 40/R). The catalyst
was heated linearly at a rate of 5°C/min.
Hydrogen consumption was monitored
continuously by means of a thermal con-
ductivity detector.

RESULTS AND DISCUSSION

Structural Characterisation of Fresh and
Reduced RhIV,05 Catalysts

X-ray diffraction. XRD showed that the
fresh catalyst support material was crystal-
line, diffraction data (Fig. 1) being in good
agreement with those of pure V.05 (/13-15).
Reduction of the catalyst in hydrogen at
250°C gave d-spacings (Fig. 1) for both
V,05 and V,Oy (16). The relative intensities
of the peaks indicated that the support was
predominantly V,;0, at 250°C. Further re-
duction to VO, (17, 18) occurred at 450°C,
and at 600°C XRD data indicated the forma-
tion of either V,0; (/9) or VO (20), which
have similar d-spacings. Subsequent TEM
results indicated the former compound was
formed.

The low metal loading (1% by weight) did
not permit XRD data to be observed for the
Rh component, as expected.

In contrast, no reduction of V,05 was in-
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FiG. 1. XRD patterns corresponding to (a) V,Os for
the fresh catalyst and (b) a mixture of V.05 (¥) and
V.40, for the catalyst reduced at 250°C.

dicated by XRD within detectable limits
(~5% by weight) when pure V.05 was
treated with hydrogen under the same con-
ditions, thus implying a catalytic influence
of Rh on the reduction process.

Infrared spectroscopy. The IR spectrum
exhibited by the fresh catalyst (Fig. 2) cor-
responded to that found for pure V,0s (21,
22). Typical for this compound are the high-
frequency bands at 1020 and 995 c¢m™!
which were attributed to the stretching vi-
bration of unshared V=0 bonds. Reduc-
tion at 250° gave absorptions for V,0Og and
possibly V,0s. Typical of V,Os (23, 24) is
the band at 920-930 cm™! composed of sev-
eral sharp peaks. Common structural fea-
tures of V409 and V,0s5 give rise to similari-
ties in their spectra. The considerable
weakening of the high-frequency bands af-
ter reduction can be explained by the fact
that the oxygen atoms of the vanadyl
groups are the most affected in the reduc-
tion process. After reduction at 450°C, the
spectrum developed bands consistent with
vanadium dioxide, VO, (25, 26). The broad
band at ~670 cm~! has been attributed to
V-0-V stretching vibrations (26). Reduc-
tion at 600°C produced some new bands,
especially below 800 cm~!, and these re-
main unassigned.
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Electron optical studies. The gross mor-
phological changes occurring in the V,0;
on progressive reduction were clearly man-
ifested by the SEM studies. The fresh cata-
lyst consisted of well-formed crystals with
smooth faces and sharp edges (Fig. 3a).
Cracks developed at higher temperatures
with increasing severity (e.g. Fig. 3b at
450°C), owing to the mass loss of oxygen
from the V,0s and the structural rearrange-
ment to the lower oxides. Despite the se-
vere shrinkage observed, the overall integ-
rity of the original crystalline masses was
retained.

High-resolution TEM images and elec-
tron diffraction patterns of the various cata-
lysts yielded lattice images and electron
diffraction data consistent with the corre-
sponding support phases characterised by
XRD and IR at each temperature. Repre-
sentative electron micrographs are shown
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Fi1G. 2. IR spectra of the fresh catalyst and after
reduction at 250, 450, and 600°C.
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FiG. 3. Scanning electron micrographs of (a) the fresh catalyst (b) a catalyst reduced at 450°C
showing crack formation.
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in Fig. 4. The 0.58-nm and 0.34-nm lattices
in Fig. 4a are typical of V,0s unreduced.
Reduction at 250°C gave lattices (Fig. 4b) in
accord with V,O¢ mainly but with some
V.0s lattices also present. The reflections
in the diffraction pattern in Fig. 4b are in
agreement with the orientation of crystallo-
graphic planes in the tetragonal structure
described by Theobald er al. (16) for V,0q.
The measured angles of 52° and 38° be-
tween the (011) and (002) planes and the
(011) and (020) planes are close to the calcu-
lated values of 51.4° and 38.6° for a tetrago-
nal unit cell. The data also fit with the
orthorhombic¢ structure favoured by Gry-
monprez et al. (27), in which case the
planes would be indexed as (012), (020),
and (004) instead of (011), (002), and (020)
as given above for a tetragonal cell. Cata-
lysts reduced at 450°C provided lattice im-
ages and electron diffraction patterns that
corresponded with VO, (Fig. 4¢). Reduc-
tion at 600°C gave data (Fig. 4d) that were
in agreement with V,0; (/9) rather than VO
(28, 29), for example, the 0.365-nm lattices
corresponding to the (102) planes of V,0;.

Metallic particles of Rh were also ob-
served on the support for reduced samples,
for example, as shown in Fig. 5. The parti-
cles exhibited different shapes and sizes.
The particle size distributions at each re-
duction temperature measured from about
1000 particles are given in Fig. 6. The aver-
age particle diameters were found to be 4.1,
5.2, and 6.5 nm for catalysts reduced at 250,
450, and 600°C, respectively. It is evident
that the thermal treatment has caused parti-
cle sintering. The single CO chemisorption
experiment on the 250°C reduced catalyst
yielded an average particle diameter of
3.8 nm, which is close to the TEM result
(4.1 nm).
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Temperature-programmed reduction. The
TPR trace of the fresh catalyst up to 500°C
(Fig. 7a) showed one distinct peak with a
maximum at 155°C. The uptake of hydro-
gen corresponding to this reduction was
measured to be 0.0365 dm?/g of catalyst.
The theoretical amount necessary for the
reduction of all Rh to the metallic state, if it
existed as Rh** before reaction, is calcu-
lated to be 0.00326 dm’/g of catalyst and
indicates that most of the hydrogen taken
up was used for support reduction. Com-
plete reduction to V,Oy would require 0.064
dm?/g of catalyst, and thus partial reduction
(~50%) is inferred. The reduction of Rh
ions supported on nonreducible oxides
such as alumina and silica, by comparison,
was found to occur at the higher tempera-
tures of 167 and 178°C, respectively (30).

When pure V,05 was heated in hydrogen
up to 700°C, the onset of reduction was not
observed until ~450°C (Fig. 7b) with con-
tinuous uptake up to 700°C. Reported TPR
spectra for pure V,0; differ from the
present results. Roozeboom er al. (31)
found a single reduction peak at ~527°C. At
higher temperatures, Bosch et al. (32)
found two peaks with maxima at 650 and
690°C, and they suggested that the reduc-
tion of V,0s proceeded via VO3 to VO,. It
is difficult to compare directly TPR data ob-
tained by different investigators, since the
experimental conditions differ widely in hy-
drogen concentration, flow rate, sample
size, and pretreatment. The present results
clearly show, however, in agreement with
the XRD, IR, and TEM resuits, that the
presence of Rh catalyses the reduction of
V,0s.

Mechanistic viewpoints on the Rh-cata-

FiG. 4. High-resolution electron micrographs of (a) fresh catalyst with 0.58-nm and 0.34-nm lattice
fringes of V,0s, (b) catalyst reduced at 250°C with 0.643-nm (011} and 0.520-nm (002) lattices of V,0,
(inset electron diffraction pattern of V,0s). (¢} catalyst reduced at 450°C with 0.32-am (011) lattices for
YO, (inset EDP of VO,), and (d) catalyst reduced at 600°C with 0.365-am lattices for V,0;.
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F1G. 5. Transmission electron micrograph of Rh particles on a catalyst reduced at 450°C.

lysed reduction of V,0s. The reduction by ual reaction steps. Anderson (33) noted
hydrogen of a solid metal oxide can be re- three stages:

garded as occurring in a number of individ- (a) chemisorption of hydrogen on the sur-
face followed by desorption of water,

60 whereby anion vacancies are created:
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FiG. 6. Histograms of Rh particle size distributions FiG. 7. TPR traces for (a) fresh (Rh-loaded) catalyst

for catalysts reduced at 250, 450, and 600°C. and (b) V,0s alone.



Rh/V,0s CATALYSTS

(b) diffusion of the vacancies from the
surface into the bulk;

(c) saturation of the crystal lattice with
defects followed by nucleation of the new
phase.

The above scheme probably applies to
the reduction of the metal-free V,0s in the
present work.

One of the effects of the close interaction
between metal and support in supported
metal catalysts is the phenomenon of hy-
drogen spillover (34, 35). Since hydrogen is
activated on the surface of the supported
crystallites, the points of contact between
them and the oxide being reduced become
centres for rapid production and growth of
nuclei of the new phase. As a result, there
is a sharp decrease in the duration of the
induction period and a change in the kinet-
ics of nucleus formation. Such effects un-
doubtedly account for the enhanced reduc-
tion of V,0Os in the presence of Rh in the
present studies.

It is widely accepted that the migration of
hydrogen atoms from the activating species
to the acceptor is the initiating step (36).
The first hydrogen atoms to arrive on the
oxide surface are thought to react as

M + 02 + H— M"* + OH",

and that this is followed by dehydration to
the next lower oxide. Such a reaction
scheme explains the stepwise reduction of
V.05 and explains why V4O is the first
product observed and not VO; or V,0;.

The Rh salt precursor, prior to reduction,
was believed to exist in a highly dispersed
form over the surface of the V,0;5 crystals,
as no evidence for it was observed on TEM
examination. Rh particles were seen to
have formed in all subsequent samples re-
duced in hydrogen.

TEM examination of the Rh-loaded cata-
lysts revealed an increased mass loss re-
sulting in hole formation (voids) in the ox-
ide with increasing reduction temperature.
In general, the holes produced did not ap-
pear to be associated with Rh particles and
there was no evidence of channeling by cat-
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alyst particles (Fig. 8). The holes probably
result from the initiation of the reduction
process by migrating hydrogen atoms
formed on the metal surface, with subse-
quent local atomic rearrangement at active
sites in the oxide. Generally, there was no
relationship between the edges of the holes
and crystallographic planes of the reduced
oxide, although occasionally there were ex-
ceptions.

Crystal structure changes occurring on
reduction of vanadium oxides. V,05 can be
considered to be composed of an alternate
succession of oxygen atom planes and va-
nadium-oxygen atom planes (Fig. 9). The
transformation from V,0s to lower oxides
requires the elimination of specific oxygen
atoms. It has been shown (37) that the re-
moval of all oxygen atoms indicated by ar-
rows in Fig. 9 will lead to the monoclinic
structure of V0,3 (38) after atomic rear-
rangement (Fig. 10). The formation of
V03 would thus require the elimination of
every third oxygen plane. Lower oxides of
vanadium may form by a similar process.
Removal of every second plane would lead
to VO,, and elimination of all the oxygen
planes would give V,0;. The fact that V,0q
was observed to grow topotactically on
V,0s single crystals, i.e., with 1/10 of the
oxygen atoms removed from the V-,Os
structure, together with other consider-
ations, led Grymonprez et al. (27) to the
view that V,Oy could be thought of as a
slightly deformed superstructure of V,Os;
these authors (27) discuss V,05/V,0q su-
perstructure relationships and they suggest
that the slight differences between them
could be accommodated by minor distor-
tions, the driving force for which could be
the repulsive action between oxygen vacan-
cies. The vanadyl oxygen atoms in V,Os
appear to be the most reactive (39) and are
thus likely to be the ones most easily re-
moved on reduction. The observed diminu-
tion of the high-frequency IR bands attrib-
uted to vanadyl groups in the present work
is in keeping with an enhanced reactivity
for unshared VO groups.
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FiG. 8. High-resolution electron micrograph showing hole formation in a reduced catalyst (250°C).
The edges of the larger pseudo-hexagonal hole appear to be parallel to V,Oy lattice fringes (exceptional
case).

CONCLUSIONS (ii) The data obtained by the various tech-
niques were in good agreement with each
other and showed that V,0;s loaded with 1%
Rh was catalytically reduced in a stepwise
manner via V4,Oq, VO,, and V.05 at 250,
450, and 600°C, respectively.

(i) 1% Rh/V,0s catalysts were charac-
terised mainly by electron optical, XRD,
IR, and TPR methods.

FiG. 9. Projection of V.Os structure on to the (010} F1G. 10. Projection of V,O; structure on to the (010)
plane. plane.
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(iii) In the absence of Rh particles the

onset of reduction by hydrogen occurred at
~450°C, as shown by TPR measurements.
In contrast, Rh-loaded V,0s exhibited max-
imum uptake of hydrogen at 155°C.

(iv) SEM and TEM studies revealed the

structural features that occurred on reduc-
tion of the catalysts, including metal parti-
cle sintering and void formation.

(v) Mechanistic and structural aspects of

the catalysts were discussed.
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