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The effect of reduction temperature on the hydrogen adsorption and Rh dispersion in a dgr4GE,
catalyst with texturally stable GesZro 30, support was investigated. Rh dispersion data were also obtained
from Rh particle size analyses made using high-resolution transmission electron microscopy (HRTEM) images.
Comparison of the dispersion values obtained by using the two techniques showeg adabHption at-80

°C is a suitable tool for the estimation of Rh dispersion at reduction temperatuyes 500 °C. For Tieq >

500°C, a partial suppression of;ithemisorption was observed. However, after a mild reoxidation and low
temperature reduction, the;tdsorption capacity of these samples was regenerated and good agreement
with the HRTEM data was again obtained.

1. Introduction because of significant adsorption of bin the CeQitself811

In fact, the hydrogen spillover phenomena experienced by the

Ha chem_isorption has long been used as a valuable teChniqu‘:"CeQ-based catalysts lead to experimental H/NM values that
for the rapid measurement of the exposed metal surface area, .~ ich higher than those commensurate with the true

e T e, T2 % SoPPO"ehycogen adsorplion onthe el an eary paper, Beral
becauge the uﬁderl ing assumptions regardin the H/NM (NM al. showed that the measurement of ¢hemisorption at-80
ying P 9 9 °C allows measurement of the true H/Rh ratio because no

= noble metal) stoichiometry and the particle geometry may significant spillover occurs at such low temperatufe®n the

not be valid, especially for very small particles. Nevertheless, .
AR L . other hand, Fornasiero et al. have shown that prolonged thermal
because of its simplicity and cheapness, it is certainly the most - o . .
evacuation treatment allows determination gfdHemisorption

widely used method. NM/Cef5-Al,05 systems have been used . . . . .
. . : . on metal particles dispersed over cer@rconia solid solu-
widely as catalysts for automotive pollution control, which > >~ gy
makes them materials of strong interéowadays, the so- '.uons. ' Hovyever, .Cl-contammg metal precursors were used
called three-way catalyst (TWC) containing NM (Rh, Pd, and in these studies. It is well known that Cl is a strong hydrogen
) . : . L] spillover killer, being strongly retained on CgGhus affecting
Pt), CeQ-ZrO, mixed oxides, and A3z as main constituents the Hp chemisorption properties of the oxide supp8

is used to remove NQOCO, and hydrocarbons from the exhaust Measurement of true H/Rh values in these systems is particularly
3 i i i
gaseg:* The importance of Rh in promoting N@emoval and difficult when Rh(NQ)s is used as a precursor because it has

the ability of the NM in conjunction with Ce£) and later on : . i )

with CeG-ZrO, mixed oxides, to promote the oxygen storage/ been S*?"W.f? that hydrogen spillover in the final cqtalyst Is much

release capacity have long been recognized as important factord"ré significant than in catalysts prepared using the RhCl
precurso® CO has also been used as a probe molecule;

) e - o
in determining the efficiency of the TWCs? The latter however, adsorption on ceria itself or promoted by a spillover

property, which is achieved by the facile TACe** intercon- . 1617
version, is a crucial one for the TWCs because it allows one to PrO¢€ss Was foqnd |n.NM/CQGz°ataIysts. ' Very recently, a
pulse CO chemisorption at78 °C was observed not to be a

keep the air-to-fuel ratio near stoichiometric conditions, where - . e .
P reliable method® In view of such difficulties, alternative

the highest conversions are attairfedhe effects of metal . .
o methodologies such as benzene hydrogenation have been

dispersion on the interactions between the NM and theCe S
which favorably affect the pollutant conversions, have been ;uggested as a tool for determining exposed metal surface area

clearly established This makes of interest the determination N NM/CeQ; systems?
of the dispersion and morphology of the active NM particles in  In this paper, a B chemisorption method combining low
the NM/CeQ-ZrO, systems. In the case of Ce@ontaining temperature and low Hpressures is used to measure the Rh
catalysts, there is a difficulty in measuring the active metal area metal dispersion in a Rh/GesZro 320, catalyst. Rh dispersion
data obtained by performing a Rh particle size distribution
* Corresponding author. Fax=+39-040-6763903; e-mail: Kaspar@ analysig® on high-resolution transmission electron microscopy
univ.trieste.it. (HRTEM) images of the catalyst samples were used to evaluate
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t Universidad de Ciz. the reliability of this methodology. In addition, a study of the
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insights into the nature of the metadupport interaction. This  Digital diffractogram patterns, or DDPs, were obtained from
point is still matter of debate in the Ce®ased systemi$:?1 It these digitized images using the same software package.
is worth noting that, under real exhaust conditions, the modern  Five 250-350-mg samples of the Rh/CZ catalyst were
TWCs experience rich-to-lean (i.e. reducing-to-oxidizing) excur- reduced by heating them at a rate of"Tmin~ to a reduction
sions over an extended range of temperatures, up to 4080 temperature of 150, 350, 500, 700 or 9D, and maintaining
this temperature for a period of 1 h. After this reduction step,
2. Experimental Section the samples were purged in pure He foh at 500°C or at the
) reduction temperature if this was above 5@ The samples

Rh(0.78 wt %)/CegeeZr0.3/0, (hereinafter denoted Rh/CZ) was  \yere allowed to cool to room temperature and then cooled
obtained from Rhodia Recherches in the framework of the fyther to about-80 °C using an acetone ice cold-trap. At this
CEZIRENCAT Project. The CEZIRENCAT project is a mul- 4int the gas was switched to (5%)/He and the temperature
tilaboratory project in the area of three-way catalysis funded qf the sample was allowed to rise slowly to room temperature.
by the European Union. (Home page http://www.dsch.univ. |, this way, the sample was passivated and therefore did not
trieste.it/cezirencat/index.html.) 671030, was characterized  ;ngergo uncontrolled reoxidation on its exposure to air when
in a previous study? It is a CeQ-ZrO; solid solution with a  he reactor was opened. The use of this passivation step
Brunauer-Emmett-Teller (BET) surface area of 23%w™, maintains the metal particles in their reduced metallic state while
cumulative pore volume 0.167 érg~*, and no microporosity. allowing the controlled reoxidation of the oxide support. For
The mixed oxide was impregnated with a Rn®H0 metal  gqy in the microscope, the samples were deposited from a
precursor by the incipient wetness impregnation technique. The he, ane suspension prepared in an ultrasound bath onto Cu grids
catalyst was dried at 11T and then calcined ina flow of dry ¢ pojey carbon film by passing the grids repeatedly through
air at 450°C for 5 h. _ ~ the suspension using tweezers.

Anin situ cleaning procedure was applied _before performing By measuring the size (defined as the longest visible width)
the ex.p,e{'me“‘%? The samples were heated 'Q(@/")/{A‘r (60 of a large number of Rh particles from the HRTEM images,
mL mlon )f.rojln room temperature to S5 at a heating rate particle size distributions and mean particle size data were
of 10 °C min™, held at 550°C for 1 h, and then allowed to obtained. The effects of increasing reduction temperature on
cool slowly to room temperature. ) ) these factors could therefore be studied. Further, this particle

The temperature-programmed reduction (TPR) i)/ sjze data were used to estimate values for the dispersion of the
Ar (25 mL min!) mixture was performed as previously metal phase. Dispersion is defined as the ratio of the number
described® A quadrupole mass spectrometer (VG Sensorlab of Rh atoms exposed at a particle surface gRtb the total
with PostSoft a_nalysis software), 0.2 g of sample, and a heatingnymber of Rh atoms present (Bh Cumulative dispersion
rate of 10°C min~* were used. curves are plotted using the particle size data by assuming a

H, chemisorption and BET surface area measurements werecertain metal particle geometry (truncated cubooctahedron) and
conducted using a Micromeritics ASAP 2000 automatic ana- a certain orientation with respect to the oxide support [with
lyzer. H, chemisorption experiments were performed—0 {111} -type planes in contact at the interface, assuming face-
and 25°C using 0.5 g of sample. The apparent equilibrium was centered cubic (fcc) crystal structure for both the oxide and the
considered to be reached when the pressure change was lesgietal]2° The curves accumulate the contribution of metal
than 0.01% for 11 consecutive readings taken at 30-s intervals.particles to the dispersion with increasing particle size and so
A range of H pressure of 220 Torr was used. Typically 10  show the relative importance to the dispersion of different size
points at 2 Torr steps were acquired. Adsorbed volumes wereranges. The final value, therefore, gives the accumulated
determined by extrapolation of the linear part of the adsorption dispersion of all the particles measured, which is the estimated
isotherm to zero pressure. A ChemiSOfptiOﬂ StOiChiometry ratiO, value of the overall dispersion for a particu|ar samp|e_

H:Rh, of 1:1 was assumed.

The H chemisorption study was performed on the same 3 Results and Discussion

sample, increasing progressively the reduction temperakige (

After the cleaning procedure, the sample was reduced in a flow 3.1. HRTEM Study. 3.1.1. Rh Particle Size and Dispersion.

of Hx(5%)/Ar (60 mL mirrY) by heating the sample from room  Rh particle size distributions and cumulative dispersion curves
temperature up to the selected reduction temperafljsg € derived as described above are presented for the samples after
150, 350, 500, 700 or 90€C), holding atT.q for 1 h, and reduction at 150, 350, 500, 700 and 90D in Figure 1. The
allowing it to cool to room temperature also in flowing-H mass-corrected mean particle size (based on the mass-fraction
(5%)/Ar. Before conducting the Htchemisorption, the sample  in each size range) and the number of particles measured in
was evacuated fot h at 400°C, and after each jchemisorp- each sample are also included. The Rh particles in these samples
tion experiment, the sample was reoxidized by heating it from are relatively plentiful, so large numbers could be measured
room temperature to 427C in a flow of O)(5%)/Ar (60 mL and a good statistical distribution obtained. It can be seen from
min~1). In situ BET surface area measurements were carried Figure 1 that the particles are initially small (mass-corrected
out using the same equipment. mean, 2.4 nm in the sample reduced at 26, as would be

The transmission electron microscope used was a JEOL 2000expected in such materials. As the temperature of reduction is
EX instrument equipped with top-entry sample holder and ion- increased, mean particle size increases and the particle size
pumping system and operating at 200 kV. The structural distribution broadens: slightly &t.q= 500°C and then more
resolution of the microscope was 0.21 nm. HRTEM micrographs significantly toT,eg = 700 and 90C°C. The dispersion values
of initial magnification up tox 600K were obtained using a film  obtained from the cumulative dispersion curves presented in
camera attached to the instrument. The resulting negatives wererigure 1 are summarized in Table 1. This parameter decreases
developed chemically and selected areas of the negatives werenoderately with increasing reduction temperature. In summary,
then digitized using a video camera interfaced to a computer the samples appear to undergo a classic evolution that can be
running the SEMPER 6 suite of image analysis software. explained by the progressive sintering of the Rh particles.
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Figure 1. Rh particle size distribution histograms for Rh{G&ro.s0.
samples reduced at 150 (A), 350 (B), 500 (C), 700 (D), and @D0
(E), cooled and passivated (as described in text). Number of measuredFigure 2. HRTEM images of Rh/CgseZro 320, catalyst reduced at 150
particles ), mass-corrected meaniglc), and cumulative dispersion (A), 500 (B), and 900C (C). DDPs of selected areas with characteristic

plots (right bottom diagram) are also included. interplanar spacings of metal and support indicated.
TABLE 1: Dispersion Data by Means of Volumetric H, allows the identification of certain Rh and oxide support
Chemisorption and HRTEM Studies on Rh/Ce g&Zr 0.302 interplanar spacings. In Figure 24,111} -type planes are
reduction temp. H/Rhr RhyRhr ;jrengofled)liréthe bulkr?][ t?(tath n:eltaltp;a:jtlcle;n(tjlf)r_lreﬁg@
runa (oc) 250C _80 oC by HRTEM 0.3 2 [0) e SUppO (0] e cal ayS eaucea a Q ese

are labeled Rh-111 and ox-111 respectively, in the DDPs. By

% %28 é:gg 8:23 8:23 refer_ence to _the image an_d the DDP patterns (inset), a structural
3 500 0.47 0.49 0.49 relationship is seen to exist between the oxide support and the
4 700 0.38 0.41 0.44 Rh particles consisting of a parallel alignment of planes. This
5 150 0.47 epitaxial relation is also present in the sample after reduction
? 1%%) 0.20 00:-))213 0.34 at 500°C: Figure 2B shows an image of a Rh particle on an

oxide support crystal viewed along close t@0d 15type zone
aCatalyst evacuated at 400C for 4 h before chemisorption  axis for the sample reduced at 58D. One of thg 111} gy planes
measurement. Catalyst from previous experiment, reoxidized at 427 is seen to be aligned with {111} o« plane. The profile views
°C and reduced at 15TC. of the Rh particles obtained for the Rh/CZ catalyst reduced at
3.1.2. Rh Particle Morphology. HRTEM images of metal temperatures up to 500C show that they exhibit the regular
particles in the above samples were examined. Metallic Rh hastruncated cubooctahedral morphology that has been found to
a fcc structure with a unit cell length of 0.38 nm. This gives be typical for Rh-Ce@ catalysts after treatment in the same
rise to interplanar spacind, of 0.19 and 0.22 nm for the planes  range of reduction temperatu®sAs deduced from the statisti-
of the type {200, and {111}, respectively. Under normal cal data included in Figure 1(A) through (E), about 200 Rh
working conditions, thg 111} spacing is the only Rh spacing particles were analyzed in most of cases. Conclusions about
that can be routinely detected by the microscope used, althoughparticle morphology, metal/support structural relations, and
detection of thg 200} spacing is also possible under favorable particle size distribution are thus based on a number of
operating and experimental conditions. Previous Wotas observations that allow them to be considered as statistically
shown that the GgeZros0. bare oxide support contains a meaningful. Except where otherwise explicitly stated, micro-
significant amount of tetragonal phase. However, to allow simple graphs in Figure 2 are also representative of the ensemble of
comparisons between the fcc metal structure and that of theimaged Rh particles. After reduction at 700 and 9G0the Rh
oxide the oxide crystallography is also expressed here in termsmetal particles are relatively large and easy to image. They
of fcc symmetry. maintain the epitaxial relation with the support and their regular
In the samples reduced at 150 and 380 the Rh particles morphology. Nevertheless, a new phenomenon is seen in these
are very small and therefore rather difficult to image. However, samples: a small fraction of the metal particles appears to be
the taking of DDPs from the relevant sections of the images decorated. A good example of this effect is shown in Figure
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Figure 3. H, uptake and KO evolution in the TPR of Rh/GggZro.30>

using MS as detector. and at high H pressure, Pd may absorb hydrogen into the bulk,

making reliable Pd dispersion measurements bydtsorption

2C for the sample reduced at 90C. The Rh and support MPossiblel
crystals are viewed along tiltéd 103type zone axes. The two We have also studied the hydrogen chemisorption on the Rh/
Rh{111}-type planes are seen to be in alignment with those of CZ catalyst under pulse conditions. This technique is often used
the support (see DDP inset). The material decorating the top ofto measure the NM dispersion. A H/Rh value of 3.95 was
the Rh particle appears to consist of planes witi 0.3 nm, obtained at room temperature. Attempts to discriminate the
suggesting that this material is an oxide derived from the support contribution of spilt-over hydrogen from that adsorbed on Rh
and that it possesses similar crystallography, these planes beinghowed a critical influence of several factors such as: (a)
assigned a§111} ., type. In this case, these planes appear to adsorption temperature, (b) volume and concentration of the
be aligned with{11L}rrtype planes of the Rh particle. Hz pulse, and (c) delay between ldulses. These factors did
Importantly, decoration of the metal phase accounts for less thannot allow definition of standard conditions for reliable detection
5% of the profile-view images of particles detected in the sample Of “true” H/Rh data.
reduced at 900C. This suggests that decoration would play In Table 1, values for Rh dispersion obtained from the
only a minor role in determining the chemical properties of the volumetric study of hydrogen adsorption on the Rh/CZ catalyst
catalyst reduced at high temperature. are compared with values estimated from the HRTEM data. It
3.2. Temperature-Programmed Reduction by Mass Spec-  can be seen from the table that there is excellent agreement
trometry Study. The TPR by mass spectrometry (MS) experi- between the results for Athemisorption at-80 °C and the
ments were aimed at studying the reduction process of the Rh/HRTEM data whenTeq = 150, 350 and 500C. This strongly
CZ sample, since it is known thatldsorption is affected by ~ supports the suggestion that reliable measurements of the H:Rh
the degree of reduction of the Ce@rO, support:® The TPR- ratio are obtained when this low-temperature methodology is
MS profiles for the H uptake and KO evolution of the sample  used. When the chemisorption experiments are performed at
after the cleaning procedure are presented in Figure 3. The plot25 °C, however, the H:Rh ratios obtained forq = 350 °C
of H, uptake features an intense and broad peak with maximumand particularlyT,eq = 150 °C are higher than those obtained
at 130°C and a shoulder around 23G. There is also a very  for chemisorption at-80 °C. Typical H adsorption isotherms
broad and poorly resolved Hiptake feature at high tempera- obtained at-80 and 25°C for Rh/CZ reduced at 158C are
tures. All these features can be related to the reduction processegeported in Figure 4. Significantly higher amounts of &re
of Rh oxide and the suppoft.The low-temperature peak is adsorbed at 25°C compared to—80 °C, indicating the
attributed to reduction of the dispersed metal phase, probablyoccurrence of extensive spillover of hydrogen species onto the
in the form of RhO; after the treatment with £6%)/Ar at 550  support. FoiTreq = 500°C, the dispersion values obtained from
°C,26 and a partial reduction of the ggZro.30. support. The the HRTEM data and the chemisorption experiments at both
high-temperature features may be associated with the processes 80 and 25°C are in almost perfect agreement. However, for
of surface/bulk reduction and bulk reduction of the ceria  Tred > 500 °C, the values given by the two chemisorption
zirconia solid solution with concomitant vacancy creation and methodologies remain in good agreement with each other but
water desorption, in agreement with the trace for water evolution fall below the values obtained by the HRTEM technique. This
presented in the same Figure 3. The delay ®Hbroduction suggests that Hadsorption at metal sites is partially blocked
with respect to the Huptake might suggest thattddsorption or deactivated by some process occurring at these high reduction
precedes the reduction/oxygen vacancy creation step. Howeverfemperatures.

delays in HO production due to slow #D desorption or bHO Further insight can be gained by considering the equilibration
adsorption in the transfer line may well also account for the times of H, adsorption under these different conditions. To
observed phenomena. enhance the sensitivity to the spillover phenomena, we have

3.3. H, Chemisorption. The H, adsorption measurements chosen rather rigorous criteria for the definition of the equilib-
were carried out at-80 and 25°C, in the low H pressure region  rium conditions. In principle, discrimination of Hadsorption
(2—20 Torr). The choice of this range of pressures was onthe NM and on the support, via spillover of hydrogen species,
motivated both by the fact that hydrogen adsorption on the can be made mainly on the basis of the rate of the two processes
support is minimized under these conditions and by the because the latter process is in fact an activated one and therefore
possibility of the extension of the present methodology to other slower. We observed that for reduction temperatures below 500
platinum group metals, for example, Pd. At certain temperatures °C, the attainment of the equilibrium conditions at 25 is
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Equilibrium conditions: se&xperimental Section

extremely slow, particularly at low hydrogen pressures. In
contrast, for all the measurements carried out-80 °C and
those measured after a reduction Btg = 500 °C, the
equilibrium conditions were attained quickly, after approxi-
mately 20 min. The ratio of equilibration time at 26 to that
measured at-80 °C is plotted in Figure 5 versus reduction
temperature. The H/Rh ratios measured af@5substantially
exceed those measured-aB0 °C for reduction temperatures
of 150 and 35CC. These results agree with those of Table 1
in strongly suggesting that substantial spillover occurs &5
for Treg = 150 °C andTeq = 350 °C, but that the extent of
spillover decreases sharply with increasifig. Almost equal
equilibration times are observed for reduction temperatlixgs

> 500 °C for both adsorption temperatures, suggesting com-

parable rates of fadsorption. This could be taken as an
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tion experiments. It cannot, therefore, explain the difference
between the two.

Encapsulation of Rh into the g&Zro 320, particles between
fusing crystals or due to pore collapse because of support
sintering during the reduction treatments can be reasonably ruled
out by the fact that an extremely limited variation of surface
areas were detected in these experiments by in situ BET
measurements. Surface areas of 23.3, 20.8, and 204 I
were measured for samples reduced at 150, 700, and®@00
respectively. Further, no appreciable change of the porosity of
the sample after reduction at 700 was detected, as expected
given the textural stability and limited porosity of the supg8rt.

To ascertain which phenomenon is likely to occur under our
experimental conditions, the effect on the samples of a moderate
temperature reoxidation (42T) and a low temperature (150
°C) rereduction was investigated (Table 1, runs 5 and 7). When
such a sequence of treatments was performed after reduction at
both 700 and 900C, a remarkable agreement with the HRTEM
data of the “reduced only” sample was again obtained. The value
of H/Rhr = 0.23 after reduction at 90TC is about 30% lower
than that observed by HRTEM. Because particle decoration was
observed for less than 5% of all the Rh particles imaged, we
suggest that electronic effects may also play a role in this
decrease of H/Rh. Some recent studies of nanostructural
properties of NM/Ce@(NM = Rh*%and P#) showed that the
recovery of the metal particles from a decorated state or their
redispersion requires reoxidation temperatures well above 500
°C. This suggests an electronic contribution to the metal
support interaction effects as detected in NM/Gegluced with
H, at moderate temperatur&sA detailed study of these effects
is needed to fully ascertain their origin in the Rh/CZ systems.

4. Concluding Remarks
In summary, the present data show that measurement of true

indication that hydrogen adsorption is occurring almost exclu- H/rh ratios and hence estimation of Rh particle size in a Rh/
sively on the metal center under the present experimental Cen.eeZlo.302 sample can be achieved by means of volumetric
cqnditions. Nonactivated chemisorption should be expected for , chemisorption measurements, provided that an appropriate
this process. ) methodology is used that discriminates between the contributions
Reduction at 500°C partially dehydroxylated the CeO  of the support and of the metal. A criterion to ascertain the
surface in a Rh/CegXatalyst” decreasing the rate of hydrogen presence of a significant contribution from spillover hydrogen
transfer to the support. As a consequence, a good agreement ofpecies to the adsorbed volumes is suggested. A reliable
the H/Rh measured at80 and at 25C was observed. This estimation of H/Rh can be obtained using (a) lowptessures
phenomenon would explain the fall in spillover at Z5asTeq (P < 20 Torr) and adsorption temperatufe£ —80 °C), (b)
increases in the present work. restrictive criteria for the definition of the equilibrium conditions,
Notice that the choice of the experimental conditions, and gpq (c) reduction pretreatment of the sample at moderate
particularly that of H pressures and equilibrium criteria, is temperaturesT < 500 °C).
critical. Here conditions were chosen so as to minimize spillover  at higher reduction temperatures, deactivation effects upon
phenomena. In a parallel investigation of &ttivation over Rh/ . adsorption should be considered. However, a relatively mild
CeQy-ZrO; systems, where highersfpressures were used, we  reoxidation at 427°C followed by a reduction at 156C
observed that at a pressure of 30 Torr of the equilibration  reactivates the Rh chemisorption capability, which again allows
time is twice as long at 25C as at—80 °C when Rh(NQ)s is reliable H/Rh ratios to be obtained. The fact that only very
used as precursor. In contrast, over a Rh@ecursor these  |imjted decoration of the Rh particles is observed by HRTEM
differences were negligibfé. after reduction at high temperatures suggests that electronic
The fact that H/Rh values obtained by chemisorption for high metal-support interactions, as discussed above, may play an
reduction temperatures are lower than the corresponding valuesmportant role in the chemical deactivation observed here. Work

obtained by HRTEM may bg gxplained by several phenomena. js in progress to ascertain the validity of this methodology for
Hydrogen adsorption capability of the catalyst may decrease atyse with other NM.

these temperatures because of a strong metal support interaction-
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