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The relationship existing between aging conditions, redox behavior, and surface/bulk structural properties
of two thermally aged ceriazirconia mixed oxides, CZ-MO and CZ-SO, is analyzed. The samples were
prepared by applying to a fresh §g7ry 380, mixed oxide two alternative aging routines consisting of
a reduction with Hat 1223 K (5 h), followed by either a mild, CZ-MO, or severe, CZ-SO, re-oxidation
treatment. By combining high-resolution electron microscopy and a number of chemical charcterization
techniques, it is shown that the nanostructure of the aged oxides, specifically the total amount and surface
presence of the phase exhibiting an ordered cationic sublattides(phase), is a key factor in determining
their redox response. In the low-temperature reduction rahigg € 773 K), the enhanced reducibility
of the CZ-MO sample is proposed to be kinetically controlled by its surface structure mainly consisting
of the k-like phase. In accordance with the reported results, the surface activation of thelétule,
much faster on the CZ-MO sample, is proposed to be the rate controlling step of the overall reduction
process. This proposal was further confirmed by the dramatic downward shift observed in the temperature-
programmed reduction diagrams recorded for the corresponding oxide-supported rhodium samples. By
contrast, in the high-temperature reduction ranige{= 973 K), the observed difference of reducibility,
higher in the case of the CZ-MO sample, is interpreted as due to thermodynamic factors related to the
nature of the predominant cationic sublattice structure, ordered for CZ-MO and disordered in the case of
the CZ-SO sample.
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lattice remains unaltered as in the pyrochlore, thus resultinga quadrupole mass spectrometer, Pfeiffer, model QSM 200 M2.
the so-calledc phase®'® By contrast, if re-oxidized at high ~ The amount of sample routinely used in these experiments was

temperature Treoxn = 1173 K), its cationic sublattice would 200 mg, the 5% WAr flow rate was 60 crfrmin, and the heating
rearrange back to a random distributfi. ramp was 10 Kmin~1. Prior to all the TPR runs, the samples were

fcleaned by heating them under flowing 5%/i@e at 60 crdmin—1,

Though a number of authors have di he rol ; )
ough a number of authors have discussed the role o at a heating rate of 104#nin~2, up to 773 K; then, they were kept

the surfacé**and buII.@’9~11’14’19structural properu'es”of for 1 h atthis temperature and cooled to 398 K under the same
thermally aged samples m_th_e control of the_lr red_umbll_lty_, a flow of diluted oxygen and finally to 298 K in a flow of He.
well-sounded global description of the relationship existing  The redox characterization of the investigated samples also
between structure and redox behavior of cedaconia included OSC measurements. To estimate the OSC values, two
mixed oxides is still lacking? different approaches have been followed. In the most conventional

To gain some further insight into these important ques- one, usually referred to as ultimate O%Qhe experimental data
tions, we have prepared two §eZro 360, samples exhibiting ~ were obtained from oxygen volumetric chemisorption. The iso-
significant differences in their structural and redox properties. therms were recorded on a Micromeritics, ASAP 2020, instrument.
In addition to the bare oxides, the corresponding supported The oxygen partial pressure interval was3D0 Torr, and the

Rh samples, with a low metal loading, 0.3 wt %, were also temperature_ was 473 K._ The samples were pre-reduced i!’l ac-
prepared and investigated. cordance with the following protocol: 400 mg was heated in a

The ab tioned les h b h terized bflow of 5% H,/Ar (60 cmf-min-1) at 10 K:min~1, from 298 K up
€ above-mentioned samples have been charactenzed Dy, o sejected reduction temperaturedy, was further kept at

means of high-resollution eIec'Fron mi.croscc-)py (HREM) and _ Treanfor 1 h, under a flow of 5% HAr, then was evacuated for

a number of chemical techniques including temperature- 1 p (residual pressure 1 x 1076 Torr) at Tevac= Tredn O Tevac=
programmed hydrogen reduction, hydrogen volumetric chemi- 773 K if T4, < 773 K, and finally was cooled to 473 K under
sorption, and oxygen storage capacity (OSC). The analysishigh vacuum. These evacuation conditions ensure the elimination
of the results obtained from these studies have allowed usof any significant amount of hydrogen chemisorbed on the oxides.
to draw a number of relevant conclusions helping us to In the case of the supported Rh samples, the OSC values were
rationalize the relationship existing between the surface anddetermined by discounting from the total oxygen consumption the
the bulk structural properties of the thermally aged ceria amount due to the rhodium re-oxidation to®kh. In accordance

zirconia mixed oxides and their redox response in both low- with the low Rh content of our samples, this correction represents
and high-temperature ranges less than 2% of the theoretical limit to be reached by the eeria

zirconia mixed oxide. It is assumed in this estimate that"Ce
. . Cée* is the only significant process.
Experimental Section The second type of OSC data to be discussed in this work will
The ceria-zirconia mixed oxide samples investigated here have Pe referred to as instantaneous OSC. They were estimated by
been prepared by applying to two aliquots of 25 g of a commercial, integration of the TPR traces up to some predefined time/

low surface areaSser, 19 m-g-1) Cey sZro 360> sample (CZ-LS), temperature. Because the TPR experiments consisted of a heating
kindly provided by Grace Davison, a common reduction treatment @mp of 10 kmin™* up to 1223 K, followed p a 1 hisothermal
consisting of heating, in a flow of pure hydrogen of 500*amin~* step at this temperature, the estimate of instantaneous OSC data

at’5 K:min2, up to 1223 K, followed 5 h ofisothermal treatment ~ Was based on the assumption that the reduction degree deduced
at 1223 K; finally, the gas flow was switched to He (500 from the integration over the time of the overall TPR trace, with 1

cm?min-1), for 1 h, and cooled to 298 K under inert gas flow. h isothermal step at 1223 K included, corresponds to the ultimate

After completing this severe reduction (SR) step, the aging cycles OsC valug at 1223 K. !n fact, the reduction treatment is exactly
were closed by applying to each of the aliquots a different the same in both experiments.
re-oxidation routine. To prevent the overheating of the reduced ~HREM images were recorded on a JEOL 2010-FEG instrument
mixed oxides, they were first re-oxidized at 298 K by pulsing O With a structural resolution of 0.19 nm. Electron microscopy
(5%)/He until there was no evidence of further oxygen consumption; SPecimens were prepared by depositing the samples to be invesi-
then, they were heated either in a flow of (5%)/He (500 gated onto holey carbon coated 3 mm Cu grids. To avoid any
cmPmin~1), at 773 K for 1 h (mild oxidation (MO) step) or ina  contact with solvents, deposition was achieved by dipping the grids
flow of pure O (500 cni-min~Y), at 1223 K for 5 h (severe  directly into the powder samples and further blowing off the excess.
oxidation (SO) step). The resulting oxide samples will be hereafter ~ The structural analysis of the recorded images has been
referred to as CZ-LS-SR-MO, in short CZ-MO (BET surface area, Performed by using the Digital Micrograph 3.4.3 suite. The
16 n?-g-1), and CZ-LS-SR-SO, in short CZ-SO (BET surface area, €xperimental HREM images were digitized from negative plates
12 n-gb). using a KAPPA (1024x 1024, 12 bits) charge-coupled device
The corresponding 0.3% Rh/CZ-MO and 0.3% Rh/Cz-SO Camera. The digital diffractograms (DDPs) reported here correspond
samples were prepared by incipient wetness impregnation of theto the log-scaled power spectrum of the corresponding fast Fourier
corresponding oxides with an aqueous solution of R @fter transforms.
impregnation and drying in air, for 10 h, at 383 K, the resulting
samples were calcined at 773 K for 1 h, cooled to 298 K under Results and Discussion
oxygen, and stored in a sealed flask until their use.

The temperature-programmed reduction mass spectrometry (TPR-, HREM Study. Figure 1 shows representative HREM
MS) studies were performed in an experimental device coupled to |m§ges of CZ'L_S (A)' CZ'_SO (B), and CZ-MO (C) mixed
oxides. Some significant differences may be noted between

(18) Kishimoto, H.; Omata, T.; Otsuka-Yao-Matsuo, S.; Ueda, K.; Hosono,
H.; Kawazoe, HJ. Alloys Compd200Q 312 94. (20) Duprez, D.; Descorme, C. atalysis by Ceria and Related Materials

(19) lzu, N.; Kishimoto, H.; Omata, T.; Yao, T.; Otsuka-Yao-Matsuo, S. Trovarelli, A., Ed.; Imperial College Press: London, 2002; Chapter
Sci. Technol. Ad Mater. 2001, 2, 443. 7, pp 243-280.
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Figure 1. Representative high-resolution transmission electron microscopy
images recorded for CZ-LS (A), CZ-SO (B), and CZ-MO (C) mixed oxide
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Figure 2. TPR-MS study of CZ-LS (A), CZ-MO (B), and CZ-SO (C)
mixed oxide samples. Traces correspondhite= 18 (H,0). Details of the
whole protocol followed in these studies may be found in the experimental
section.

Zr = 2:3). The detailed analysis of HAADF contrasts
recorded for the CZ-MO sample has revealed that the
preferentially developed (111) surface planes always cor-
respond to zirconium-rich typ&.

The analysis of Figure 1B shows that the SO treatment
leading to the CZ-SO sample destroys the characteristic
contrasts of the phase, thus suggesting that associated with
it an order-disorder transition in the CeZr sublattice

samples. The spots observed in the DDPs shown as insets have been indexedCcurs. As revealed by the profound effects on the external

on the basis of the fluorite structurés(111) reflections at 6.2 A are those
characteristic of the pyrochlore-type superstructure.

CZ-MO (Figure 1C) and the remaining two samples, Figure
1A,B. As deduced from the analysis of HREM images such

as the one reported in Figure 1C, the CZ-MO sample shows

a very specific type of contrast characterized by a spatial

frequency (lattice spacing) double as opposed to that
q y P 9 PP 5ofthe pyrochlore-related phase is still present in the sample.

observed in the LS sample. As recently discussed in refs 1
16, this structural feature, which cannot be found in the
images recorded for the CZ-LS sample and is rarely observe
in those of the CZ-SO oxide, is indicative of the characteristic
ordering in the CeZr sublattice observed in the pyrochlore-
related « phase. Likewise, the morphology of the oxide
particles looks like very different, with rounded ill-defined
facets in the LS and SO samples and a much better define

morphology of the oxide particles, the destruction of the
phase very probably starts at the oxide surface. Accordingly,
the CZ-MO and CZ-SO samples should be expected to
exhibit significant differences in their structural and chemical
surface properties.

The HREM study has also shown that, in the case of the
CZ-SO0, contrary to that noted for CZ-LS, some of the rest

This is a noticeable observation because, very probably, this

OIresidual phase may favor the development ofitlphase in

the case of applying further redox aging cycles to the
samplet34

TPR-MS and H, Chemisorption Studies on the Bare
Oxide SamplesFigure 2 reports on the TPR-MS diagrams

0(m/e= 18, HO signal) recorded for the three ceriairconia

external shape, with an abundant presence of well-developednx€d oxides, CZ-LS (A), CZ-MO (B), and C_Z'SS 1gc)' In
(111) faces, in the CZ-MO sample. The latter observation 9000 agreement with a number of earlier studiés; **the

has been recently confirmed by a high angle annular dark

field (HAADF) tomography study, in accordance with which
the CZ-MO sample exhibits a significant number of micro-
crystals with almost perfect octahedron sh&ploreover,

as discussed in ref 21, in thelike phase, because of the
Ce—Zr sublattice ordering two sorts of (111) planes may be
distinguished. One of them shows a Ce/Zr atomic ratio of
4:1, whereas the other one consists of a Zr-rich plane (Ce

(21) Herdadez, J. C.; Rodguez-Luque, P.; Yeste, M. P.; Bernal, S.;
Calvino, J. J.; Pintado, J. M.; Trasobares, S.; Himghk B.; Midgley,
P.; Peez-Omil, J. M. Submitted for publication.

aging pretreatments applied to the fresh CZ-LS sample
significantly modify its redox chemistry, the CZ-MO sample
showing, as expected, an enhanced low-temperature reduc-
ibility with respect to that exhibited by CZ-LS and CZ-SO
mixed oxides.

To better understand the origin of the differences observed
in the TPR-MS traces reported in Figure 2&, we have

sinvestigated the hydrogen chemisorption on the CZ-MO and

CZ-SO mixed oxide samples. The experiments consisted of
heating them, for 30 min, under 38 Torr of hydrogen (the

hydrogen partial pressure used in the TPR experiments), at
increasing temperatures of 298, 373, 423, 448, and 473 K,
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Figure 3. Volumetric study of hydrogen chemisorption on the 6&rg 3602
samples. Initial hydrogen pressure: 38 Torr. The samples were submitted D
to successive cycles consisting of their heating at the indicated temperatures
for 30 min followed by cooling to 298 K always under hydrogen. Pressure ' ' ’ ’ ;
drops were determined at 298 K. CZ-SO (first series) accounts for the sample 400 600 800 1000 1200
resulting from the first series of ultimate OSC measurements carried out Temperature (K)

on the CZ-SO sample.

Figure 4. Influence of supported rhodium on the redox response of the

] ) ceria—zirconia mixed oxides. TPR-MS study. Traces corresponding to the

followed in every case by cooling to 298 K under hydrogen mve = 18 (+0) signal for CZ-MO (A), CZ-SO (B), 0.3% Rh/CZ-MO (C),

pressure. The amount of chemisorbed hydrogen after eactfnd 0-3% Rh/CZ-SO (D) samples. Traceéas recorded after applying
fth | det ined vol tricallv. that is. f the first series of ultimate OSC measurements to the CZ-SO sample. Details

of these cycles was determined volume .rlca Yy, tha _'S' rOM of the TPR protocol may be found in the experimental section.

the decrease d?y, measured at 298 K. Figure 3 depicts the

recorded data for both the CZ-SO and the CZ-MO samples. chemisorption step in the control of the low-temperature

In accordance with earlier studies on the &tisorption on  reducibility of the mixed oxide samples.

cerig??® and ceria-zirconia?* the process implies the TPR-MS Studies on the Oxide-Supported Rhodium
dissociation of the molecule with inherent formation of Samples.To give some further support to the hypothesis
atom_ic c_hemisorbed species. Consistently, the quantitativezgyanced in the previous paragraph, we have carried out
data in Figure 3 are expressed as number of hydrogen atomg)arg|le| redox studies on the corresponding rhodium-contain-
per squared nanometer. In accordance with the TPR—MSing samples, 0.3% Rh/CZ-MO and 0.3% Rh/CZ-SO. Figure
diagrams reported in Figure 2, the perturbation of the 4C D reports respectively on the TPR-MS traces recorded
hydrogen chemisorption process by the simultaneous occuror them. To facilitate the comparison, the diagrams for the
rence of oxide reduction, with mherent formaﬂon of bare oxides, CZ-MO (Figure 4A) and CZ-SO (Figure 4B)
should be expected to represent a minor side effect. have also been included in this figure. As already noted in
Assuming that the biconsumption data reported in Figure  the experimental section, the contribution of,Rfreduction
3 may be interpreted as due to atomic chemisorbed hydrogenapproximately represents 2% of the overall area under the
we may conclude that, for temperatures ranging from 373 H,0 (m/e = 18) signals in Figure 4C,D.
to 473 K, the ability of CZ-MO for dissociating the hydrogen 16 comparison of the TPR-MS traces for the bare oxides,
_molecule is significantly higher than_ that of CZ-SO. In fact, Figure 4A,B, and the corresponding Rh-containing samples,
in the range of temperatures mentioned above, the surfacesg e 4C,D, clearly shows that the supported metal phase
density of chemisorbed hydrogen is approximately six times g3 matically enhances the low-temperature reducibility of
larger on the CZ-MO sample. We may conclude that H 1h c7-MO and Cz-SO mixed oxide samples. As presently
activation is much faster on the CZ-MO samples. The kinetic well-established? 2 in the presence of highly dispersed
nature of the limitations observed in the Bdsorption on  qdiym, an alternative, much faster mechanism of generating
the CZ-SO sample was further confirmed by extending the 5¢5mic hydrogen species on the oxide surfaces, the spillover,
heating-cooling cycles under fup to 573 K, a temperature  hocomes operative. Consequently to this, the kinetic limita-
still below that at which the reduction of CZ-SO sample ons for hydrogen chemisorption on the bare oxides are
starts, Figure 2C. As shown in Figure 3, on CZ-SO, the ercome, and a very significant increase of their reduction
amount of chemisorbed hydrogen progressively increasesyaie gccurs. This would explain the strong downward shifts
with the temperature, the value recorded at 573 K being evengypcarved in the main peaks of the TPR-MS diagrams for
higher than that determined at 473 K for CZ-MO. These he gypported rhodium samples, 350 K in the case of the
observations strongly suggest the relevance of the H ~z.mo0 sample, and as much as 500 K in the case of the

CZ-SO one. Di-hydrogen activation would thus constitute

(22) Bernal, S.; Calvino, J. J.; Cifredo, G. A.; Raglriez-1zquierdo, J. M.;
Perrichon, V.; Laachir, AJ. Catal.1992 137, 1.

(23) Bernal, S.; Calvino, J. J.; Cifredo, G. A.; Raglrez-lzquierdo, J. M. (25) Hickey, N.; Fornasiero, P.; Kaspar, J.; Gatica, J. M.; Bernall. S.
J. Phys. Cheml1995 99, 11794. Catal. 2001, 200, 181.

(24) Norman, A.; Perrichon, V.; Bensaddik, A.; Lemaux, S.; Bitter, H.; (26) Gatica, J. M.; Baker, R. T.; Fornasiero, P.; Bernal, S.; Blanco, G.;
Koningsberger, DTop. Catal.2001, 16/17, 363. Kaspar, JJ. Phys. Chem. BR00Q 104, 4667.
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Table 1. OSC Data Expressed as Percentage of Total €eReduced to C&"

ultimate OSC (%) aT(K)2 instantaneous OSC (%)
sample/reducing (volumetric adsorption of & (integration of TPR diagrams)
atmosphere 473K 623K 773K 973K 1173K 1223K 473K 623K 773K 973K 1173K 1223K 1223K(1h)
CZ-LS/ 5% H/Ar 4 30 44 61 70 0 0 2 37 55 61 70
CZ-MO/ 5% Hy/Ar 8 45 63 74 83 82 1 10 37 68 78 79 82
Rh/CZ-MO/ 5% H/Ar 45 54 65 75 81 82 32 49 58 68 75 7 82
CZ-SO/ 5% H/Ar 0 3 17 50 62 69 0 1 4 38 56 59 69
CZ-SO/ 5% H/Ard 15 45 70 0 2 20 50 63 65 70
Rh/CZ-SO/ 5% H/Ar 23 31 39 67 71 13 25 34 46 59 65 71

aUltimate OSC data as determined by oxygen volumetric isotherms {pal300 Torr) at 473 K. Experiments carried out on 400 mg of samples
pre-reduced as follows: heating in a flow of 5%/Ar (60 c-min—1), at 10 Kmin~1, from 298 K to the selected temperatuiie.§,), further kept afl =
Trean for 1 h, under flow of 5% HAr, then evacuated fal h (residual pressure 1 x 1076 Torr), atTevac= TrednOF Tevac= 773 K for Tregn < 773 K, and

finally cooled to 473 K under high vacuum. In the case of Rh-containing samples, the OSC values were corrected by taking into account the contribution

of Rh re-oxidation to R§Dj3 to the total oxygen consumptiobinstantaneous OSC data as determined by integration of the TPR-MS sigmalefer 18

(H20) up to the selected temperature. Experimental conditions in the TPR-MS runs: amount of sample, 200 migyr3kin-rate, 60 cnd-min~1; heating

rate, 10 kmin—L. Top limit temperature: 1223 K. Time at 1223 K: 60 mfrfOSC values corresponding to the overall TPR experiment ingjudlih of
isothermal reduction at 1223 K. Data used as reference values for estimating the instantaneous OSC at the different temperatures. It is asguwitd to agr
the corresponding ultimate OSC values at 1223 Becond series of ultimate OSC measurements after completing the first one.

300 y : - y - - that no further oxygen uptakes occurred upon increasing the
re-oxidation temperature at 573 K and even 673 K, under
o50|0——eo—0—0—0—0 E | 300 Torr of oxygen. The shape of the isotherms recorded
—o— o o o o e for CZ-SO, Rh/CZ-MO, and Rh/CZ-SO looked very similar
to those reported in Figure 5.
20fe—e——o—o—0—0—9 C | On the basis of these volumetric re-oxidation studies, we
have determined the ultimate OSC data reported in Table 1
150 | ] for all the investigated samples, with and without rhodium.

As detailed in the experimental section, prior running the
O, isotherms, the samples were reduced with flowing 5%
H/Ar for 1 h, at temperatures ranging from 473 to 1223 K,
and further evacuated at either 773 K&, if the latter

100 |

mmole O/mole of mixed oxide
@

50 | 1 was higher than 773 K.
— o o o o o o A The instantaneous OSC data, which are also included in
0 . . . . . . Table 1, were estimated by integrating the TPR traces in
50 100 150 200 250 300 350 Figures 2 and 4 as indicated in the experimental section.
Equilibrium pressure (Torr) Regarding the results reported in Table 1, there are a

Figure 5. Series of Q volumetric isotherms recorded at 473 K for the number of interesting points to be commented on. In good
CZ-MO sample reduced at 473 (A), 623 (B), 773 (C), 973 (D), and 1223 ggreement with the TPR-MS results, the ultimate OSC data,
K (E). Details of the reduction/evacuation protocol applied in this study . .
may be found in the experimental section. in particular those recorded fdkeqn < 773 K, clearly show
that the presence of Rh very much enhances the reducibility
the rate controlling step in the overall reduction process of of both CZ-MO and CZ-SO samples. Therefore, in the low-
the bare oxides. Moreover, as already shown in Figure 3, temperature region, the OSC values reported for the bare
the different low-temperature reducibility exhibited by the oxides do not represent true equilibrium situations. This effect
bare CZ-MO and CZ-SO samples is fully consistent with is particularly noticeable on the CZ-SO oxide, for which,
their different ability to activate the hydrogen chemisorption, even at 773 K, the difference between the ultimate OSC
which in turn supports the significant difference in their values recorded with and those recorded without rhodium is
surface chemistry already suggested by the analysis of thestill very significant, 17% for the bare oxide and 39% for
HREM images. the supported rhodium sample. This observation suggests
OSC MeasurementsThe study of the OSC of the ceria that, to obtain meaningful low-temperature ultimate OSC
zirconia samples has also provided some additional, veryvalues, the study of supported rhodium samples, instead of
interesting, pieces of information. As established in the the bare oxides, constitutes the best experimental option.
experimental section, two types of OSC data will be Otherwise, the OSC values féfqn < 773 K would certainly
considered here, ultimate and instantaneous OSC. be determined by kinetic rather than thermodynamic factors.
Regarding the ultimate OSC measurements, Figure 5 At the highestl e, values, on the contrary, the influence
shows the series of oxygen isotherms recorded at 473 K forof rhodium becomes much less significant, thus suggesting
the bare CZ-MO sample reduced at temperatures rangingthat the ultimate OSC data for the bare oxides are close to
from 473 to 1223 K. As deduced from the shape of the the equilibrium values. Accordingly, the ultimate OSC
recorded isotherms, with independence of the pre-reductiondetermined for CZ-MO and CZ-SO @teqn = 973 K may
temperature, oxygen chemisorption at 473 K is very fast and be considered as indicative of the existence of an intrinsic
strong, leading to the complete re-oxidation of the samples thermodynamic difference between them, the CZ-MO sample
at the very first point; that is, at the lowest of the investigated showing a higher reducibility than the CZ-MO one. This
O, partial pressures. Despite this evidence, it was checkedconclusion is in agreement with a number of earlier studies
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from the literaturé?1%2’being also consistent with the low- 100
temperature OSC values reported in Table 1 for the rhodium-
containing samples, as well as with the shape of the TPR-
MS diagrams depicted in Figures 4C (Rh/CZ-MO) and 4D
(Rh/CZ-S0).

Also remarkable, the high-temperature ultimate OSC data
in Table 1 indicate a close redox behavior for the CZ-LS
and CZ-SO samples. This resemblance reinforces the likely
existence of a relationship between ordering in the cationic
sublattice and thermodynamic reducibility of the correspond-
ing oxide sample® 100

By using as a reference the (111) plane of the correspond-
ing pseudo-fluorite structure and assuming that the highest
surface reduction degree is the same as the one resulting for
the fully reduced oxide, we have estimated that a purely
surface reduction process represents less than 5% of the total
reduction degree of our CZ-SO and CZ-MO samples.
Therefore, in the presence of supported Rh, at 473 K, the
ultimate OSC data are far larger that those corresponding to
a purely surface process. We should conclude, accordingly,
that even at such a low temperature, diffusion of surface i ) .
vacancies into the bulk of both CZ-SO and CZ-MO oxide 400 600 800 1000 1200 1400
samples is fast enough as not to represent the controlling T tura (K)
step in the kinetics of the overall reduction process. This _ o smperatura ( . .

. . . . . Figure 6. Variation with the temperature of ultimate (A) and instantaneous
observation is in agreement with some earlier studies on theg) osc data for Cz-MO, Cz-SO (first series), and CZ-SO (second series).
redox behavior of ceriazirconia mixed oxides, in ac-  See Table 1 and the experimental section for further details about the way
cordance with which the incorporation of zirconia into the ©f obtaining the OSC values.

ceria lattice strongly promotes its bulk reduct®n® imate OSC measurements should be expected to signifi-
Likewise, it is consistent with the high oxygen mobility cantly enhance the reducibility of the CZ-SO sample.
deduced from a number of electric conductivity measure- | jkewise, HREM and HAADF studiéé carried out on a
_menIgss(():arrled out on different ceriairconia mixed ox-  ceria—zirconia sample treated under conditions similar to
ides:>" The low-temperature instantaneous OSC data those applied in the OSC experiments mentioned above have
reported in Table 1 do also support this statement. shown the occurrence of alike phase. Despite this, a
Regarding the high-temperature data reported in Table 1sjgnificant difference is observed between the OSC data at
for the CZ-SO sample, there is an additional major point to 1223 K for CZ-MO and CZ-SO samples. To clarify this
be commented on. As is knowrat high temperature, under  important point, we run an additional series of ultimate OSC
reducing conditions, the random distribution of Ce and Zr measurements on the CZ-SO sample resulting from the first
in the CZ-SO lattice becomes unstable against ordering with series. Table 1 and Figure 6 summarize the corresponding
subsequent creation of a pyrochlore type cationic sublattice.results. A remarkable observation can be made. As ex-
Consequently, for the reduced CZ-SO state, the occurrencepected.?1113.14in the second series, the OSC values deter-

of a cationic rearrangement leading to the corresponding mined at 623 K (OSC, 15%) and 773 K (OSC, 45%) are
reduced form of the CZ-MO phase would be favored. The much larger than those obtained in the first one, 3% and
different ultimate OSC values reported in Table 1 for CZ- 179, respectively. On the contrary, data at 1223 K are much
SO and CZ-MO samples reduced with 5%/Af for 1 h at closer, 69% in the first series and 70% in the second one. If
1223 K, 82% and 71%, respectively, would, therefore, e assume that the latest OSC values account for the bulk
indicate that the kinetics of the cationic sublattice rearrange- thermodynamic properties of the CZ-SO oxide reduced at
ment is slow enough as to allow us the use of ultimate OSC 1223 K, we should conclude that no substantial modification
data at 1223 K as a chemical marker of the structural of them has been induced by the first series of OSC
properties, in particular of the cationic sublattice ordering, measurements. This contrasts with the larger OSC value
in the ceria-zirconia sample. recorded at 1223 K for CZ-MO. The atmosphere, pure
In accordance with the available literatdfé}-*314how- hydrogen instead of 5%##Ar, and the duration of treatment,
ever, the reduction treatment at 1223 K applied in our 5 h instead of 1 h, would explain the difference of bulk
thermodynamic properties between cycled CZ-SO and CZ-
(27) 1zu, N.; Kishimoto, H.; Omata, T.; Ono, K.; Otsuka-Yao-Matsuo, S. MO samples. The enhancement of low-temperature reduc-
Sci. Technol. Ad Mater. 2001, 2, 397. ibility deduced from the second series of OSC measurements

28) Fornasiero, P.; Di Monte, R.; Ranga Rao, G.; Kaspar, J.; Meriani, S.; ?
28) Trovarelli, A.: Graziani, M.J. Cataﬁlg% 151 168,'0 carried out on the CZ-SO sample should, therefore, be

(29) ;/idal,hH.; K\?sr;:arl,lJ-;Ff’Ajjol?t, M.; FOé%n, G, Be7rnal, S.; Cordon, A.;  conciliate as a mainly a kinetic effect.
(30) Bonro M- Trovarmli APPHVSZ:%” R0 30 15 oid State To consolidate all the observations made in the previous

lonics 2002, 147, 85. paragraphs we propose, as already hypothesiséthat the
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morphology of the oxide patrticles, the microcrystal profiles
of the CZ-MO sample showing much more sharply defined
(111) facets. We should conclude, accordingly, that, as
expected, the rearrangement of the cationic sublattice leading
to the formation of the phase and inherent development of
well-faceted microcrystals is slow enough as not to be
completed in the CZ-SO sample resulting from the first series
of OSC measurements. These very subtle differences,
however, may be relevant in chemical terms. They suggest
the existence of structural and compositional differences at
Figure 7. High-resolution transmission electron microscopy study of the the surface of the cycled CZ-SO and CZ-MO samples which

oxide resulting from the application to the CZ-SO sample of a treatment may lead to a distinct capability for activating the di-
similar to the one used for determining the first series of OSC data. DDPs hydrogen molecule.

corresponding to two different regions of the crystallite are shown as insets.

The reported spots have been indexed on the basis of the fluorite structure.

1/,{111} superstructure reflections at 6.2 A are clearly observed in the DDP Concluding Remarks
of the region closer to the surface. Note also the rough and rounded ) ) )
appearance of the crystallite surface. The results presented and discussed in this work show that

the temperature of re-oxidation applied to a heavily reduced

reduction at 1223 K and further re-oxidation treatment ceria—zirconia sample induces both thermodynamic and
applied to CZ-SO during the OSC measurements would kinetic effects on the redox behavior of the resulting samples.
essentially induce some surface regeneration ofithie High-temperature re-oxidation leads to a mixed oxide, CZ-
phase. Though this phase may not be relevant in quantitativeSO sample, whose reduction is slower and less thermody-
terms, if localized on the surface of the oxide, it may play namically favored than that of the CZ-MO one. Our results
an important kinetic role in the hydrogen chemisorption step. do also support that, in the low-temperature regibs (773
In fact, as deduced from Figure 3, the capability of this K), though the intrinsic thermodynamic difference between
sample for low-temperature activation of,Hhough lower  CZ-MO and CZ-SO samples does exit, their redox response
than that of the CZ-MO sample, is higher than that exhibited is mainly governed by kinetic factors related to a different
by CZ-SO. Consistently, its TPR diagram, Figuré Abes  surface chemistry. In particular, as suggested by the dramatic
also show that the oxide reduction starts at an intermediateeffect of the supported rhodium, di-hydrogen activation is
temperature between those observed for the CZ-SO and CZmost likely the rate determining step in their overall reduction
MO samples. Though less efficiently, the surfacghase process.
would play a role similar to that of the supported rhodium.  The thermodynamic differences of reducibility between
It would modify the kinetics of the KHdissociation, thus the CZ-MO and the CZ-SO samples may be rationalized by
making faster the low-temperature reduction of the mixed considering that, under oxidizing conditions, the phase
oxide. In quantitative terms, however, the contribution of resulting from a mild re-oxidation of the pyrochlore-related
the « phase to the overall thermodynamic properties of the «-like phase (CZ-MO sample) is not stable against the
oxide sample would be small enough as not to significantly transition orderdisorder in its cationic sublattice; that is,
modify the ultimate OSC value at 1223 K. the so-called phase represents a meta-stable thermodynamic

In addition to the chemical studies commented on above, state?” Accordingly, the reduction of the CZ-MO sample
the CZ-SO sample resulting from the first series of OSC corresponds to the transformation of the meta-stable initial
measurements has also been investigated by means o$tate, thec phase, into the most stable final reduced state,
HREM. Figure 7 shows one of the recorded images. A the pyrochlore-like phase. For the CZ-SO sample, on the
micrograph of similar characteristics for the CZ-MO sample contrary, the initial state corresponds to an oxidized sample
is reported in Figure 1C. At first glance, the external shapes with a random distribution of Ce and Zr ions, that is, the
of the particles shown in Figures 7 and 1C look rather similar. most stable one, whereas the final state is associated with a
This analogy may be considered as a qualitative indication reduced oxide with a disordered cationic sublattice, a meta-
of the surface development of thephase in the CZ-SO  stable situation with respect to that of the pyrochlore-like
sample resulting from the first series of OSC measurements.ordered phase.
In fact, the high-resolution image in Figure 7 unequivocally ~ An in-depth understanding of the kinetic differences
shows the super-structure contrasts with lattice spacing twiceobserved in the low-temperature reducibility of CZ-MO and
that observed in the fluorite-like structure which characterizes CZ-SO samples would certainly require further studies on
thex phase. Likewise, the DDP included as an inset in Figure the structural and electronic properties of the mixed oxide
7 confirms the regeneration of thgophase and the analogies surfaces, as well as on the mechanism of the di-hydrogen
observed between Figures 7 and 1C. Some remarkableactivation on them. Nevertheless, it should be stressed that,
differences may be noted, however, between these HREMas deduced from the combination of HREM and chemical
images. First, as confirmed by the DDP insets, in the cycled studies reported here, the appearance ofxtiphase does
CZ-S0O sample the characteristic contrasts of boththiee also imply the creation of surface structures highly active
phase and the one corresponding to the disordered cationi@gainst hydrogen activation, which in turns constitutes the
sublattice, Figure 7, do coexist. Moreover, the comparison rate controlling step in the low-temperature reduction of the
of Figures 7 and 1C suggests some differences in the externateria—zirconia mixed oxides.
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Finally, it must be recalled that, very often, as shown in whereas the most conventional, macroscopic ones such as
this work, the applied thermo-chemical aging treatments do X-ray diffraction or Raman spectroscopy, may be uséfe¥s.
not lead the ceriazirconia systems to true equilibrium states. Consistently, the parallel chemical effect, that is, the
Consequently, compositionally and structurally inhomoge- enhancement occurring in the reducibility of the oxide, would
neous samples may resti€! This circumstance very much  mainly have a kinetic origin. In contrast, the bulk thermo-
complicates a detailed interpretation of the effects of thermal gynamic properties of the oxide would remain unaltered. A
aging on the redox chemistry of a specific oxide sample, as representative example might well be the oxide resulting
well as the comparative analysis of data from different fom the application the first series of ultimate OSC
authors. Despite these I|m|tat|ons_, there is a general agreeaasurements to the CZ-SO sample.
ment on the nature of the chemical and structural effects
induced on the ceriazirconia mixed oxides showing the In the second case, because of the much larger extent of
tetragonal structure by thermal aging pretreatments similarthe disordet-order transition undergone by the cationic
to those applied herln this work, significant progress has ~ sublattice, both thermodynamic and kinetic effects would be
been made in the correlation of thermal aging conditions, observed. In parallel with this, the quantitative weight of the
nanostructural properties of the resulting oxides, and rel- «-like phase would be much larger, and consequently its
evance of the thermodynamic and kinetic factors in the detection by X-ray diffraction or Raman spectroscopy would
control of the observed changes of reducibility. As deduced be easiet?1317.18This situation would be typically associated
from the results presented and discussed here, depending owith hard reduction condition:31718The CZ-MO sample
the temperature, hydrogen partial pressure, and time ofprepared in this work might be included in this category.
treatment applied during the reduction step of the aging cycle,
the ordering induced in the €&r cationic sublattice would
affect either limited regions of the sample, mainly localized
at its surface, or the bulk of the oxide with variable, but
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