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Abstract

In an attempt to gain fundamental information about the role of P on the chemical deactivation of a three-way catalyst (TWC), P was
deliberatively incorporated in CeCand Cg gZrg 20O, solid solution. XRD, Raman, XPS, andyNphysisorption studies have indicated
that monazite, a Ce(lll) phosphate (CeP@olid phase, is located at the surface/subsurface region of both solids. Different experimen-
tal approaches were used to investigate the alteration by P incorporation of the redox chemistry @h@et® gZrg 2O, solids that is
relevant to the oxygen storage and release properties of the current commercial TWCs. In partjeliRR,Hlynamic OSC measure-
ments using CO and Hpulses 180, temperature-programmed isotopic exchange (TPIE)1864 transient isothermal isotopic exchange
have been used. These studies revealed that the amount of labile surface and bulk oxygen and the bulk oxygen diffusion rates are sig:
nificantly reduced when the solids are contaminated with phosphorus. The monazite present in the surface and subsurface region of the
solid is proposed to be responsible for these results. The reduction of Ce(IV) present in thar@eCg gZrg 20- solids is also affected.
Ce(lll) in monazite is very stable and cannot be oxidized t{I\De Therefore, it cannot participate in the redox Ce(IZg(lll) couple
needed for the reduction of Ce(IV). Moreover, the formation okkand surface O vacant sites needed for the O storage and release steps
involved in the OSC process was also found to be affected. The results of the present work provide support to the hypothesis that forma-
tion of monazite is one of the main chemical deactivation mechanisms of real TWCs sincg @aB@und in deactivated vehicle-aged
TWCs.
0 2004 Elsevier Inc. All rights reserved.
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1. Introduction Since CePQ@ is very stable and it can be neither decom-
posed nor oxidized9-12], it has been postulated that it
Phosphorus has been established as a common contamimay lock the Ce(lllyCe(IV) redox couple[7,12]. CeQ
nant of vehicle-aged three-way catalysts (TWG)6] that and Ce _ , ZryO> solid solution have become indispensable
reacts with the active components of the washcoat of TWC. oxygen-storage components of the washcoat of TWC due
Cerium phosphate (CeR}) a Ce(lll) phase, has been de- to their large concentration of oxygen-vacant sites, fast ex-
tected as one of the phases formed between P and,CeO change of surface oxygen with gas-phase oxygen species,
and/or P and Ge-(ZrO2 solid solution present in the  and the high diffusion rates of bulk oxygen toward the sur-

washcoat of a vehicle-aged and of a lab-aged TWW@]. face of these solids. All tlee important features (named
oxygen-storage capacity, OSC) are not found in most of
* Corresponding author. Fax: +34-91-5854760. the metal oxides used in various technological applications
E-mail address: migranados@icp.csic.€M.L. Granados). [13,14] These features make Ce-based metal oxide mate-
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rials essential for the correct functioning of TWC during 2. Experimental
the rapid oscillation of the composition of the exhaust gas
around the stoichiometric A/F value. If the Ce(Jige(1V) 2.1. Synthesisof CeO7 and CecZry — ,O2 solids
redox couple becomes locked, the OSC property of the TWC
is seriously damaged and the TWC performance is expected The CeQ and CegZri_ O, mixed oxides were pre-
to be largely deteriorated. pared by coprecipitation with ammonia of a solution con-

The amount of OSC in a vehicle-aged catalyst was found taining the corresponding nitrates, Ce(§- 6H,O and
to be significantly reduced cepared to that in the fresh  ZFO(NOs)2 - xH20. For this purpose, an agueous solution
TWC [12,15] and CeP@ has been detected in those aged ©f NH4OH (3 N) was prepared and added dropwise to an
catalysts[7,8]. Both effects have also been observed in aqueous solutllo.n contanjlngthe Ce a.nd Zr'salts at the appro-
the aged TWC sample where itatalytic performance was pr|a.1te composition, to Y'eld an.atom|c ratio of (2 = 4,

. until a pH 10 was obtained. It is noted that the Zr content

clearly deterioratef,12]. It has been suggested that forma-

. fCePQis | | ible for the reduction in th in the zirconium salt was determined by chemical analysis.
tion of CePQ is largely responsible for the reduction in the After precipitation, the obtained hydroxide was filtered, ex-

amount of OSC and deactivation of TWZ,12]. However,  tgnsjvely washed, and then dried at 383 K for 24 h. The thus
a unique relationship between the formation of CeR@d obtained solid was then calcined in air at 873 K (heating
the failure of good performance of TWC (e.qg., decrease of rate 5 K/min) for 12 h. A fraction of the sample was recal-
OSC) seems difficult to be made in a straightforward man- cined for 12 additional hours at 873 K (5/Kiin). The solids
ner for a vehicle-aged TWC. This is because of the number thus obtained were labeled & and CeZr. The remaining
and the complexity of the real phenomena that lead to the sample was impregnated with phosphorus (P) according to
deactivation of TWC. the following procedure. A given amount of (NJ4HPOy

Phosphorus is not the only contaminant deposited and de-was dissolved in water and the obtained solution was poured
tected in a vehicle-aged TWC that can potentially participate In @ flask containing the Ce-Zr-O mixed metal oxide to
in its deactivation. Ca, Zn, Féb, and other contaminants Yi€ld an atomic ratio of P(Ce+- Zr) = 0.2. Then, the sus-
were found and characterized as being likely responsible for PENSION was smloothly stirred for 2 h and the excess water
the deterioration of TWatalytic performancs,5,6,16] was evaporgtgd In a rotary evaporator (333%(1_0.1_atm).

. . . . The P-containing samples were then calcined in air at 873 K

The redox properties of cerium oxide and, therefore, its OSC

(5 K/min) for 12 h and labeled as CeP and CeZrP. It is im-

properties can also deteriorate because of the severe therfaortantto point out that all samples prepared (Ce, CeP, CeZr,

mal aging to which the TWC is subjected under real driving 5, CeZzrP) were calcined in air at 873 K for 24 h in two

conditions[17,18] and not only because of the formation of - steps of 12 h each. Therefore, differences in the chemical

CePQ. behavior of the solids must be interpreted as due to P incor-
The deliberate incorporation of contaminants under con- poration in the solids and not to differences in the calcination

trolled conditions to systems with simpler compositions to procedure applied.

those experienced in a real TWC seems a reasonable ap-

proach in order to reveal gthmechanism of TWC deacti- 2.2. Characterization of CeO, and CecZr; — . O> solids

vation by chemical degradation. Thus, we have initiated a

research program toward understanding the real effects tha.2.1. X-ray diffraction studies

the presence of P could cause in the chemical and structural Powder X-ray diffraction XRD) patterns were recorded

properties of Ce@and Ca _ ,ZryO, solid solution. In par-  in the 5-88 20 range in the scan mode (0.2 s) using

ticular, of interest was to investigate the influence of P on @ Seifert 3000 XRD diffractometer equipped with a PW go-

the reducibility of Ce(IV) and the OSC properties of these Niometer with Bragg—Brentarty 20 geometry, an automatic

solid supports. In the present work, phosphorus was delib- slit, and a bent graphite monochromator. The unit cell para-

erately added to Cefand Ceg gZro.202 mixed oxides at a )Tstgrs \f[\t/ere obﬁ:ne? bytreﬂmng thefpeak pc:smotrrl]s gf tf?e
P/Ce ratio similar to that detectéd vehicle-aged three-way patierns with a ‘east-squares refinement method arter

. : . . using the program CELREF (CELREF unit-cell refinement
Cataly§t5[7,19] with the intention of formlng CePD The software for Windows). For the determination of peak po-
formation of CePQ@ on the surface and in the bulk of these

) i ) sition, the peak profiles were fitted with the commercially
solids was studied by Raman, XPS, XRD, andidysisorp-  5yailable ANALYZE program (pseudo Voigt function).
tion techniques. The effects that P incorporation in €atd

Cen.8Zr0.202 solids could cause on the redox chemistry of 555 Raman spectroscopy
these solids were studied byyHPR, OSC measurements Raman spectra were recorded with a Renishaw 1000
(pulse and dynamic experiments), and 8@ isotopic ex-  spectrophotometer equipped with a cooled (200 K) CCD de-

change under isothermal and temperature-programmed contector and a holographic Notch filter that removes the elastic
ditions. scattering. Samples were excited with the 514 nm Ar line.
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Spectra acquisition consisted of 5 scans of 60-s durationwas also measured during a st&fernating gas concentra-
for each sample. All samples were pretreated in dry air at tion switch 1.5% @/He — He — 3% CQO/3% Ar/He. The

523 K (100 (NmLYmin, 30 min) in an in situ cell (Linkam,  transient flow system, the microreactor, and the mass spec-
TS-1500) before the spectra were recorded at 473 K undertrometer used have previously been descrii2dl

dry air flow. The reactive oxygen species present in the catalyst sam-
ple is defined as the amount of CO consumed, in the case
2.2.3. X-ray photoel ectron spectroscopy that CO (consecutive pulses) is used as a titrating molecular

X-ray photoelectron spectroscopy (XPS) studies were species of oxygen, or the amount of @nsumed during the
performed with a VG Escalab 200 R spectrometer equippedreoxidation stage of the pulse experimgit,23] The latter
with a hemispherical electron analyzer and an Mg-K amount of oxygen is referred as the “oxygen-storage capac-
(1253.6 eV) X-ray source. The sample was first placed in ity complete” (OSCC). The amount of the most reactive oxy-
a copper holder mounted on a sample rod in the pretreat-gen (labile oxygen) of the catalyst is defined as the amount
ment chamber of the spectrometer and then outgassed abf oxygen species that react during the first CO pulse, and
room temperature for 1 h before being transferred to the it is called oxygen-storage capacity. The amount of catalyst
analysis chamber. A certain region of the XPS spectrum sample used for the pulse injection experiments was 100 mg
was then scanned a number of times in order to obtain ain powder form. The general experimental procedure applied
good signal-to-noise ratio. The binding energies (BE) were for measuring the oxygen-storage capacity by pulse injection
referenced to the spurious C 1s peak (284.6 eV) used asexperiments was as follows. Initially the catalyst sample was
internal standard to take into account charging effects. The pretreated with a 20% £)He gas mixture at a given calcina-
areas of the peaks were computed by fitting the experimentaltion temperatureTpsg for 1 h (heating rate of 10 Kmin
spectra to Gaussian/Lorenztian curves after removal of thefrom roomT to Tyso). The reactor was then flushed with He
background (Shirley function). Surface atomic ratios were for 5 min at7yscand then cooled to the reaction temperature
calculated from peak area ratios normalized by the corre- (Tixn) in He flow. For the OSC measurements, the catalyst

sponding atomic sensitivity factof20]. sample was reacted with one CO pulse (50 umol) or ope H
pulse (50 umol) and then reoxidized with several successive
2.2.4. BET surface area measurements pulses of Q (one oxygen pulse equals 10 pmol) at the same

Nitrogen adsorption isotherms were recorded at liquid temperatureZxn). In the case of OSCC measurements, the
nitrogen temperature (77 K) using a Micromeritics ASAP sample was reacted with several successive pulses of CO or
2000 apparatus. Prior to determination of an adsorption Hz and then reoxidized with several successive pulsesof O
isotherm, the sample was degassed at 413 K for 12 h.

2.2.7. |sotopic 180,-exchange studies
2.2.5. Ha temperature-programmed reduction studies Temperature-programmed isotopic exchange (TPIE) ex-

Hydrogen temperature-pragnmed reduction (TPR) re-  periments were conducted as follows. After calcination of
sponse curves were obtained from a 100-mg sample placedhe fresh sample (100 mg) at 873 K in air for 2 h, the reac-
in a U-shaped quartz reactor, the exit of which was con- tor was flushed in He at 873 K for 15 min to remove all
nected to a Balzer Prisma quadrupole mass spectrometepxygen in the gas phase of the reactor and the gas lines.
(QMS 200) for on-line gas analysis. The sample consisted The reactor was then cooled in He flow to 300 K and the
of solid particles in the 0.42—-0.5 mm range. The gas flow feed was switched to a 3 mol3§O,/He gas mixture for
rate was 100 (N mL)min (5% Hp/Ar) and the heating rate 15 min. A switch to the equivalent isotopic 3 mol#0,/He
was 10 K/min (298-1223 K). The bisignal (n/z = 2) and gas mixture (Isotec, Inc., USA, 97 at¥#0) was then made,
the HO signal (z/z = 18) in the mass spectrometer were while at the same time the temperature of the catalyst was
continuously monitored in order to follow the kinetics of re- increased to 1073 K at a rate of 3Q'iKin. All three oxygen
duction processes of the solid metal oxides investigated. Gasisotopic species, nameh0, (m/z = 36),160%0 (m/z =
lines from the reactor to the iel of the mass spectrometer 34), and'®0, (m/z = 32) were followed continuously with
were heated to 393 K to avoid water condensation. For thean on-line quadrupole mass spectrometer (Omnistar 300,
guantification of water signal, a calibration curve was ob- Balzers).
tained by reducing different known amounts of CuO under  Transient isothermal®0-exchange experimentd (=
the same K TPR conditions as those applied in the present 873 K) were also conducted in order to estimate the rate

samples. of bulk oxygen diffusion and the diffusivity of bulk oxy-
gen for the various samples investigated. These experiments
2.2.6. Oxygen-storage capacity measurements were designed to probe whether phosphorus is contained in

The oxygen-storage capacity (umojq) of Ce, CeP, the subsurface/bulk region of the solid. After the sample was
CeZr, and CeZrP samples was measured after using the pulsé&reated in the 3 mol%80,/He gas mixture at 873 K for 2 h,
injection method initially developed by Yao et §21]. Both the feed was switched to the equivaléR®, isotopic gas
H, and CO molecular species were used to measure themixture, while at the same time all three oxygen isotopic
stored oxygen in the sample. The dynamic OSC amountspecies were continuously monitored by on-line mass spec-
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(a) Table 1
Structural and textural properties and surface composition of Ce, CeP, CeZr,
and CeZrP samples

CeP Solid BET area Lattice parameter P/Ce atomic

sample (mzlg) a (A), cubic CeQ ratio, XPS
Ce 128 5.4114+ 0.0002 -

CeP 46 5.412240.0003 071

CeZr 217 5.3981+ 0.0008 -

CezZrP 56 5.3991+ 0.0014 089

Intensity

Zr*t within the CeQ lattice. Thea value of the solid so-
lution is compared reasonably well with that reported in the
literature for a solid solution of similar compositi2i7,28].
Moreover, it must be stressed that the reflections observed
(b) for the mixed oxide are wider (compakégs. la (Ce) and

1b (CeZzr)), indicating smaller crystal sizes for this solid.
CeZrP ‘JM‘ R Concerning the CeZrP samplEig. 1b), reflections due to

the CeZry_ O solid solution are clearly observed, while
those belonging to the CeR@olid phase are of very low
intensities, lower than those observed in the CeP sample
(compareFigs. 1la and 1p These results may suggest the
presence of very small CeROnicrocrystals, a result that
might be expected considering the smaller crystal size of the
Cey 8Zrp.202 solid observed compared to that of pure GeO

Intensity

3.2. Raman spectroscopic studies

Fig. 1. X-ray diffraction patterns of Ce and CeP samples (a), and of CeZr

and CeZrP samples (b). Fig. 2 presents Raman spectra related to the effect of P
addition in the Ce oxideHg. 2a) and CgZr;_ O, mixed

trometry. The transient gas flow system, the reactor system,oxide (Fig. 20) sample. The Raman spectrum of the Ce sam-

and calibration procedures ¢fie mass spectrometer used ple (Fig. 2a) displays a strong band at 462 thawhich is

were previously describg@2]. assigned to the symmetric breathing mode of the O atoms

around each C¢ cation (Raman mode Withp, symmetry

in metal oxides with a fluorite structurfd9]. Other weaker

3. Results bands observed at 242 and 1170 ¢mvere also observed
in the Raman spectrum of cubic Cg{30,31] and these are
3.1. X-ray diffraction studies assigned to a second-order scattering effect. The addition of

P in CeQ solid results in the appearance of new intense Ra-

Fig. 1a presents the obtained diffractograms of Ce and man bands at 968 and 1054 th Two shoulders at 990 and
CeP samples after calcination in air at 873 K. For the Ce 1069 cnT! could also be seerFig. 2a). These new bands
sample, reflections due to the cubic CGefiorite structure correspond to the formation of monazite, CeH8]J.
are visible ¥). For the CeP solid, reflections due to GeO The Raman spectrum of the CeZr samphég( 2b) is
(fluorite structure) and additional, but much weaker, reflec- dominated by the strong band recorded at 464 tdtue to
tions due to CeP@(monazite) @) could be observed. The the cubic phase. Moreover, Raman bands assigneédacet
XRD pattern of the CeZr samplé&ig. 1b) is quite similar not visible[25,26,32] while the two weak bands at 252 and

to that of the Ce samplé-{g. 1a). The peaks marked a¥) 1186 cnt! are assigned to a second-order scattering effect
arise from the CgZr1 _ O, solid solution. In the region of  of the cubic phase. The band at 605¢nhas been reported
the CegZri_ O phase diagram (Ce conteat80%), cu- to be observed with small Ce@articles and is related to the

bic or tetragonal phases with low tetragonality (e.g., c/a very presence of bulk oxygen vacanci@9]. The incorporation
close to 1) can exig24]. The XRD pattern is not adequate of P introduces several new features in the CeZrP sample.
to differentiate between cubic and tetragonal symmetry and The new bands observed at 970 and 990 tiare assigned
Raman characterization is requir§2b,26] However, the to monazite, CeP#)8], while the other bands appearing are
formation of a CgZr; _ . Oy solid solution is confirmed by  overshadowed by two more intense bands recorded at 1044
the fact that the: value contracts with respect to that of Ce and 1121 cm®. The assignment of these bands is more dif-
sample (from 5.4114 to 5.3981 A) as reportedTable 1 ficult, although similar bands have been observed when P
This is due to the substitution of e cation by the smaller ~ was added to Zr@®[33,34] The latter bands have been as-
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< Fig. 3. X-ray photoelecbn spectra of Ce 3d core levels of Ce, CeP, CeZr,
< (b) and CeZrP samples.
I
_3 whereas those of 3¢ are labeled V. In the case of pure
CT I & Ce(lV) oxide, V, V', and V" peaks for the Ce 3gh core
S T level and U, U, and U” peaks for the Ce 3gb level can
NI o 0 ' X3S be identified in its XPS spectrum (from low to high binding
£ | N energy). For pure Ce(lll) oxide, y/and V features for the
g Ce 3d,2 core level and g and U features for the Ce 3gb
E CeZrP level can be seen. When Ce(IV) and Ce(lll) oxidation states
g coexist in a cerium oxide, up to 10 features can be recog-
S nized.
The X-ray photoelectron spectra shownFig. 3 can be
interpreted according to theomments offered in the pre-
CeZr 8 vious paragraph. A qualitative estimation of the degree of
: reduction of Ce(IV) oxide can be made based on the two fea-
tures of the Ce 3d core level. The first feature is the valley

defined by the V and Vfeatures of the spectrum. If Ce ox-
ide contains only a low amount of Ce(lll), the valley is very
Raman shift (cm™) well defined[36—-40] If the degree of reduction of Ce(IV) to
. Ce(lll) is high, thus Ce(lll) becomes more concentrated, the
Fig. 2. Raman spectra of Ce and CeP samples (a), and of CeZr and CeZrR, ,, feature of Ce(III) becomes more intense. and the valley
samples (b). . !
between V and V starts to vanish. Second, although the re-
lation between the integrated area of thé féature and the
signed to ZrR0Oy or to phosphate groups anchored on ZrO  ce(lv) concentration is not linedB6,37,41] the U” iso-
(ZrOz2PQH). lated peak could be taken as a semiquantitative index of the
degree of reduction of ceria. A comparison between the area
3.3. X-ray photoel ectron spectroscopic studies of this Ce(IV) feature and any of the other features can give
an estimation of the Ce(ll/)Ce(IV) ratio.

Fig. 3presents XPS spectra of the Ce 3d core level forall ~ The XPS of the Ce 3d level of Ce sampléd. 3) shows a
samples investigated. The XPS spectrum of Ce 3d in Ce(lV) typical spectrum of Ce(lV), where little Ce(lll) is present.
oxides shows six peaks (three pairs of spin—orbit doublets), The latter is true because otherwise th€& Peak should
while Ce(lll) oxide exhibits four peaks (two pairs). Accord- have been much lower and the valley defined between the
ing to the thoroughly accepted convention as suggested byV and V' peaks should have been less well defined. On
Burroughs et al[35], Ce 3a&,> multiplets are labeled U, the contrary, the CeP sample exhibits a typical XP spectrum

1 L 1 " " 1 "
200 400 600 800 1000 1200
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of the Ce(lll) 3d core level, implying that Ce(lIl) predom-

inates at the surface oféhsample. Only a little amount of

Ce(lV) is present according to the low intensity of the peak

at 916.5 eV (the U feature of Ce(IV) 3d core level). The

P/Ce atomic ratio in the CeP and CeZrP samples was cal- &

culated and it is found to be 0.71 and 0.89, respectively (seemg

Table 9. These values are much higher than the value of

0.2 and 0.25 expected for the bulk®e ratio of CeP and >

CeZrP solids, respectively. This result strongly suggests that

P is mainly concentrated at the surface and a few atomic

layers in the subsurface region. It is also very likely that P

is spread over the surface and it is accumulated at the sur-

face of the grains of Ce and CeZr metal oxides. The Ce(lll)

detected by XPS must be assigned to the Ceplaase in

harmony to what was found in the Raman spectroscopy rig. 4. N, adsorptioridesorption isothermsT(= 77 K) obtained over the

(Fig. 2 and XRD fig. 1) studies. In fact, the FCe ratio Ce, CeP, CeZr, and CeZrP samples.

detected by XPS is close to 1, which is the ratio correspond-

ing to CePQ. The latter is a very stable phase that cannot 3.4. Surface area measurements

be decomposed or transformed even under high calcination

temperaturef—11] The Ce(lll) detected in the CeP sample ~ Fig. 4 shows N adsorption isotherms for the samples

by XPS is not oxidized to Ce(IV) during calcination. There- studied in the present work. A perusal of the isotherms

fore, the assignment of this Ce(lll) to CeP®eems very clearly demonstrates that incorporation of P in the Ce and

reasonable. CeZr samples results in a modification of their surface tex-
The XPS spectrum of Ce 3d core levels for the CeZr sam- ture. Although the type of the isotherm and its hysteresis

ple is very similar to that obtained for the Ce sample. In this IOOE oclio. not. Ch}f‘ngil by leg(:)ition’ the ?rtr;]ougt of &dl- ¢
case, according to the slightlylagive lower intensity of the sorbed 1s signiicantly re ecause of Ine decrease o

U” peak and the ill-defined valley between V antl féa- fthe specific surface area (skable 1. This decrease is more
) : : . intense for the CeZr sample but both CeP and CeZrP phos-
tures, it seems that slightly more Ce(lll) is present in the

, i phated samples displayed similar specific surface areas and
CeZr sample, although the Ce(IV) S,t'" predomlnates. FOrthe jsotherms. It is noted that according to the BDDT classifi-
CeZrP sample, the XPS features indicate a very large Pro-cation[42], the isotherms presentedFig. 4 are of type IV

portion of Ce(lll) at the surface of the solid and a very small g show a hysteresis loop of type H3 due to the existence
proportion of Ce(IV) according to the very low intensity of = of interparticle mesoporosity.
the U” feature. This is in harmony with the detection of
CePQ by XRD and Raman spectroscopiésgs. 1 and 2 3.5. Temperature-programmed reduction studies

The amount of Ce(lll) detected by XPS on the “surface”
of the P-containing samples is remarkably high, where only  In an attempt to gather information about how the pres-
a minor amount of Ce(IV) is present. It must be stated that ence of CeP@in the CeP and CeZrP samples affects the re-
Ce(lll) could be detected bYPS in Ce oxides because of ducibility of Ce(IV) to Ce(lll), the B-TPR traces of all sam-
the high vacuum applied or due to photoreduction processesPles were investigated by using on-line mass spectrometry.
However, it is not likely that a high proportion of Ce(lll) Figs. 5a and S@resent the TPR transient response curves
in the CeP and CeZrP samples can be formed by this pho-Of water formation from the hydrogen reduction of the sam-

toreduction process. A previous reduction treatment at high P!€S- According to the reduction mechanism of Ce oxides
temperatures should have been required in order to obtainreported in the literaturi3-45} reduction starts with H ac-

the clear XPS Ce(lll) pattern that has been recorded in thet|vat|on and formation of new OH groups at the surface of the

CeP and CeZrP samples. In the present work, all sampIeSOX'de (reversible reduction). Then, it proceeds with slower

. . . o rocesses, such as water formation and desorption that are
investigated were calcined in air at 873 K for 12 h and no P P

, : ) , accompanied by Ce(lV) reduction to Ce(lll) and formation
prereduction step has been carried outin the XPS equipmentys oy gyygen vacancy (irreversible reduction). Based on this
Therefore, the high stability dhe Ce(lll) formed at the sur-

information, it is expected that#D evolution will lag be-
face of the samples after P addition that cannot be oxidizedping the H, response curve in the TPR spectrum. Therefore,
even after the very intense calcination treatment applled is H->O evolution is in princip|e a better probe for tracing On|y
due to the formation of CeRQin harmony with the well-  the irreversible reduction step. Moreover, the signal-to-noise
documented stability of this phase under severe oxidizing ratio of the B+ fragment is lower than that of 40" due
treatment$9-11]. to the higher background level @f/z = 2 thanm/z = 18
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015 sample. Second, the peak at 890 K in the CeZr solid, which
2 (@) represents a rather surface and subsurface reduction process,
is not present in the CeZrP sample. Finally, the reduction
process occurring at higher temperatures and represented by
the appearance of a peak at 1044 K in the CeZr sample shifts
to even higher temperaturegy( = 1061 K) in the CeZrP
sample. These features seen in theTH’R response curves
of CeZr and CeZrP solids are not seen in the Ce and CeP
solid samples (se€ig. 5a).
The inset inFig. 5a presents the calculated amount
/ (mmol) of HoO evolved per millimole of Ce present in the
—Ce sample as a function of reduction temperature for the H
TPR experiments. This is more precise information to ac-
count for the reduction of Ce since these results reflect the
T e s 1000 1200 amount of Ce(1V) that is reduced to Ce(lll) in the sample.
It should be noted that the addition of P (and Zr) in GeO
results in a dilution of Ce present in the sample, and thus
of the reducible species. As clearly shown, reduction of the
CeZr sample occurs at lower temperatures and with higher
®) rates compared to that of the Ce sample. These results agree
very well with what has been reported in the literature about
the ease of reducibility of Ce(IV) in Ge. ,ZryO> solid solu-
tions[27,45] Addition of P to the Ce sample (CelDresults
in a small inhibition of the reducibility of Ce(IV) more evi-
dent at higher temperatures. Note that the amount of Ce(IV)
reduced in the Ce sample at 1223 K is about 21.5% of the
total amount of Ce in the sample. This result is in good
agreement with other CeGsolids investigate45]. In the
case of the CeP sample, the amount of Ce(lV) reduced at
1223 K is found to be 19.6% which is 10% less than that
found in the Ce sample. Therefgrthe quantitative changes
L L expressed per millimole of Ce in the original sample are not
400 600 800 1000 1200 that large. On the other hand, the effect of P addition in the
Temperature (K) CeZr solid solution is larger than that observed in the Ce
sample, especially in the 750-1100 K range. At higher re-
Fig. 5. Transient response of water obtained by on-line mass spectrometryduction temperatures both curves convergig.(5). It is
during a b temperature-programmed reduction (TPR) experiment over the f5nd that the amount of Ce(IV) that is reduced at 975 K in

Ce and CeP (a), and CeZr and CeZrP (b) samples. Ingéfjirba presents . o . .
the amount of HO (mmol/mmol Ce) produced as a function of reduction the CeZrP sample is about 42% lower than that obtained in

temperature during the:HTPR experiments. the CeZr sample.
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3.6. Oxygen-storage capacity measurements

signal in the MS vacuum chamb@r2]. Therefore, the mea-
surements were based on water signal even though the H  Fig. 6 presents results of OSC and OSCC measurements
consumption was also monitored (z = 2 signal). In fact, it (umol-O/gea) conducted alpsc= 773 K andTixn = 773 K
was verified that ki consumption and O evolution occur using H and Q@ pulses over Ce, CeP, CeZr, and CeZrP
practically simultaneously (a weak shift to lower tempera- solids according to the experimental procedure given in sec-
tures (10-20 K) was observed in the kHace). Therefore,  tion 2.2.8. CeQ (Ce) and CgZr; _ . O, (CeZr) solids after
readsorption of HO is not important in the present experi- addition of phosphorus show a dramatic decrease in their
ments. ability to store and release oxygen from their surface. How-

Fig. Sb clearly illustrates that the TPR transient response ever, in terms of percentage reduction in oxygen-storage ca-
curve of water for the CeZr sample is affected by the P in- pacity, CeZr exhibits the highest percentage. More precisely,
corporation in the sample. First, it can be seen thattf® H the Ce sample shows 77% reduction, while CeZr shows a
peak at 430 K is much weaker in the CeZrP than the CeZr 97.2% reduction in their corresponding OSCC quantity.
sample. The lower intensity of this water peak in the phos-  Fig. 7 presents results of OSC and OSCC measurements
phated CeZr sample is a consequence of the depletion of(umol-O/gea) conducted after using CO pulses Bk =
very labile oxygen species from the surface of the CeZrP 773 K in a similar way as with bl pulses Fig. 6). It is
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Fig. 8. (a) Transient response curves of Ar, CO and, @btained during
the switch 1.5% @/He (1 h, Toso) — He (Tose, 5 min) — 3% CO/3%
Ar/He (Tyxn,t) over the CeZr sample for measuring the dynamic OSC.
CeZr Tosc= 773 K; Trxn = 773 K. (b) Transient response curves of {btained

CeZrpP according to the gas delivery sequence described in (dhfpr= 773 K and
Tosc= 773 K over the Ce, CeP, CeZr, and CeZrP samples.

OSC or OSCC (pmol-O/gcat)

Fig. 7. OSC or OSCC (umol-@) measured by CO pulses over
Ce, CeP, CeZr, and CeZrP samples. Oxygen pretreatment temperature,
Tosc= 773 K; titration temperaturefxn = 773 K. the equivalent number of oxygen monolayers that corre-
spond to the OSCC amount is found to be 0.27. This quan-

noted that oxygen was previously stored in the sample attity was estimated based on the theoretical number of sur-
Tosc= 773 K. The amount of oxygen consumed following face oxygen atoms for ceria (cubic, 13.1 atgms?) and
reoxidation of the sample after CO pulsing is found to be CepggZro.320> (cubic, 13.5 atommn?) reported in the lit-
higher than the equivalent amount aftes pulsing for all eraturg49]. It is noted that the theoretical number of surface
solids investigated. This difference is due to the different oxygen atoms (atoms-@n¥) differs by no more than 1.5%
transient rates of CO andjHbxidation to form CQ and for CeZri— xO2 (x > 0.5) in either cubic or tetragonal crys-
H»O, respectively, which are determined by the differentki- tal structures. Thus, the results Bigs. 6 and 7represent
netics of CO and hloxidation for the same catalyst surface. only surface labile oxygen species.
On the other hand, the presence of phosphorus in the solid Fig. 8a presents transient isothermal response curves of
significantly affected the amount of labile oxygen reacted off CO, CGQ, and Ar obtained following the switch 1.5%@®le
by CO. Similar results were obtained with hydrogen pulses (1 h, Tos9 — He (Tose 5 min) — 3% CO/3% Ar/He
(Fig. 6). (Tixn, t) over the CeZr sample fdfosc= 773 K andTixn =

The present OSC measurements in terms of pma-#- 773 K in order to measure the dynamic OSC quantity. The
ter using the K and CO pulse techniqu&igs. 6 and Yare area difference between the Ar and CO response curves al-
in good agreement with other studies conducted onLeO lows estimation of the amount of CO consumed. Integration
and Ce _ ,ZryO solid solutiong18,46-48] In the case of  of the CQ response curve provides the amount of CO
using H as the reducing agent, the ratio of OSCC mea- formed. A difference in the amount of CO consumed and
sured in Cg.gZro.202 to that in CeQ is found to be about  COp produced suggests that other side reactions must oc-
3.0 (Tosc= 773 K, Tixn = 773 K). These results confirm  cur[23], as discussed below.
the significant improvement of oxygen-storage capacity of  Fig. 8o compares the transient response curves o CO
Cey.8Zrp.202 solid solution compared to pure CeQt is obtained in all four Ce, CeP, CeZr, and CeZrP samples fol-
important to note here that for the CeZr sampitég( 6) lowing the same experiment as Fig. 8a. It is clearly ob-
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Fig. 9. Amount (umolg) of CO and CQ consumed and produced, respec- Temperature (K)
tively, during the experiment for measuring the dynamic OSC as described 18
in Fig. 8 over the Ce, CeP, CeZr, and CeZrP samplggc= 773 K, | > 3% OZ/He
Trxn=T773 K.
served that the presence of phosphorus in the solid signifi- 30
cantly affects the initial rate of reaction (sudden increase in ~  |o— cezZr(®0'%0) b
CO, production) between the surface labile oxygen and CO % 2.5 —=— CeZr(*°0,) (b)
to form CQy. This result is in harmony with the OSC results E Lof™ CeZrp(*°0'%0)
obtained after applying the CO pulse technique Ege7). S " [—*— CezrP(*°0,)
In the experiments to be described next, it will be shown that 2’_ L5
the presence of phosphorus affects also to a significant ex- S Lol
tent the rate of bulk oxygen diffusion toward the surface of % I
the solid. £ 05

Fig. 9 compares the amounts of CO consumed and CO 0.0

323 523 723 923 1123

produced in the dynamic OSC experiments presented in
Fig. 8after 10 min in 3% CQ@3% Ar/He gas mixture. These
results clearly illustrate that the interaction of CO with the
surface of the solids during the 10-min reaction period leads
not only to the CO+ Os — CO reaction (Q refers to a
surface lattice oxygen atom) but also to other side reac-
tions. These are: (a) the G@&hemisorption; (b) the dis-
sociation of CO to give €and CQ (Boudouard reaction:
2CQyg) — COyg + Cs); and (c) the reaction of CO with
—OH surface groups to produce ldnd CQ. The latter re-
action is based on the observegl$ignal during the transient
experiment. The existence of a 35—-90% difference between
the amounts of C@produced and CO consumed ($&g. 9)
justifies the above-referenced side-reaction routes.

Temperature (K)
3% '%0,/He

Fig. 10. Transient gaseous response¥®al, and160180 isotopic species
obtained during a temperature-pragrmed isotopic exchange (TPIE) ex-
periment according to the following gas delivery sequence: Air (873 K,
2 h) - He (873 K, 15 min)— cool down in He flow to 300 k- 3%
Oy/He (300 K, 15 min}— 3% 180,/He (1), T is increased to 1073 K

(B = 30 K/min) over (a) Ce and CeP samples and (b) CeZr and CeZrP
samples.

Table 2
Amount (umol-Q'g) and equivalent number of monolayers %0 ex-
changed during the TPIE experiment presenteféign 10

Solid sample Temperature (K)

3.7. 180, isotopic exchange studies code 773 873 973 1073
, . Ce Q9% 2566° 7.2 20016 151 42045 222 61959
Fig. 10a presents the transient response curve¥’©p CeP 04 414 25 2526 119 11890 276 27639
(m/z = 32) and1%0'80 (m/z = 34) gaseous oxygen iso- Cezr Q9 4480 45 21569 87 41593 125 60139
02 271 09 1169 52 6381 137 16930

topic species obtained during the TPIE experiment describedeZrP

in Section2.2.7 over Ce and CeP samples, aRi). 1M

@ Values in first column at each temperature represent equivalent number

over Cezr and CeZrP samples. For CeP and CeZrP sam-f monolayers of exchangeable oxygtio.

ples, the rates 0ffO exchange with the surface of the solids
are reduced significantly withspect to the uncontaminated-

b values in second column at each temperature represent amount (umol-
0/g) of exchangeable oxygen in the form§0, + 160180,

with-phosphorus respective samples. There is a clear shift to

higher temperatures in the appearance of a peak maximumof Table 2reports the number of equivalent monolayers of
the 180, TPIE response curve obtained after contamination atomic oxygen species exchanged during the TPIE exper-
of the sample with phosphorus. This shift may reflect the iment (Fig. 10 for all four investigated solids. As clearly
increase in activation energy of the bulk oxygen diffusion illustrated inTable 2 at 7 > 873 K several monolayers of

process. As will be discussed later, tH©, signal arises
from the multiple heteroexchange mechanism!&®.(g)
with the metal oxide solid surface.

oxygen had been exchanged wiflD,(g) indicating that, be-
yond thisT, diffusion of O from the inner bulk of the solid is
the predominant process of supplying oxygen to the surface.
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Time (sec) Fig. 12. Discrimination between simple and multiple heteroexchange mech-

) o ) anisms of oxygen over CeQand Cg gZrg 20, solids as a function of
Fig. 11. Transient isothermal exchange experiment performed at 873 K over yqaction temperature during the TPIE experimentFif. 10 Values of
Ce and CeP sampllgs according to the gas delivery sequenc@.@fft—le the y1602/y16018o ratio much larger than unity indicate a multiple het-
(873 K, 2 h)— 3% ~°0,/He (873 K,r). ero-exchange mechanism.

Therefore, it is worth noting that the TPIE results show a
significant suppression in the amount of exchangeable oxy-
gen (both surface and bulk) in the case of P-contaminated
samples. In the case of dynamic OSC measuremEigs.(8

and 9, the equivalent number of oxygen monolayers for the
CeZr sample at the reaction temperature of 773 K is found
to be about 1.1 (based on the g@roduction).

Fig. 11 presents transient isothermal response curves of
160, (m/z = 32) and®080 (m/z = 34) isotopic species
following the switch 39450,/He (2 h)— 3%180,/He (¢) at
873 K over the Ce and CeP samples. According to Boreskov [54-56] . . .

As the temperature in the TPIE experiment increases,

[50] and Klier et al.[51], two types of oxygen-exchange simple hetero-exchange also becomes important, and partic-
mechanisms could occur on a solid metal oxide with the real ' P 9 P ’ P

participation of the latter: (ajimple hetero-exchange that ipation of*°0™0 via either simplg [Ed2)] ora multiple
occurs with the participation ainly one oxygen atom of the [Eq..(4)] heterq-exchange mechan'|sm to y'é.RDZ makes:.
oxide at each of the following steps, the interpretation of which sthanism prevails uncertain.

Based on the isothermal oxygen isotopic exchange exper-
180'80(g) + 1905 « 180%0(g) + 0, €N iments conducted at 873 KFig. 11), upon the switch to
1816 16 16 18 the isotopic mixture it becomes clear that multiple hetero-

0™0(g) + *°0Os & *°02(g) + ~°Os, 2) exchange prevails. Based on this result and the TPIE results
and (b)multiple hetero-exchange that occurs with the par-  in the 723-823 K rangd~{g. 12), it seems that the latter ex-
ticipation of two oxygen atoms of the oxide at each of the  change mechanism must prevail at least in the 723-873 K
following steps: range.

Fig. 11shows that the rate 080 production is signif-

1818 16 16 18

0™°0(g) + 2°0s & °02(g) + 2-°0s, ) icantly higher in the Ce sample compared to that in the con-
180160(qg) + 21%0s « 160,(g) + 160 + 180, (4) taminated one, CeP. Moreover, tHO, signal ¢n/z = 32)
18116 18 18 16 18 in the Ce sample does not abruptly fall but it follows a

070(g) + 27705 & 02(9) + Os + 05, ) smooth decrease indicating that, at the beginning, surface ex-
The kind of isotopic exchange mechanism, simple vs multi- change with*®Os takes place. Later on, when surfa@®s
ple hetero-exchange, can be differentiated at the beginningis spent, bulk®0, progressively participates to a greater ex-
of the reaction by the prior appearance in the gas phase oftent. In the case of CeP sample, th¢z = 32 signal falls

result is in harmony with that obtained by Duprez and co-
workers[49,52,53]Jafter conducting similar experiments but
using a batch-recycled rather than a once-through-flow mi-
croreactor as in the present work. The latter authors have
demonstrated by using FTIR that superoxide ({Dspecies

are populated on the presently investigated Ce and CeZr
solids and can exchange with gased®®, via the “place-
exchange” mechanism, the latter being one of the two pos-
sible pathways of the multiple hetero-exchange mechanism

180160 or160,, respectively. steeply indicating that the surface O exchange is remarkably
From the TPIE experiments presentedig. 10 the ra- suppressed by the P contamination; note that the BET area

tio of 160, mole fraction to that 0¥°0'80 vs temperatureis  of Ce sample is about 3 times larger than that of CeP one.

presented ifrig. 12 It is clearly illustrated that at the lowest After about 10 min on the isotopit?0,/He gas mix-

temperature of 723 K, where oxygen isotopic exchange canture, a pseudo-steady state was about to be reached for the
be activated and measured, multiple hetero-exchange pre%0'80(g) continuous production. Thi€O species arises
vails over the present CeGand CgZri _ ,O> solids. This now from the subsurfaced/bulk of the solid. Based on the
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analysis reported in the literatuf®7] for a similar isotopic CEPO“patCheS\

experiment, the effective diffusion coefficiernd4) of bulk \—Hf/ 3 Surface .
oxygen diffusion within the crystal lattice of the solid can } Subsuziageregion

be estimated from the pseudosteady state rate production of Ce(-Zr) oxide

160180 at time equal tass . This is given by the following

relationshig57], Scheme 1. Pictorial presentation of Cefi6cation in Ce and CeZr solids.
Defi = tss (Na/ Ca0)?, (6)

structure of both Ce and CeZr solids. A picture that could
whereNa (mol/(cn?s)) is the flux of atomic oxygen from emerge from the present bulk and surface characterization
the bulk to the solid surface, aiitho (mol/c) is the initial techniques used is that the incorporated P reacts with the
concentration of atomic oxygen in the bulKa is calculated Ce(-Zr) oxide, and as a result of this Cef@edominates

by multiplying theyisqisg (mole fraction of'80'0(g)) by at the surface/subsurface of the resulting mateBieheme 1

the total molar flow rate (mg@h) and dividing by the cata-  depicts this view.

lyst weight (g) and surface area (8rg). Since the accuracy The fact that monazite is detected by XRD and Raman
of the value of D¢t depends on the value afs for which indicates that the sizes of its crystals are large enough to
pseudo-steady state is assumed, for comparison purposes theach the inner bulk of the solid. Although the XPS and
present work reports an approximate value of the ratio of Raman characterization results indicate that Ce phosphate
the bulk diffusion coefficients estimated for the noncontam- predominates at the “surface”, they do not allow discard-
inated and P-contaminated solids. This ratio was found to being neither that the surface of the phosphated solids is fully
4.0 at 873 K. In these calculations, the ratio of corresponding covered by Ce phosphate nor that a fraction of the incorpo-
values ofCpg for each of the two solids (Ce and CeP) was rated P migrates deeper in the bulk. The PR, OSC, and
assumed to be about unity. In other words, the amount of P180, isotopic exchange experiments should be interpreted
present in the subsurface/bulk of the crystal of CeP does nottaking into account what is depicted 8cheme 11t must
affect significantly the initiboxygen concentrationin the Ce  also pointed out that the physicochemical processes involved
sample. On the other hand, assuming that the latter is not truein these experiments are of special concern for the redox
and after allowing a 20% decrease in the valu€ g, a ra- chemistry occurred in TWCs, namely reduction of Ce(lV)
tio of 2.6 for the two diffusivity values is obtained. Based on to Ce(lll), formation of O-vacant sites at the surface and in
similar experiments performed on CeZr and CeZrP solids, a the bulk, and surface and bulk O diffusion.

ratio of 2.8 was estimated’{o is considered to be the same Regarding the temperature-programmed isotdfio,

for the CeZr and CeZrP samples). exchange (TPIEFig. 10 and the transient isotherm&lO,

The results presented in the previous paragr&id (1) exchange experiment§i@. 11), they provide strong evi-
have clearly demonstrated that phosphorus is present in thedence that the initial deposition of phosphorus on the surface
subsurface/bulk of Cefoand Ce gZrp 20> solids, remark- of ceria and CgZr1 — , O solids resulted in a large reduction
ably suppressing the specific rate (g{ah? s)) of bulk oxy- in the rate of surface and bulk oxygen diffusion. This is due
gen diffusion. to a reduction in the effective diffusivity values of surface

and bulk oxygen diffusion processes as outlined under Re-

sults. It is proposed that this effect must be related to the
4. Discussion presence of CePQwithin the initial crystal structure of ce-

ria and CgZr; — Oy solids. The relatively large shift toward

One of the key important aspects of this work was to pro- higher temperatures (more than 150 K) of the peak maxi-
vide experimental evidence about the intrinsic effects that mum position () of the 160160 transient response curve
phosphorus depd®n on CeQ and CgZr; — O, solid so- in the TPIE experimentsH{g. 10 in the case of CeP and
lution has on their redox properties. In order to correctly CeZrP compared to Ce and CeZr solids suggests an increase
address this issue, it is very important to understand firstin the apparent activation energy of the oxygen-exchange
where phosphorus is located in the aforementioned solidsprocess. At temperatures higher than 873 K, it is expected
after its deposition and calcination in air at 873 K for 12 h.  that the overall rate of the exchange process is determined

The similarity of the N isotherms and of the specific by the rate of bulk oxygen diffusion to the surfa&2]. In
surface area of the CeP and CeZrP samples may indicatefact, this is indicated by the number of oxygen monolay-
that the surface texture is influenced by the same surfaceers estimated at 873 KTéble 2. It can be argued that the
phase, that of CePQOdetected by Raman and XPS tech- observed shift infTyy cannot be explained by the expected
nigues. For the latter case, the surfaggC® atomic ratio decrease in the initial concentration of bulk oxygen in the
detected by XPS (se®able ) was close to that of mon-  CeP and CeZrP solids that diffuse toward the surface. In fact,
azite, while Ce(lll) predominates at the surface of the sam- the high temperature reduction peak observed over a series
ples. It could be argued that CeP@ight spread over part  of CgZr1_ ,O, and doped (L&, Y3t) solid solutions ex-
of the initial solid surface causing also reaggregation of hibits a7 value that does not differ by more than 50-60 K
the crystallites of the solid affected, thus altering the pore in all solid compositions studied of varying degrees of bulk
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oxygen concentratiofb8]. In addition, a very small shift  case of CggZrp.202 at high temperatures (a slight shift of
in the peak maximum position of the high-temperature TPR peak maximum temperature). However,Fg. 5 indicates,
peak is obtained in the HTPR spectra ofFigs. 5a and 5b a part of the reducible oxygen species in the original Ce and
where a significant decrease in the amount of labile oxygen CeZr samples is absent in the CeP and CeZrP phosphated
species in CeP and CeZrP solids is observed. solids. In particular, the first two TPR peaks offg&ro 20>
The number of equivalent monolayers of atomic oxygen (CeZr) are completely absent in the CeZrP sample.
species that were exchanged during the TPIE experiment Considering the mechamisthat is widely accepted for
(Fig. 10 and which is reported iflable 2must be considered  Ce(1V) reduction to Ce(l11]63], that of H activation, forma-
as an upper limit given the stoichiometry of exchange reac- tion of new OH groups at the surface of the oxide (reversible
tions [Egs.(1)—(5) and that in these calculations th80, reduction), water formation and desorption, and a surface
response was considered as arising from two surface oxy-O-vacancy formation (irreveitde reduction), several path-
gen species!fOg). Also, for the CeP and CeZrP samples ways through which CePfxould influence the kinetics of
the fact that part of the surface of these crystals is coveredreduction process might be proposed. First, the presence of
by CePQ, the exchangeable oxygen species then arise fromCePQ can influence the reduction of surface Ce oxide be-
deeper layers than what is reportediable 2 cause diffusion of O anions from the bulk to the surface is
Concerning the OSC measurents, it has been reported inhibited by the presence of CeR® the surface/subsurface
[59] that the higher ability of G&Zr1 — . O2 solids for oxygen region of the solid (see alsecheme 1 The latter has been
storage, as evidenced also in the present wbigs; 6-9, illustrated by the®®0, TPIE and transient isothermal exper-
is related to the higher concentration of oxygen vacanciesiments figs. 10 and 1)land it was previously discussed.
(ionic defects) at the surface of the solid. In fact, the stabi- Second, activation of hydrogen on the surface could be in-
lization at or near the surface of such defects could result in fluenced by the presence of surface CgR@tities. Third,
an enhanced ability to activate oxygen as superoxide. Thisthe presence of CeRQ@educes the effective area for O dif-
species could then be seen as the “initiator” of the whole fusion from the bulk to the surface, as depicte@oheme 1
storage procesfb3], where superoxide () species are  Thisin turn reduces the rate of the surface reduction process.
dissociated into oxygen ions (Q O?~) before their migra- Although the presence of CeR@as been detected in the
tion into the bull{60]. Therefore, the initial concentration of  phosphated Ce and CeZr solids, the possibility that a frac-
oxygen precursor species, likeQ plays a significant role  tion of P could have been migrated into the inner bulk of the
in the final measured OSC quantity. The efficiency in the Ce oxide cannot be discarded. This inner P might worsen
storage of oxygen process would then be directly related to the bulk O-diffusion properties and, therefore, both the re-
the concentration of oxygen vaaaes at the gas/solid inter-  ducibility and the OSC properties of Ce and CeZr solids. In
face. These ideas are supported by the present OSC resultfact, it has been reported that P(V) ions can enter the fluorite
shown inFigs. 6, 7, and 9where a larger reduction per- CeQ structure and although ¢ir solubility can be only of
centage in the quantity of OSC in phosphated samples isa few percent of FOs, the substitution of Ce(IV) with P(V)
obtained for CeZr than for Ce solid. The presence of surfaceresults in a reduction of the O-vacancy populafié4]. The
CePQ seems to result to a large extent in the reduction of possibility that such a mechanism can operate and contribute
the initial concentration of superoxide species formed dur- to the deterioration of the OSC value of Ge@ay not be
ing the OSC measurements; CePi®unable to be reduced discarded.
or oxidized, which makes very unlikely the formation of va- The present work has illustrated via the use of a number
cant sites. of different spectroscopic techniques, OSC measurements,
The TPR technique was also used in this work to study and transient®0, isotopic exchange experiments that the
the redox chemistry of phosphated samples. The qualitativereducibility of Ce(IV) to Ce(lll)and the related exchange of
features of H TPR profile obtained on pure ceria sample surface and bulk oxygenin Ce@nd Ce sZrp 20> solids are
(Fig. 5a) are consistent with those reported by Giordano negatively affected by the presence of surface and subsurface
et al.[61] over a low surface area ceria sample following CePQ. This finding appears to be significant for the current
calcination in 20% @/He gas mixture at 773 K for 1 h. Sim-  three-way catalytic technolodgyecause it is strongly related
ilarly, the qualitative features of theoHTPR profile (based  to the design of better oxygen-storage components than the
on the water signal) obtained on the preseng §2&g 20> currently used Cg_ ,ZrxO2 solid solutions. The rapid stor-
solid (Fig. 5b) are also in harmony with those obtained over age and release of oxygen derived from the fast oxygen
the Ce s5Zrg502 solid solution[62]. In the latter case, the  chemisorption onto oxygen-vacant sites, and the subsequent
first low-temperature TPR peak obtained in the present work surface and bulk diffusion processes of oxygen species, cou-
(Fig. Bb) appeared as a shoulder of the rising part of the pled with the quick response of Ce(IXGe(lll) redox pair,
second TPR peak. This low-temperature TPR peak has alsare at the heart of the current TWC technology. If CgPO
been observed on a g6s2rp.3202 solid solution[46]. predominates at the surface and in the subsurface region of
The TPR profile ofFig. 5a shows that the kinetics of Ce; _ ,ZrkO2 solid, it is very likely that the OSC properties
Ce(1V) reduction in Ce@is not much affected by the pres- are irreversibly damaged because Ce(lll) of CgOvery
ence of CeP@ while a slight influence is observed in the stable and can be oxidized. Since CgRfas been found in
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vehicle-aged TWC§7,8], the results presented in this work
strongly suggest that formation of CeP@ust be consid-
ered as one of the main factofsat determine the chemical
deactivation of TWC.

5. Conclusions

The following conclusions can be derived from the results
of the present work:

1. The amount of Ce(lV) that is reduced to Ce(lll) at
medium temperatures in a cubic &Zro 202 solid so-
lution is diminished by th&leliberate addition of phos-
phorus in an amount RCe+ Zr) = 0.2 followed by
calcination in air at 873 K for 12 h of the resulting solid.

. Raman, XPS, and Nphysical adsorption studies re-
vealed that CePpis present on the surface and in the
subsurface region of Ceand Ce gZrg 20> solids.

. Oxygen-storage capacity measurements usipait
CO probe molecules have demstrated the significant
reduction of OSC quantity obtained in the phosphated
CeQ and Ce gZrp 202 solids compared to those in the
absence of phosphorus.

. Various kinds oft80, transient isothermal and tempe-
rature-programmed isotapexchange experiments pro-
vided strong evidence that CeP@ignificantly reduces
the specific rate of surface oxygen diffusion and that
from the bulk to the surface of Ce@nd Ce gZrg 202
solids.

. The hypothesis that formation of CelP@n the surface
and in the subsurface region of Ce@nd Ce gZrg 202
solid crystals is one of the main chemical deactiva-
tion mechanisms of commercial three-way catalysts is
strongly supported by the results of the present work.
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