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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
deliberatively incorporated in CeO2 and Ce0.8Zr0.2O2 solid solution. XRD, Raman, XPS, and N2 physisorption studies have indicate
that monazite, a Ce(III) phosphate (CePO4) solid phase, is located at the surface/subsurface region of both solids. Different expe
tal approaches were used to investigate the alteration by P incorporation of the redox chemistry of CeO2 and Ce0.8Zr0.2O2 solids that is
relevant to the oxygen storage and release properties of the current commercial TWCs. In particular, H2-TPR, dynamic OSC measure
ments using CO and H2 pulses,18O2 temperature-programmed isotopic exchange (TPIE), and18O2 transient isothermal isotopic exchan
have been used. These studies revealed that the amount of labile surface and bulk oxygen and the bulk oxygen diffusion rat
nificantly reduced when the solids are contaminated with phosphorus. The monazite present in the surface and subsurface re
solid is proposed to be responsible for these results. The reduction of Ce(IV) present in the CeO2 and Ce0.8Zr0.2O2 solids is also affected
Ce(III) in monazite is very stable and cannot be oxidized to Ce(IV). Therefore, it cannot participate in the redox Ce(IV)/Ce(III) couple
needed for the reduction of Ce(IV). Moreover, the formation of bulk and surface O vacant sites needed for the O storage and release
involved in the OSC process was also found to be affected. The results of the present work provide support to the hypothesis t
tion of monazite is one of the main chemical deactivation mechanisms of real TWCs since CePO4 was found in deactivated vehicle-ag
TWCs.
 2004 Elsevier Inc. All rights reserved.

Keywords: TWC deactivation; CePO4; Raman; XPS; TPR; Oxygen isotopic exchange; OSC
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1. Introduction

Phosphorus has been established as a common con
nant of vehicle-aged three-way catalysts (TWC)[1–6] that
reacts with the active components of the washcoat of TW
Cerium phosphate (CePO4), a Ce(III) phase, has been d
tected as one of the phases formed between P and C2,
and/or P and Ce1− xZrxO2 solid solution present in th
washcoat of a vehicle-aged and of a lab-aged TWC[7,8].

* Corresponding author. Fax: +34-91-5854760.
E-mail address: mlgranados@icp.csic.es(M.L. Granados).
0021-9517/$ – see front matter 2004 Elsevier Inc. All rights reserved.
doi:10.1016/j.jcat.2004.06.013
i-

Since CePO4 is very stable and it can be neither deco
posed nor oxidized[9–12], it has been postulated that
may lock the Ce(III)/Ce(IV) redox couple[7,12]. CeO2

and Ce1− xZrxO2 solid solution have become indispensa
oxygen-storage components of the washcoat of TWC
to their large concentration of oxygen-vacant sites, fast
change of surface oxygen with gas-phase oxygen spe
and the high diffusion rates of bulk oxygen toward the s
face of these solids. All these important features (name
oxygen-storage capacity, OSC) are not found in mos
the metal oxides used in various technological applicat
[13,14]. These features make Ce-based metal oxide m

http://www.elsevier.com/locate/jcat
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rials essential for the correct functioning of TWC duri
the rapid oscillation of the composition of the exhaust
around the stoichiometric A/F value. If the Ce(III)/Ce(IV)
redox couple becomes locked, the OSC property of the T
is seriously damaged and the TWC performance is expe
to be largely deteriorated.

The amount of OSC in a vehicle-aged catalyst was fo
to be significantly reduced compared to that in the fres
TWC [12,15] and CePO4 has been detected in those ag
catalysts[7,8]. Both effects have also been observed
the aged TWC sample where itscatalytic performance wa
clearly deteriorated[7,12]. It has been suggested that form
tion of CePO4 is largely responsible for the reduction in t
amount of OSC and deactivation of TWC[7,12]. However,
a unique relationship between the formation of CePO4 and
the failure of good performance of TWC (e.g., decreas
OSC) seems difficult to be made in a straightforward m
ner for a vehicle-aged TWC. This is because of the num
and the complexity of the real phenomena that lead to
deactivation of TWC.

Phosphorus is not the only contaminant deposited and
tected in a vehicle-aged TWC that can potentially particip
in its deactivation. Ca, Zn, Fe, Pb, and other contaminan
were found and characterized as being likely responsibl
the deterioration of TWCcatalytic performance[3,5,6,16].
The redox properties of cerium oxide and, therefore, its O
properties can also deteriorate because of the severe
mal aging to which the TWC is subjected under real driv
conditions[17,18], and not only because of the formation
CePO4.

The deliberate incorporation of contaminants under c
trolled conditions to systems with simpler compositions
those experienced in a real TWC seems a reasonabl
proach in order to reveal the mechanism of TWC deact
vation by chemical degradation. Thus, we have initiate
research program toward understanding the real effects
the presence of P could cause in the chemical and struc
properties of CeO2 and Ce1− xZrxO2 solid solution. In par-
ticular, of interest was to investigate the influence of P
the reducibility of Ce(IV) and the OSC properties of the
solid supports. In the present work, phosphorus was d
erately added to CeO2 and Ce0.8Zr0.2O2 mixed oxides at a
P/Ce ratio similar to that detectedin vehicle-aged three-wa
catalysts[7,19] with the intention of forming CePO4. The
formation of CePO4 on the surface and in the bulk of the
solids was studied by Raman, XPS, XRD, and N2 physisorp-
tion techniques. The effects that P incorporation in CeO2 and
Ce0.8Zr0.2O2 solids could cause on the redox chemistry
these solids were studied by H2-TPR, OSC measuremen
(pulse and dynamic experiments), and by18O isotopic ex-
change under isothermal and temperature-programmed
ditions.
-

r-

-

t
l

-

2. Experimental

2.1. Synthesis of CeO2 and CexZr1 − xO2 solids

The CeO2 and CexZr1− xO2 mixed oxides were pre
pared by coprecipitation with ammonia of a solution c
taining the corresponding nitrates, Ce(NO3)3 · 6H2O and
ZrO(NO3)2 · xH2O. For this purpose, an aqueous solut
of NH4OH (3 N) was prepared and added dropwise to
aqueous solution containing the Ce and Zr salts at the ap
priate composition, to yield an atomic ratio of Ce/Zr = 4,
until a pH 10 was obtained. It is noted that the Zr cont
in the zirconium salt was determined by chemical analy
After precipitation, the obtained hydroxide was filtered,
tensively washed, and then dried at 383 K for 24 h. The
obtained solid was then calcined in air at 873 K (hea
rate 5 K/min) for 12 h. A fraction of the sample was reca
cined for 12 additional hours at 873 K (5 K/min). The solids
thus obtained were labeled asCe and CeZr. The remainin
sample was impregnated with phosphorus (P) accordin
the following procedure. A given amount of (NH4)2HPO4
was dissolved in water and the obtained solution was po
in a flask containing the Ce–Zr–O mixed metal oxide
yield an atomic ratio of P/(Ce+ Zr) = 0.2. Then, the sus
pension was smoothly stirred for 2 h and the excess w
was evaporated in a rotary evaporator (333 K,P < 0.1 atm).
The P-containing samples were then calcined in air at 87
(5 K/min) for 12 h and labeled as CeP and CeZrP. It is
portant to point out that all samples prepared (Ce, CeP, C
and CeZrP) were calcined in air at 873 K for 24 h in t
steps of 12 h each. Therefore, differences in the chem
behavior of the solids must be interpreted as due to P in
poration in the solids and not to differences in the calcina
procedure applied.

2.2. Characterization of CeO2 and CexZr1 − xO2 solids

2.2.1. X-ray diffraction studies
Powder X-ray diffraction (XRD) patterns were recorde

in the 5–85◦ 2θ range in the scan mode (0.02◦, 1 s) using
a Seifert 3000 XRD diffractometer equipped with a PW
niometer with Bragg–Brentanoθ/2θ geometry, an automat
slit, and a bent graphite monochromator. The unit cell p
meters were obtained by refining the peak positions of
XRD patterns with a least-squares refinement method
using the program CELREF (CELREF unit-cell refinem
software for Windows). For the determination of peak
sition, the peak profiles were fitted with the commercia
available ANALYZE program (pseudo Voigt function).

2.2.2. Raman spectroscopy
Raman spectra were recorded with a Renishaw 1

spectrophotometer equipped with a cooled (200 K) CCD
tector and a holographic Notch filter that removes the ela
scattering. Samples were excited with the 514 nm Ar l
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Spectra acquisition consisted of 5 scans of 60-s dura
for each sample. All samples were pretreated in dry a
523 K (100 (N mL)/min, 30 min) in an in situ cell (Linkam
TS-1500) before the spectra were recorded at 473 K u
dry air flow.

2.2.3. X-ray photoelectron spectroscopy
X-ray photoelectron spectroscopy (XPS) studies w

performed with a VG Escalab 200 R spectrometer equip
with a hemispherical electron analyzer and an Mg-α

(1253.6 eV) X-ray source. The sample was first placed
a copper holder mounted on a sample rod in the pretr
ment chamber of the spectrometer and then outgass
room temperature for 1 h before being transferred to
analysis chamber. A certain region of the XPS spect
was then scanned a number of times in order to obta
good signal-to-noise ratio. The binding energies (BE) w
referenced to the spurious C 1s peak (284.6 eV) use
internal standard to take into account charging effects.
areas of the peaks were computed by fitting the experime
spectra to Gaussian/Lorenztian curves after removal o
background (Shirley function). Surface atomic ratios w
calculated from peak area ratios normalized by the co
sponding atomic sensitivity factors[20].

2.2.4. BET surface area measurements
Nitrogen adsorption isotherms were recorded at liq

nitrogen temperature (77 K) using a Micromeritics ASA
2000 apparatus. Prior to determination of an adsorp
isotherm, the sample was degassed at 413 K for 12 h.

2.2.5. H2 temperature-programmed reduction studies
Hydrogen temperature-programmed reduction (TPR) re

sponse curves were obtained from a 100-mg sample pl
in a U-shaped quartz reactor, the exit of which was c
nected to a Balzer Prisma quadrupole mass spectrom
(QMS 200) for on-line gas analysis. The sample consis
of solid particles in the 0.42–0.5 mm range. The gas fl
rate was 100 (N mL)/min (5% H2/Ar) and the heating rat
was 10 K/min (298–1223 K). The H2 signal (m/z = 2) and
the H2O signal (m/z = 18) in the mass spectrometer we
continuously monitored in order to follow the kinetics of r
duction processes of the solid metal oxides investigated.
lines from the reactor to the inlet of the mass spectromet
were heated to 393 K to avoid water condensation. For
quantification of water signal, a calibration curve was
tained by reducing different known amounts of CuO un
the same H2 TPR conditions as those applied in the pres
samples.

2.2.6. Oxygen-storage capacity measurements
The oxygen-storage capacity (µmol-O/g) of Ce, CeP,

CeZr, and CeZrP samples was measured after using the
injection method initially developed by Yao et al.[21]. Both
H2 and CO molecular species were used to measure
stored oxygen in the sample. The dynamic OSC amo
t

l

r

e

was also measured during a step-alternating gas concentra
tion switch 1.5% O2/He→ He→ 3% CO/3% Ar/He. The
transient flow system, the microreactor, and the mass s
trometer used have previously been described[22].

The reactive oxygen species present in the catalyst s
ple is defined as the amount of CO consumed, in the
that CO (consecutive pulses) is used as a titrating molec
species of oxygen, or the amount of O2 consumed during th
reoxidation stage of the pulse experiment[21,23]. The latter
amount of oxygen is referred as the “oxygen-storage ca
ity complete” (OSCC). The amount of the most reactive o
gen (labile oxygen) of the catalyst is defined as the amo
of oxygen species that react during the first CO pulse,
it is called oxygen-storage capacity. The amount of cata
sample used for the pulse injection experiments was 100
in powder form. The general experimental procedure app
for measuring the oxygen-storage capacity by pulse injec
experiments was as follows. Initially the catalyst sample w
pretreated with a 20% O2/He gas mixture at a given calcin
tion temperature (Tosc) for 1 h (heating rate of 10 K/min
from roomT to Tosc). The reactor was then flushed with H
for 5 min atToscand then cooled to the reaction temperat
(Trxn) in He flow. For the OSC measurements, the cata
sample was reacted with one CO pulse (50 µmol) or one2
pulse (50 µmol) and then reoxidized with several succes
pulses of O2 (one oxygen pulse equals 10 µmol) at the sa
temperature (Trxn). In the case of OSCC measurements,
sample was reacted with several successive pulses of C
H2 and then reoxidized with several successive pulses o2.

2.2.7. Isotopic 18O2-exchange studies
Temperature-programmed isotopic exchange (TPIE)

periments were conducted as follows. After calcination
the fresh sample (100 mg) at 873 K in air for 2 h, the re
tor was flushed in He at 873 K for 15 min to remove
oxygen in the gas phase of the reactor and the gas l
The reactor was then cooled in He flow to 300 K and
feed was switched to a 3 mol%16O2/He gas mixture for
15 min. A switch to the equivalent isotopic 3 mol%18O2/He
gas mixture (Isotec, Inc., USA, 97 at%18O) was then made
while at the same time the temperature of the catalyst
increased to 1073 K at a rate of 30 K/min. All three oxygen
isotopic species, namely18O2 (m/z = 36), 16O18O (m/z =
34), and16O2 (m/z = 32) were followed continuously with
an on-line quadrupole mass spectrometer (Omnistar
Balzers).

Transient isothermal18O-exchange experiments (T =
873 K) were also conducted in order to estimate the
of bulk oxygen diffusion and the diffusivity of bulk oxy
gen for the various samples investigated. These experim
were designed to probe whether phosphorus is contain
the subsurface/bulk region of the solid. After the sample
treated in the 3 mol%16O2/He gas mixture at 873 K for 2 h
the feed was switched to the equivalent18O2 isotopic gas
mixture, while at the same time all three oxygen isoto
species were continuously monitored by on-line mass s



446 C. Larese et al. / Journal of Catalysis 226 (2004) 443–456

eZr

tem
ed

and
Ce

O
ec-
e

f

ery
te
and

y
e

r

CeZr,

-
the

rved

lid.

ile

ple
he
t

f the
O

of P

am-

oms

d
e
n of

Ra-
d
s

nd
ffect
d
e

ple.

re
1044
dif-
n P
s-
Fig. 1. X-ray diffraction patterns of Ce and CeP samples (a), and of C
and CeZrP samples (b).

trometry. The transient gas flow system, the reactor sys
and calibration procedures ofthe mass spectrometer us
were previously described[22].

3. Results

3.1. X-ray diffraction studies

Fig. 1a presents the obtained diffractograms of Ce
CeP samples after calcination in air at 873 K. For the
sample, reflections due to the cubic CeO2 fluorite structure
are visible (a). For the CeP solid, reflections due to Ce2
(fluorite structure) and additional, but much weaker, refl
tions due to CePO4 (monazite) (F) could be observed. Th
XRD pattern of the CeZr sample (Fig. 1b) is quite similar
to that of the Ce sample (Fig. 1a). The peaks marked as (a)
arise from the CexZr1− xO2 solid solution. In the region o
the CexZr1− xO2 phase diagram (Ce content= 80%), cu-
bic or tetragonal phases with low tetragonality (e.g., c/a v
close to 1) can exist[24]. The XRD pattern is not adequa
to differentiate between cubic and tetragonal symmetry
Raman characterization is required[25,26]. However, the
formation of a CexZr1− xO2 solid solution is confirmed b
the fact that thea value contracts with respect to that of C
sample (from 5.4114 to 5.3981 Å) as reported inTable 1.
This is due to the substitution of Ce4+ cation by the smalle
,

Table 1
Structural and textural properties and surface composition of Ce, CeP,
and CeZrP samples

Solid
sample

BET area
(m2/g)

Lattice parameter
a (Å), cubic CeO2

P/Ce atomic
ratio, XPS

Ce 12.8 5.4114± 0.0002 –
CeP 4.6 5.4122± 0.0003 0.71
CeZr 21.7 5.3981± 0.0008 –
CeZrP 5.6 5.3991± 0.0014 0.89

Zr4+ within the CeO2 lattice. Thea value of the solid so
lution is compared reasonably well with that reported in
literature for a solid solution of similar composition[27,28].
Moreover, it must be stressed that the reflections obse
for the mixed oxide are wider (compareFigs. 1a (Ce) and
1b (CeZr)), indicating smaller crystal sizes for this so
Concerning the CeZrP sample (Fig. 1b), reflections due to
the CexZr1− xO2 solid solution are clearly observed, wh
those belonging to the CePO4 solid phase are of very low
intensities, lower than those observed in the CeP sam
(compareFigs. 1a and 1b). These results may suggest t
presence of very small CePO4 microcrystals, a result tha
might be expected considering the smaller crystal size o
Ce0.8Zr0.2O2 solid observed compared to that of pure Ce2.

3.2. Raman spectroscopic studies

Fig. 2 presents Raman spectra related to the effect
addition in the Ce oxide (Fig. 2a) and CexZr1− xO2 mixed
oxide (Fig. 2b) sample. The Raman spectrum of the Ce s
ple (Fig. 2a) displays a strong band at 462 cm−1, which is
assigned to the symmetric breathing mode of the O at
around each Ce4+ cation (Raman mode withF2g symmetry
in metal oxides with a fluorite structure)[29]. Other weaker
bands observed at 242 and 1170 cm−1 were also observe
in the Raman spectrum of cubic CeO2 [30,31], and these ar
assigned to a second-order scattering effect. The additio
P in CeO2 solid results in the appearance of new intense
man bands at 968 and 1054 cm−1. Two shoulders at 990 an
1069 cm−1 could also be seen (Fig. 2a). These new band
correspond to the formation of monazite, CePO4 [8].

The Raman spectrum of the CeZr sample (Fig. 2b) is
dominated by the strong band recorded at 464 cm−1 due to
the cubic phase. Moreover, Raman bands assigned to t′′ are
not visible[25,26,32], while the two weak bands at 252 a
1186 cm−1 are assigned to a second-order scattering e
of the cubic phase. The band at 605 cm−1 has been reporte
to be observed with small CeO2 particles and is related to th
presence of bulk oxygen vacancies[30]. The incorporation
of P introduces several new features in the CeZrP sam
The new bands observed at 970 and 990 cm−1 are assigned
to monazite, CePO4 [8], while the other bands appearing a
overshadowed by two more intense bands recorded at
and 1121 cm−1. The assignment of these bands is more
ficult, although similar bands have been observed whe
was added to ZrO2 [33,34]. The latter bands have been a
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Fig. 2. Raman spectra of Ce and CeP samples (a), and of CeZr and C
samples (b).

signed to ZrP2O7 or to phosphate groups anchored on Zr2
(ZrO2PO2H).

3.3. X-ray photoelectron spectroscopic studies

Fig. 3presents XPS spectra of the Ce 3d core level fo
samples investigated. The XPS spectrum of Ce 3d in Ce
oxides shows six peaks (three pairs of spin–orbit double
while Ce(III) oxide exhibits four peaks (two pairs). Accor
ing to the thoroughly accepted convention as suggeste
Burroughs et al.[35], Ce 3d3/2 multiplets are labeled U
Fig. 3. X-ray photoelectron spectra of Ce 3d core levels of Ce, CeP, Ce
and CeZrP samples.

whereas those of 3d5/2 are labeled V. In the case of pu
Ce(IV) oxide, V, V′′, and V′′′ peaks for the Ce 3d5/2 core
level and U, U′′, and U′′′ peaks for the Ce 3d3/2 level can
be identified in its XPS spectrum (from low to high bindi
energy). For pure Ce(III) oxide, V0 and V′ features for the
Ce 3d5/2 core level and U0 and U′ features for the Ce 3d3/2
level can be seen. When Ce(IV) and Ce(III) oxidation sta
coexist in a cerium oxide, up to 10 features can be rec
nized.

The X-ray photoelectron spectra shown inFig. 3 can be
interpreted according to thecomments offered in the pre
vious paragraph. A qualitative estimation of the degree
reduction of Ce(IV) oxide can be made based on the two
tures of the Ce 3d core level. The first feature is the va
defined by the V and V′′ features of the spectrum. If Ce o
ide contains only a low amount of Ce(III), the valley is ve
well defined[36–40]. If the degree of reduction of Ce(IV) t
Ce(III) is high, thus Ce(III) becomes more concentrated,
V′ feature of Ce(III) becomes more intense, and the va
between V and V′′ starts to vanish. Second, although the
lation between the integrated area of the U′′′ feature and the
Ce(IV) concentration is not linear[36,37,41], the U′′′ iso-
lated peak could be taken as a semiquantitative index o
degree of reduction of ceria. A comparison between the
of this Ce(IV) feature and any of the other features can g
an estimation of the Ce(III)/Ce(IV) ratio.

The XPS of the Ce 3d level of Ce sample (Fig. 3) shows a
typical spectrum of Ce(IV), where little Ce(III) is presen
The latter is true because otherwise the U′′′ peak should
have been much lower and the valley defined between
V and V′′ peaks should have been less well defined.
the contrary, the CeP sample exhibits a typical XP spect
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of the Ce(III) 3d core level, implying that Ce(III) predom
inates at the surface of the sample. Only a little amount o
Ce(IV) is present according to the low intensity of the pe
at 916.5 eV (the U′′′ feature of Ce(IV) 3d core level). Th
P/Ce atomic ratio in the CeP and CeZrP samples was
culated and it is found to be 0.71 and 0.89, respectively
Table 1). These values are much higher than the value
0.2 and 0.25 expected for the bulk P/Ce ratio of CeP and
CeZrP solids, respectively. This result strongly suggests
P is mainly concentrated at the surface and a few ato
layers in the subsurface region. It is also very likely tha
is spread over the surface and it is accumulated at the
face of the grains of Ce and CeZr metal oxides. The Ce
detected by XPS must be assigned to the CePO4 phase in
harmony to what was found in the Raman spectrosc
(Fig. 2) and XRD (Fig. 1) studies. In fact, the P/Ce ratio
detected by XPS is close to 1, which is the ratio correspo
ing to CePO4. The latter is a very stable phase that can
be decomposed or transformed even under high calcin
temperatures[9–11]. The Ce(III) detected in the CeP samp
by XPS is not oxidized to Ce(IV) during calcination. The
fore, the assignment of this Ce(III) to CePO4 seems very
reasonable.

The XPS spectrum of Ce 3d core levels for the CeZr s
ple is very similar to that obtained for the Ce sample. In
case, according to the slightly relative lower intensity of the
U′′′ peak and the ill-defined valley between V and V′′ fea-
tures, it seems that slightly more Ce(III) is present in
CeZr sample, although the Ce(IV) still predominates. For
CeZrP sample, the XPS features indicate a very large
portion of Ce(III) at the surface of the solid and a very sm
proportion of Ce(IV) according to the very low intensity
the U′′′ feature. This is in harmony with the detection
CePO4 by XRD and Raman spectroscopies (Figs. 1 and 2).

The amount of Ce(III) detected by XPS on the “surfa
of the P-containing samples is remarkably high, where o
a minor amount of Ce(IV) is present. It must be stated
Ce(III) could be detected byXPS in Ce oxides because
the high vacuum applied or due to photoreduction proces
However, it is not likely that a high proportion of Ce(II
in the CeP and CeZrP samples can be formed by this
toreduction process. A previous reduction treatment at
temperatures should have been required in order to o
the clear XPS Ce(III) pattern that has been recorded in
CeP and CeZrP samples. In the present work, all sam
investigated were calcined in air at 873 K for 12 h and
prereduction step has been carried out in the XPS equipm
Therefore, the high stability ofthe Ce(III) formed at the sur
face of the samples after P addition that cannot be oxid
even after the very intense calcination treatment applie
due to the formation of CePO4, in harmony with the well-
documented stability of this phase under severe oxidi
treatments[9–11].
-

.

-

.

Fig. 4. N2 adsorption/desorption isotherms (T = 77 K) obtained over the
Ce, CeP, CeZr, and CeZrP samples.

3.4. Surface area measurements

Fig. 4 shows N2 adsorption isotherms for the samp
studied in the present work. A perusal of the isothe
clearly demonstrates that incorporation of P in the Ce
CeZr samples results in a modification of their surface
ture. Although the type of the isotherm and its hyster
loop do not change by P addition, the amount of N2 ad-
sorbed is significantly reduced because of the decrease
the specific surface area (seeTable 1). This decrease is mor
intense for the CeZr sample but both CeP and CeZrP p
phated samples displayed similar specific surface area
isotherms. It is noted that according to the BDDT class
cation[42], the isotherms presented inFig. 4are of type IV
and show a hysteresis loop of type H3 due to the existe
of interparticle mesoporosity.

3.5. Temperature-programmed reduction studies

In an attempt to gather information about how the pr
ence of CePO4 in the CeP and CeZrP samples affects the
ducibility of Ce(IV) to Ce(III), the H2-TPR traces of all sam
ples were investigated by using on-line mass spectrom
Figs. 5a and 5bpresent the TPR transient response cur
of water formation from the hydrogen reduction of the sa
ples. According to the reduction mechanism of Ce oxi
reported in the literature[43–45], reduction starts with H ac
tivation and formation of new OH groups at the surface of
oxide (reversible reduction). Then, it proceeds with slo
processes, such as water formation and desorption tha
accompanied by Ce(IV) reduction to Ce(III) and format
of an oxygen vacancy (irreversible reduction). Based on
information, it is expected that H2O evolution will lag be-
hind the H2 response curve in the TPR spectrum. Theref
H2O evolution is in principle a better probe for tracing on
the irreversible reduction step. Moreover, the signal-to-n
ratio of the H2

+ fragment is lower than that of H2O+ due
to the higher background level ofm/z = 2 thanm/z = 18
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Fig. 5. Transient response of water obtained by on-line mass spectro
during a H2 temperature-programmed reduction (TPR) experiment ove
Ce and CeP (a), and CeZr and CeZrP (b) samples. Inset inFig. 5a presents
the amount of H2O (mmol/mmol Ce) produced as a function of reductio
temperature during the H2 TPR experiments.

signal in the MS vacuum chamber[12]. Therefore, the mea
surements were based on water signal even though th2
consumption was also monitored (m/z = 2 signal). In fact, it
was verified that H2 consumption and H2O evolution occur
practically simultaneously (a weak shift to lower tempe
tures (10–20 K) was observed in the H2 trace). Therefore
readsorption of H2O is not important in the present expe
ments.

Fig. 5b clearly illustrates that the TPR transient respo
curve of water for the CeZr sample is affected by the P
corporation in the sample. First, it can be seen that the H2O
peak at 430 K is much weaker in the CeZrP than the C
sample. The lower intensity of this water peak in the ph
phated CeZr sample is a consequence of the depletio
very labile oxygen species from the surface of the Ce
f

sample. Second, the peak at 890 K in the CeZr solid, wh
represents a rather surface and subsurface reduction pro
is not present in the CeZrP sample. Finally, the reduc
process occurring at higher temperatures and represent
the appearance of a peak at 1044 K in the CeZr sample s
to even higher temperatures (TM = 1061 K) in the CeZrP
sample. These features seen in the H2 TPR response curve
of CeZr and CeZrP solids are not seen in the Ce and
solid samples (seeFig. 5a).

The inset in Fig. 5a presents the calculated amou
(mmol) of H2O evolved per millimole of Ce present in th
sample as a function of reduction temperature for the2
TPR experiments. This is more precise information to
count for the reduction of Ce since these results reflect
amount of Ce(IV) that is reduced to Ce(III) in the samp
It should be noted that the addition of P (and Zr) in Ce2
results in a dilution of Ce present in the sample, and t
of the reducible species. As clearly shown, reduction of
CeZr sample occurs at lower temperatures and with hig
rates compared to that of the Ce sample. These results
very well with what has been reported in the literature ab
the ease of reducibility of Ce(IV) in Ce1− xZrxO2 solid solu-
tions[27,45]. Addition of P to the Ce sample (CeO2) results
in a small inhibition of the reducibility of Ce(IV) more ev
dent at higher temperatures. Note that the amount of Ce
reduced in the Ce sample at 1223 K is about 21.5% of
total amount of Ce in the sample. This result is in go
agreement with other CeO2 solids investigated[45]. In the
case of the CeP sample, the amount of Ce(IV) reduce
1223 K is found to be 19.6% which is 10% less than t
found in the Ce sample. Therefore, the quantitative change
expressed per millimole of Ce in the original sample are
that large. On the other hand, the effect of P addition in
CeZr solid solution is larger than that observed in the
sample, especially in the 750–1100 K range. At higher
duction temperatures both curves converge (Fig. 5b). It is
found that the amount of Ce(IV) that is reduced at 975 K
the CeZrP sample is about 42% lower than that obtaine
the CeZr sample.

3.6. Oxygen-storage capacity measurements

Fig. 6 presents results of OSC and OSCC measurem
(µmol-O/gcat) conducted atTosc= 773 K andTrxn = 773 K
using H2 and O2 pulses over Ce, CeP, CeZr, and CeZ
solids according to the experimental procedure given in
tion 2.2.8. CeO2 (Ce) and CexZr1− xO2 (CeZr) solids after
addition of phosphorus show a dramatic decrease in
ability to store and release oxygen from their surface. H
ever, in terms of percentage reduction in oxygen-storage
pacity, CeZr exhibits the highest percentage. More precis
the Ce sample shows 77% reduction, while CeZr show
97.2% reduction in their corresponding OSCC quantity.

Fig. 7 presents results of OSC and OSCC measurem
(µmol-O/gcat) conducted after using CO pulses atTrxn =
773 K in a similar way as with H2 pulses (Fig. 6). It is
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Fig. 6. OSC or OSCC (µmol-O/g) measured by H2 pulses over
Ce, CeP, CeZr, and CeZrP samples. Oxygen pretreatment tempe
Tosc= 773 K; titration temperature,Trxn = 773 K.

Fig. 7. OSC or OSCC (µmol-O/g) measured by CO pulses ov
Ce, CeP, CeZr, and CeZrP samples. Oxygen pretreatment tempe
Tosc= 773 K; titration temperature,Trxn = 773 K.

noted that oxygen was previously stored in the sampl
Tosc= 773 K. The amount of oxygen consumed followi
reoxidation of the sample after CO pulsing is found to
higher than the equivalent amount after H2 pulsing for all
solids investigated. This difference is due to the differ
transient rates of CO and H2 oxidation to form CO2 and
H2O, respectively, which are determined by the different
netics of CO and H2 oxidation for the same catalyst surfac
On the other hand, the presence of phosphorus in the
significantly affected the amount of labile oxygen reacted
by CO. Similar results were obtained with hydrogen pul
(Fig. 6).

The present OSC measurements in terms of µmol-O/g af-
ter using the H2 and CO pulse technique (Figs. 6 and 7) are
in good agreement with other studies conducted on C2
and Ce1 − xZrxO2 solid solutions[18,46–48]. In the case o
using H2 as the reducing agent, the ratio of OSCC m
sured in Ce0.8Zr0.2O2 to that in CeO2 is found to be abou
3.0 (Tosc = 773 K, Trxn = 773 K). These results confirm
the significant improvement of oxygen-storage capacit
Ce0.8Zr0.2O2 solid solution compared to pure CeO2. It is
important to note here that for the CeZr sample (Fig. 6)
,

,

Fig. 8. (a) Transient response curves of Ar, CO and CO2 obtained during
the switch 1.5% O2/He (1 h, Tosc) → He (Tosc, 5 min) → 3% CO/3%
Ar/He (Trxn, t) over the CeZr sample for measuring the dynamic O
Tosc= 773 K;Trxn = 773 K. (b) Transient response curves of CO2 obtained
according to the gas delivery sequence described in (a) forTrxn = 773 K and
Tosc= 773 K over the Ce, CeP, CeZr, and CeZrP samples.

the equivalent number of oxygen monolayers that co
spond to the OSCC amount is found to be 0.27. This qu
tity was estimated based on the theoretical number of
face oxygen atoms for ceria (cubic, 13.1 atoms/nm2) and
Ce0.68Zr0.32O2 (cubic, 13.5 atoms/nm2) reported in the lit-
erature[49]. It is noted that the theoretical number of surfa
oxygen atoms (atoms-O/nm2) differs by no more than 1.5%
for CexZr1− xO2 (x > 0.5) in either cubic or tetragonal cry
tal structures. Thus, the results ofFigs. 6 and 7represen
only surface labile oxygen species.

Fig. 8a presents transient isothermal response curve
CO, CO2, and Ar obtained following the switch 1.5% O2/He
(1 h, Tosc) → He (Tosc, 5 min) → 3% CO/3% Ar/He
(Trxn, t) over the CeZr sample forTosc= 773 K andTrxn =
773 K in order to measure the dynamic OSC quantity.
area difference between the Ar and CO response curve
lows estimation of the amount of CO consumed. Integra
of the CO2 response curve provides the amount of C2
formed. A difference in the amount of CO consumed a
CO2 produced suggests that other side reactions mus
cur [23], as discussed below.

Fig. 8b compares the transient response curves of2
obtained in all four Ce, CeP, CeZr, and CeZrP samples
lowing the same experiment as inFig. 8a. It is clearly ob-
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Fig. 9. Amount (µmol/g) of CO and CO2 consumed and produced, respe
tively, during the experiment for measuring the dynamic OSC as desc
in Fig. 8 over the Ce, CeP, CeZr, and CeZrP samples.Tosc = 773 K,
Trxn = 773 K.

served that the presence of phosphorus in the solid sig
cantly affects the initial rate of reaction (sudden increas
CO2 production) between the surface labile oxygen and
to form CO2. This result is in harmony with the OSC resu
obtained after applying the CO pulse technique (seeFig. 7).
In the experiments to be described next, it will be shown
the presence of phosphorus affects also to a significan
tent the rate of bulk oxygen diffusion toward the surface
the solid.

Fig. 9 compares the amounts of CO consumed and C2
produced in the dynamic OSC experiments presente
Fig. 8after 10 min in 3% CO/3% Ar/He gas mixture. Thes
results clearly illustrate that the interaction of CO with t
surface of the solids during the 10-min reaction period le
not only to the CO+ Os → CO2 reaction (Os refers to a
surface lattice oxygen atom) but also to other side re
tions. These are: (a) the CO2 chemisorption; (b) the dis
sociation of CO to give Cs and CO2 (Boudouard reaction
2CO(g) → CO2(g) + Cs); and (c) the reaction of CO with
–OH surface groups to produce H2 and CO2. The latter re-
action is based on the observed H2 signal during the transien
experiment. The existence of a 35–90% difference betw
the amounts of CO2 produced and CO consumed (seeFig. 9)
justifies the above-referenced side-reaction routes.

3.7. 18O2 isotopic exchange studies

Fig. 10a presents the transient response curves of16O2
(m/z = 32) and16O18O (m/z = 34) gaseous oxygen iso
topic species obtained during the TPIE experiment descr
in Section2.2.7 over Ce and CeP samples, andFig. 10b
over CeZr and CeZrP samples. For CeP and CeZrP s
ples, the rates of18O exchange with the surface of the soli
are reduced significantly with respect to the uncontaminate
with-phosphorus respective samples. There is a clear sh
higher temperatures in the appearance of a peak maximu
the 16O2 TPIE response curve obtained after contamina
of the sample with phosphorus. This shift may reflect
increase in activation energy of the bulk oxygen diffus
process. As will be discussed later, the16O2 signal arises
from the multiple heteroexchange mechanism of18O2(g)
with the metal oxide solid surface.
-

f

Fig. 10. Transient gaseous responses of16O2 and16O18O isotopic species
obtained during a temperature-programmed isotopic exchange (TPIE) e
periment according to the following gas delivery sequence: Air (873
2 h) → He (873 K, 15 min)→ cool down in He flow to 300 K→ 3%
O2/He (300 K, 15 min)→ 3% 18O2/He (t), T is increased to 1073 K
(β = 30 K/min) over (a) Ce and CeP samples and (b) CeZr and Ce
samples.

Table 2
Amount (µmol-O/g) and equivalent number of monolayers of16O ex-
changed during the TPIE experiment presented inFig. 10

Solid sample
code

Temperature (K)

773 873 973 1073

Ce 0.9a 256.6b 7.2 2001.6 15.1 4204.5 22.2 6195.9
CeP 0.4 41.4 2.5 252.6 11.9 1189.0 27.6 2763.9
CeZr 0.9 448.0 4.5 2156.9 8.7 4159.3 12.5 6013.9
CeZrP 0.2 27.1 0.9 116.9 5.2 638.1 13.7 1693.0

a Values in first column at each temperature represent equivalent nu
of monolayers of exchangeable oxygen16O.

b Values in second column at each temperature represent amount (
O/g) of exchangeable oxygen in the form of16O2 + 16O18O.

Table 2reports the number of equivalent monolayers
atomic oxygen species exchanged during the TPIE ex
iment (Fig. 10) for all four investigated solids. As clearl
illustrated inTable 2, at T � 873 K several monolayers o
oxygen had been exchanged with18O2(g) indicating that, be-
yond thisT , diffusion of O from the inner bulk of the solid i
the predominant process of supplying oxygen to the surf
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Fig. 11. Transient isothermal exchange experiment performed at 873 K
Ce and CeP samples according to the gas delivery sequence: 3%16O2/He
(873 K, 2 h)→ 3% 18O2/He (873 K,t).

Therefore, it is worth noting that the TPIE results show
significant suppression in the amount of exchangeable
gen (both surface and bulk) in the case of P-contamin
samples. In the case of dynamic OSC measurements (Figs. 8
and 9), the equivalent number of oxygen monolayers for
CeZr sample at the reaction temperature of 773 K is fo
to be about 1.1 (based on the CO2 production).

Fig. 11presents transient isothermal response curve
16O2 (m/z = 32) and16O18O (m/z = 34) isotopic specie
following the switch 3%16O2/He (2 h)→ 3%18O2/He (t) at
873 K over the Ce and CeP samples. According to Bores
[50] and Klier et al.[51], two types of oxygen-exchang
mechanisms could occur on a solid metal oxide with the
participation of the latter: (a)simple hetero-exchange that
occurs with the participation ofonly one oxygen atom of the
oxide at each of the following steps,

18O18O(g) + 16Os ⇔ 18O16O(g)+ 18Os, (1)

18O16O(g) + 16Os ⇔ 16O2(g) + 18Os, (2)

and (b)multiple hetero-exchange that occurs with the par
ticipation of two oxygen atoms of the oxide at each of the
following steps:

18O18O(g) + 216Os ⇔ 16O2(g) + 218Os, (3)

18O16O(g)+ 216Os ⇔ 16O2(g) + 16Os + 18Os, (4)

18O16O(g)+ 218Os ⇔ 18O2(g) + 16Os + 18Os. (5)

The kind of isotopic exchange mechanism, simple vs m
ple hetero-exchange, can be differentiated at the begin
of the reaction by the prior appearance in the gas phas
18O16O or 16O2, respectively.

From the TPIE experiments presented inFig. 10, the ra-
tio of 16O2 mole fraction to that of16O18O vs temperature i
presented inFig. 12. It is clearly illustrated that at the lowe
temperature of 723 K, where oxygen isotopic exchange
be activated and measured, multiple hetero-exchange
vails over the present CeO2 and CexZr1− xO2 solids. This
f

-

Fig. 12. Discrimination between simple and multiple heteroexchange m
anisms of oxygen over CeO2 and Ce0.8Zr0.2O2 solids as a function o
reaction temperature during the TPIE experiment ofFig. 10. Values of
the y16O2/y16O18O ratio much larger than unity indicate a multiple h
ero-exchange mechanism.

result is in harmony with that obtained by Duprez and
workers[49,52,53]after conducting similar experiments b
using a batch-recycled rather than a once-through-flow
croreactor as in the present work. The latter authors h
demonstrated by using FTIR that superoxide (O2

−) species
are populated on the presently investigated Ce and C
solids and can exchange with gaseous18O2 via the “place-
exchange” mechanism, the latter being one of the two
sible pathways of the multiple hetero-exchange mechan
[54–56].

As the temperature in the TPIE experiment increa
simple hetero-exchange also becomes important, and p
ipation of16O18O via either a simple [Eq.(2)] or a multiple
[Eq. (4)] hetero-exchange mechanism to yield16O2 makes
the interpretation of which mechanism prevails uncertai
Based on the isothermal oxygen isotopic exchange ex
iments conducted at 873 K (Fig. 11), upon the switch to
the isotopic mixture it becomes clear that multiple hete
exchange prevails. Based on this result and the TPIE re
in the 723–823 K range (Fig. 12), it seems that the latter ex
change mechanism must prevail at least in the 723–87
range.

Fig. 11shows that the rate of16O18O production is signif-
icantly higher in the Ce sample compared to that in the c
taminated one, CeP. Moreover, the16O2 signal (m/z = 32)
in the Ce sample does not abruptly fall but it follows
smooth decrease indicating that, at the beginning, surfac
change with16Os takes place. Later on, when surface16Os
is spent, bulk16Ob progressively participates to a greater
tent. In the case of CeP sample, them/z = 32 signal falls
steeply indicating that the surface O exchange is remark
suppressed by the P contamination; note that the BET
of Ce sample is about 3 times larger than that of CeP on

After about 10 min on the isotopic18O2/He gas mix-
ture, a pseudo-steady state was about to be reached f
16O18O(g) continuous production. This16O species arise
now from the subsurfaced/bulk of the solid. Based on
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analysis reported in the literature[57] for a similar isotopic
experiment, the effective diffusion coefficient (Deff) of bulk
oxygen diffusion within the crystal lattice of the solid c
be estimated from the pseudosteady state rate producti
16O18O at time equal tots.s.. This is given by the following
relationship[57],

(6)Deff = πts.s.(NA/CA0)
2,

whereNA (mol/(cm2 s)) is the flux of atomic oxygen from
the bulk to the solid surface, andCA0 (mol/cm3) is the initial
concentration of atomic oxygen in the bulk.NA is calculated
by multiplying they16O18O (mole fraction of16O18O(g)) by
the total molar flow rate (mol/s) and dividing by the cata
lyst weight (g) and surface area (cm2/g). Since the accurac
of the value ofDeff depends on the value ofts.s. for which
pseudo-steady state is assumed, for comparison purpos
present work reports an approximate value of the ratio
the bulk diffusion coefficients estimated for the nonconta
inated and P-contaminated solids. This ratio was found t
4.0 at 873 K. In these calculations, the ratio of correspond
values ofCA0 for each of the two solids (Ce and CeP) w
assumed to be about unity. In other words, the amount
present in the subsurface/bulk of the crystal of CeP does
affect significantly the initial oxygen concentration in the C
sample. On the other hand, assuming that the latter is no
and after allowing a 20% decrease in the value ofCA0, a ra-
tio of 2.6 for the two diffusivity values is obtained. Based
similar experiments performed on CeZr and CeZrP solid
ratio of 2.8 was estimated (CA0 is considered to be the sam
for the CeZr and CeZrP samples).

The results presented in the previous paragraph (Fig. 11)
have clearly demonstrated that phosphorus is present i
subsurface/bulk of CeO2 and Ce0.8Zr0.2O2 solids, remark-
ably suppressing the specific rate (mol/(cm2 s)) of bulk oxy-
gen diffusion.

4. Discussion

One of the key important aspects of this work was to p
vide experimental evidence about the intrinsic effects
phosphorus deposition on CeO2 and CexZr1− xO2 solid so-
lution has on their redox properties. In order to correc
address this issue, it is very important to understand
where phosphorus is located in the aforementioned so
after its deposition and calcination in air at 873 K for 12 h

The similarity of the N2 isotherms and of the specifi
surface area of the CeP and CeZrP samples may ind
that the surface texture is influenced by the same sur
phase, that of CePO4 detected by Raman and XPS tec
niques. For the latter case, the surface P/Ce atomic ratio
detected by XPS (seeTable 1) was close to that of mon
azite, while Ce(III) predominates at the surface of the s
ples. It could be argued that CePO4 might spread over par
of the initial solid surface causing also reaggregation
the crystallites of the solid affected, thus altering the p
f

e

Scheme 1. Pictorial presentation of CePO4 location in Ce and CeZr solids

structure of both Ce and CeZr solids. A picture that co
emerge from the present bulk and surface characteriza
techniques used is that the incorporated P reacts with
Ce(–Zr) oxide, and as a result of this CePO4 predominates
at the surface/subsurface of the resulting material.Scheme 1
depicts this view.

The fact that monazite is detected by XRD and Ram
indicates that the sizes of its crystals are large enoug
reach the inner bulk of the solid. Although the XPS a
Raman characterization results indicate that Ce phosp
predominates at the “surface”, they do not allow disca
ing neither that the surface of the phosphated solids is f
covered by Ce phosphate nor that a fraction of the inco
rated P migrates deeper in the bulk. The H2 TPR, OSC, and
18O2 isotopic exchange experiments should be interpre
taking into account what is depicted inScheme 1. It must
also pointed out that the physicochemical processes invo
in these experiments are of special concern for the re
chemistry occurred in TWCs, namely reduction of Ce(I
to Ce(III), formation of O-vacant sites at the surface and
the bulk, and surface and bulk O diffusion.

Regarding the temperature-programmed isotopic18O2
exchange (TPIE,Fig. 10) and the transient isothermal18O2
exchange experiments (Fig. 11), they provide strong evi
dence that the initial deposition of phosphorus on the sur
of ceria and CexZr1− xO2 solids resulted in a large reductio
in the rate of surface and bulk oxygen diffusion. This is d
to a reduction in the effective diffusivity values of surfa
and bulk oxygen diffusion processes as outlined under
sults. It is proposed that this effect must be related to
presence of CePO4 within the initial crystal structure of ce
ria and CexZr1− xO2 solids. The relatively large shift towar
higher temperatures (more than 150 K) of the peak m
mum position (TM) of the 16O16O transient response curv
in the TPIE experiments (Fig. 10) in the case of CeP an
CeZrP compared to Ce and CeZr solids suggests an inc
in the apparent activation energy of the oxygen-excha
process. At temperatures higher than 873 K, it is expe
that the overall rate of the exchange process is determ
by the rate of bulk oxygen diffusion to the surface[52]. In
fact, this is indicated by the number of oxygen monol
ers estimated at 873 K (Table 2). It can be argued that th
observed shift inTM cannot be explained by the expect
decrease in the initial concentration of bulk oxygen in
CeP and CeZrP solids that diffuse toward the surface. In
the high temperature reduction peak observed over a s
of CexZr1− xO2 and doped (La3+, Y3+) solid solutions ex-
hibits aTM value that does not differ by more than 50–60
in all solid compositions studied of varying degrees of b
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oxygen concentration[58]. In addition, a very small shif
in the peak maximum position of the high-temperature T
peak is obtained in the H2 TPR spectra ofFigs. 5a and 5b,
where a significant decrease in the amount of labile oxy
species in CeP and CeZrP solids is observed.

The number of equivalent monolayers of atomic oxyg
species that were exchanged during the TPIE experim
(Fig. 10) and which is reported inTable 2must be considere
as an upper limit given the stoichiometry of exchange re
tions [Eqs.(1)–(5)] and that in these calculations the16O2
response was considered as arising from two surface
gen species (16Os). Also, for the CeP and CeZrP samp
the fact that part of the surface of these crystals is cov
by CePO4, the exchangeable oxygen species then arise
deeper layers than what is reported inTable 2.

Concerning the OSC measurements, it has been reporte
[59] that the higher ability of CexZr1− xO2 solids for oxygen
storage, as evidenced also in the present work (Figs. 6–9),
is related to the higher concentration of oxygen vacan
(ionic defects) at the surface of the solid. In fact, the st
lization at or near the surface of such defects could resu
an enhanced ability to activate oxygen as superoxide.
species could then be seen as the “initiator” of the wh
storage process[53], where superoxide (O2−) species are
dissociated into oxygen ions (O−, O2−) before their migra-
tion into the bulk[60]. Therefore, the initial concentration
oxygen precursor species, like O2

−, plays a significant role
in the final measured OSC quantity. The efficiency in
storage of oxygen process would then be directly relate
the concentration of oxygen vacancies at the gas/solid inte
face. These ideas are supported by the present OSC r
shown inFigs. 6, 7, and 9, where a larger reduction pe
centage in the quantity of OSC in phosphated sample
obtained for CeZr than for Ce solid. The presence of sur
CePO4 seems to result to a large extent in the reduction
the initial concentration of superoxide species formed d
ing the OSC measurements; CePO4 is unable to be reduce
or oxidized, which makes very unlikely the formation of v
cant sites.

The TPR technique was also used in this work to st
the redox chemistry of phosphated samples. The qualit
features of H2 TPR profile obtained on pure ceria sam
(Fig. 5a) are consistent with those reported by Giord
et al. [61] over a low surface area ceria sample follow
calcination in 20% O2/He gas mixture at 773 K for 1 h. Sim
ilarly, the qualitative features of the H2 TPR profile (based
on the water signal) obtained on the present Ce0.8Zr0.2O2
solid (Fig. 5b) are also in harmony with those obtained o
the Ce0.5Zr0.5O2 solid solution[62]. In the latter case, th
first low-temperature TPR peak obtained in the present w
(Fig. 5b) appeared as a shoulder of the rising part of
second TPR peak. This low-temperature TPR peak has
been observed on a Ce0.68Zr0.32O2 solid solution[46].

The TPR profile ofFig. 5a shows that the kinetics o
Ce(IV) reduction in CeO2 is not much affected by the pre
ence of CePO4, while a slight influence is observed in th
t

-

ts

case of Ce0.8Zr0.2O2 at high temperatures (a slight shift
peak maximum temperature). However, asFig. 5 indicates,
a part of the reducible oxygen species in the original Ce
CeZr samples is absent in the CeP and CeZrP phosp
solids. In particular, the first two TPR peaks of Ce0.8Zr0.2O2
(CeZr) are completely absent in the CeZrP sample.

Considering the mechanism that is widely accepted fo
Ce(IV) reduction to Ce(III)[63], that of H activation, forma
tion of new OH groups at the surface of the oxide (revers
reduction), water formation and desorption, and a sur
O-vacancy formation (irreversible reduction), several path
ways through which CePO4 could influence the kinetics o
reduction process might be proposed. First, the presen
CePO4 can influence the reduction of surface Ce oxide
cause diffusion of O anions from the bulk to the surfac
inhibited by the presence of CePO4 in the surface/subsurfac
region of the solid (see alsoScheme 1). The latter has bee
illustrated by the18O2 TPIE and transient isothermal expe
iments (Figs. 10 and 11) and it was previously discusse
Second, activation of hydrogen on the surface could be
fluenced by the presence of surface CePO4 entities. Third,
the presence of CePO4 reduces the effective area for O d
fusion from the bulk to the surface, as depicted inScheme 1.
This in turn reduces the rate of the surface reduction proc

Although the presence of CePO4 has been detected in th
phosphated Ce and CeZr solids, the possibility that a f
tion of P could have been migrated into the inner bulk of
Ce oxide cannot be discarded. This inner P might wor
the bulk O-diffusion properties and, therefore, both the
ducibility and the OSC properties of Ce and CeZr solids
fact, it has been reported that P(V) ions can enter the flu
CeO2 structure and although their solubility can be only o
a few percent of P2O5, the substitution of Ce(IV) with P(V
results in a reduction of the O-vacancy population[64]. The
possibility that such a mechanism can operate and contr
to the deterioration of the OSC value of CeO2 may not be
discarded.

The present work has illustrated via the use of a num
of different spectroscopic techniques, OSC measurem
and transient18O2 isotopic exchange experiments that
reducibility of Ce(IV) to Ce(III)and the related exchange
surface and bulk oxygen in CeO2 and Ce0.8Zr0.2O2 solids are
negatively affected by the presence of surface and subsu
CePO4. This finding appears to be significant for the curr
three-way catalytic technologybecause it is strongly relate
to the design of better oxygen-storage components tha
currently used Ce1− xZrxO2 solid solutions. The rapid sto
age and release of oxygen derived from the fast oxy
chemisorption onto oxygen-vacant sites, and the subseq
surface and bulk diffusion processes of oxygen species,
pled with the quick response of Ce(IV)/Ce(III) redox pair,
are at the heart of the current TWC technology. If CeP4
predominates at the surface and in the subsurface regi
Ce1− xZrxO2 solid, it is very likely that the OSC propertie
are irreversibly damaged because Ce(III) of CePO4 is very
stable and can be oxidized. Since CePO4 has been found in
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vehicle-aged TWCs[7,8], the results presented in this wo
strongly suggest that formation of CePO4 must be consid
ered as one of the main factors that determine the chemic
deactivation of TWC.

5. Conclusions

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

1. The amount of Ce(IV) that is reduced to Ce(III)
medium temperatures in a cubic Ce0.8Zr0.2O2 solid so-
lution is diminished by thedeliberate addition of phos
phorus in an amount P/(Ce+ Zr) = 0.2 followed by
calcination in air at 873 K for 12 h of the resulting soli

2. Raman, XPS, and N2 physical adsorption studies r
vealed that CePO4 is present on the surface and in t
subsurface region of CeO2 and Ce0.8Zr0.2O2 solids.

3. Oxygen-storage capacity measurements using H2 and
CO probe molecules have demonstrated the significan
reduction of OSC quantity obtained in the phospha
CeO2 and Ce0.8Zr0.2O2 solids compared to those in th
absence of phosphorus.

4. Various kinds of18O2 transient isothermal and temp
rature-programmed isotopic exchange experiments pr
vided strong evidence that CePO4 significantly reduces
the specific rate of surface oxygen diffusion and t
from the bulk to the surface of CeO2 and Ce0.8Zr0.2O2
solids.

5. The hypothesis that formation of CePO4 on the surface
and in the subsurface region of CeO2 and Ce0.8Zr0.2O2
solid crystals is one of the main chemical deacti
tion mechanisms of commercial three-way catalyst
strongly supported by the results of the present work
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