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Abstract

The chemical nature of P-containing species incorporated on the surface and within the subsurface regions of CeO; solid and their effects on the
deterioration of the oxygen storage and release properties of phosphated ceria have been investigated. The samples were characterised by X-ray
diffraction, X-ray photoelectron, Raman, and 31p nuclear magnetic resonance spectroscopies; Fourier transform infrared pyridine chemisorption,
N, physical adsorption isotherms, oxygen storage capacity, and 1802 temperature-programmed isotopic exchange measurements. In the samples
with P/Ce ratios <0.03, isolated orthophosphate species are present on the surface and in the subsurface regions of CeO; solid. In these samples,
deterioration of the oxygen storage and release properties correlates very well with the amount of P incorporated as isolated orthophosphates,
because oxygen diffusion within the subsurface region of CeO5 is increasingly inhibited. These results show that the presence of CePO4 (monazite)
is not essential for the deterioration of oxygen storage and release properties in CeO,. In the samples with P/Ce > 0.03, crystals of monazite are
formed. Theoretical estimations indicate that about 5.5 P atoms/ nm? are required to fully cover the CeO, surface. This is equivalent to a P/Ce
ratio of 0.02 in the ceria solid studied in the present work (BET area = 12.8 m? /2). The experimental P/Ce ratio needed for complete surface
saturation is higher (close to 0.03) very likely because part of P is incorporated into the subsurface region of ceria. Monazite also deteriorates the
oxygen storage and release properties of ceria because it is a very stable Ce(Ill) phase. Once CePOy4 crystals are formed, further incorporation
of P does not result in a deeper deterioration of the oxygen storage and release properties of ceria. Larger monazite crystals are then formed on
the surface at the expense of isolated orthophosphate species, leaving part of the ceria surface uncovered and thus available for surface and bulk
oxygen exchange.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

The presence of CePO4 (monazite), a Ce(Il) phase, has been
noted as a severe cause of deactivation of vehicle-aged three-
way catalysts (TWCs) [1-5]. The phosphorous involved in the
formation of monazite arises from the decomposition of zinc
dialkyldithiophosphate (ZDDP) present in the engine combus-
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tion chamber. ZDDP is an antiwear and antioxidant additive of
lubricant oils. The phosphorous is transported to the monolith
through the exhaust gases as P,Os or H3PO,4 [5-8], reacting
with CeO; and Ce, Zr;_, O» solid solutions present in the wash-
coat, leading eventually to the formation of CePO4.

CeO» and, more recently, its derived Ce_Zr, O3 solid solu-
tions are considered essential components for the correct func-
tioning of TWC under the rapid oscillations of the exhaust gas
composition around the stoichiometric A/F value [9-11]. In
particular, these oxides show remarkable oxygen storage and
release (OSR) properties; that is, they can buffer the oscillation
of the O, concentration during the rich or lean excursions of the
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exhaust gas because of their ability to rapidly release or capture
oxygen species. This property has been quantified by measure-
ment of the amount of oxygen that can be taken from the oxide
by the reducing agent (CO or H») or captured by the solid after
reducing treatments [12], and is termed oxygen storage capacity
(OSC). OSC is quantified using pulses or fast-step gas concen-
tration switches between oxidizing and reducing gas mixtures.
It has been claimed that formation of monazite has a negative
impact on the OSR properties of Ce oxides [5,13], because the
monazite is a very stable Ce(IIl) phosphate compound that can-
not participate in rapid redox Ce(IV)/Ce(IIl) processes required
for the OSR and the fast response during rapid oscillations of
the exhaust gas composition.

In general, the negative effect of CePO4 on the OSR prop-
erties of Ce oxides has been established. However, additional
research is still needed to understand in depth the chemical
and structural reasons behind this phenomenon. Various ques-
tions still remain to be answered, particularly the mechanism by
which the OSR properties are affected by P-containing species
(e.g., surface oxygen activation, surface oxygen diffusion, oxy-
gen anion bulk diffusion, oxygen vacancy diffusion) and the
exact location (surface or bulk) of P-containing species.

In previous work we have demonstrated that large CePOg4
crystals are formed by P incorporation to Ce oxides [13,14].
The monazite crystals occupy surface and subsurface regions of
Ce oxides, but parts of them are uncovered and thus accessible
to OSR processes. In principle, this may lead to the conclusion
that deterioration of such important properties of ceria is due to
the lower number of surface sites available for oxygen activa-
tion and exchange. However, the incorporation of phosphorous
within the ceria crystal structure can cause inhibition of anion
conductivity [15] and, accordingly, of the proper functioning of
the OSR properties.

In an attempt to gain more fundamental information on the
surface and bulk chemical character of incorporated phospho-
rous in ceria, different amounts of P have been used. The phos-
phated ceria samples thus prepared have been characterized
using various techniques to identify the chemical nature of P
species and the surface and/or bulk location. In addition, the
deterioration of the OSR properties of ceria has been corre-
lated with the amount and location of P-containing species in
the CeO; solid.

2. Experimental
2.1. Preparation of phosphated-CeO, materials

CeO, was prepared by precipitation from an aqueous so-
lution containing Ce(NO3)3 after adding a dropwise aqueous
solution of NH4OH (3 N) under vigorous stirring up to a pH
value of 10. After precipitation, the obtained hydroxide was fil-
tered, extensively washed with deionised water, and then dried
at 383 K for 24 h. The solid thus obtained was calcined in
air at 873 K (heating rate 5 K/min) for 12 h, cooled to room
temperature, and then divided into several portions before stor-
age. A fraction of the sample was recalcined for another 12 h
at 873 K (5 K/min). The solid thus obtained was labelled Ce.

Another portion of the sample was impregnated with phospho-
rus according to the following procedure. A given amount of
(NH4),HPO4 was dissolved in water, and the obtained solution
was poured into a flask containing the Ce oxide, so as to yield
atomic ratios of P/Ce = 0.01, 0.02, 0.05, 0.1, and 0.2. The sus-
pension was then smoothly stirred for 2 h, and the excess water
was evaporated in a rotary evaporator at 333 K (P < 0.1 atm).
The P-containing samples were then calcined in air at 8§73 K
(5 K/min) for 12 h and labelled CeP0.01, CeP0.02, CeP0.05,
CeP0.1, and CeP0.2. It is important to note here that the amount
of P remaining in each of the solids after calcination in air was
less than the nominal amount used during the preparation pro-
cedure. For the sake of simplicity, nominal values were kept in
the labelling of the samples.

2.2. Characterisation of solids

2.2.1. Total reflection X-ray fluorescence analyses

Total reflection X-ray fluorescence (TXRF) analyses were
performed on a Seifert EXTRA-II spectrometer (Rich Seifert,
Ahrensburg, Germany) equipped with two X-ray fine-focus
lines, Mo and W anodes, and a Si(Li) detector of an active
area of 80 mm? and resolution of 157 eV at 5.9 keV (Mn-K,).
A tungsten X-ray source was used for P determination. Radi-
ation was filtered with a 10-um-thick Cu film to optimise the
energy range (0—10 keV) used in the analyses. A molybdenum
X-ray source was used for the analysis of Ce, previously fil-
tered with a Mo film of 50 um. A 10-mg sample was ground
to powder form in an agate mortar, resulting in a particle size
<30 pm. The powder was then ground for another 20 min in a
vibrating micropulveriser (having a ball and a base of agate) in
the presence of 1 ml of high-purity water. Next, the mixture was
poured into a test tube in which up to 2 ml of high-purity water
was added. The sample was homogenized for 10 min by ultra-
sonic treatment to disperse possible agglomeration of particles.
Then 2 pl of the suspension was placed on a flat plastic carrier
where the water was evaporated under vacuum. Assuming that
some of the P or Ce cations were leached during the homogeni-
sation, these elements would have been again deposited back
onto the solid surface after evaporation of water. Further de-
tails of the analysis conditions have been described elsewhere
[1,16].

2.2.2. X-Ray photoelectron spectroscopy studies

X-Ray photoelectron spectroscopy (XPS) studies were per-
formed with a VG Escalab 200 R spectrometer equipped with
a hemispherical electron analyzer and a Mg-K, (1253.6 eV)
X-ray source. The sample was first placed in a copper holder
mounted on a sample-rod in the pretreatment chamber of the
spectrometer. It was then outgassed at room temperature for
1 h before being transferred to the analysis chamber. A given
region of the XPS spectrum was scanned a number of times
to obtain a good signal-to-noise ratio. The binding energies
were referenced to the spurious C 1s peak (284.6 eV) used
as an internal standard for charging effects. The areas of the
peaks were computed by fitting the experimental spectra to
Gaussian/Lorenztian curves after removing the background (us-
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ing the Shirley function). Surface atom ratios were calculated
from peak area ratios normalized by using the corresponding
atomic sensitivity factors [17]. The error in the calculation of
surface atom ratios is considered <5%.

2.2.3. X-Ray diffraction studies

Powder X-ray diffraction (XRD) patterns were recorded in
the 5°—85°26 range in the scan mode (0.02°, 1 s) using a Seifert
3000 XRD diffractometer equipped with a PW goniometer with
Bragg—Brentano 6/26 geometry, an automatic slit, and a bent
graphite monochromator.

2.2.4. Raman spectroscopy studies

Raman spectra were recorded with a Renishaw 1000 spec-
trophotometer equipped with a cooled (200 K) CCD detector
and a holographic notch filter to remove the elastic scattering.
Samples were excited with the 514-nm Ar line. Spectra acqui-
sition consisted of 5 scans of 60-s duration for each sample. All
samples were pretreated in dry air at 676 K (100 NmL/min,
60 min) in an in situ cell (Linkam, TS-1500) before the spectra
were recorded at 473 K under dry air flow.

2.2.5. Nuclear magnetic resonance studies

3P MAS nuclear magnetic resonance (NMR) spectra were
recorded at room temperature in an Avance-400 Bruker spec-
trometer (9.4 Tesla). The frequency used for 3'P was
161.97 MHz. Samples were spun at 8 kHz during signal record-
ing. Spectra were obtained after 7 /2 pulse irradiation (~4 ps)
with a recycling time of 5 s. The number of scans was in the
range of 40-800. 3'P chemical shift values were estimated
relative to 85 vol% H3PO4 aqueous solution. Errors in band
positions were <0.5 ppm.

The NMR spectra were fitted with the Bruker WINFIT soft-
ware package [18]. This program allowed determination of the
position, line width, and intensity of the spectra components
with a nonlinear least squares iterative method. For quantitative
purposes, the sum of integrated intensities of the spinning side
bands associated with each component was determined. Errors
in the determination of relative band intensities are considered
<2%.

2.2.6. BET surface area measurements

Nitrogen adsorption isotherms were recorded at 77 K using a
Micromeritics ASAP 2000 apparatus. Before determination of
an adsorption isotherm, the sample was degassed at 413 K for
12 h.

2.2.7. Fourier transform infrared spectroscopy of adsorbed
pyridine

Pyridine Fourier transform infrared spectra were recorded
with a Nicolet 5ZDX Fourier transform infrared spectropho-
tometer at a resolution of 4 cm™! over the entire spectral range
and averaged over 128 scans. The samples were pressed into
self-supporting wafers (ca. 10 mg/cm?), placed in a sample
holder, and pretreated in an infrared cell designed to work un-
der vacuum or dynamic conditions. The samples were calcined
in room air at 873 K for 1 h and then outgassed at 873 K

for 1 h. After cooling to 393 K, the samples were outgassed
(5 x 107 Torr) for 30 min. The samples were then exposed
to 5 Torr of pyridine for 5 min at room temperature and evac-
uated for 30 min at this temperature (to remove physisorbed
pyridine), after which the spectra were recorded. The presented
infrared spectra were obtained after subtracting the solid sample
background spectrum obtained under vacuum from the initially
recorded spectrum after pyridine chemisorption.

2.2.8. Transient oxygen storage and release studies

The capability of the investigated solids to store and release
both surface and bulk oxygen species was measured by two dif-
ferent transient techniques. The first technique gives the amount
of oxygen that can be stored by the solid after reductive treat-
ment at a given temperature by CO or H, pulses; the second
technique, termed temperature-programmed isotopic exchange
(TPIE), probes the exchange capability of surface or bulk lattice
oxygen of the solid with gas-phase oxygen.

2.2.8.1. OSC measurements The OSC (umol-O/gc,) of CeO;
samples containing phosphorus (P/Ce = 0.0-0.2) was mea-
sured after using the pulse injection method [19]. The tran-
sient flow system, the microreactor, and the mass spectrometer
used have been described elsewhere [20]. The reactive oxygen
species present in the solid is estimated through the amount of
H, consumed during the reduction or the amount of O, con-
sumed during the reoxidation stage [19,21]. The latter amount
of oxygen is referred to the oxygen storage capacity complete
(OSCC). The amount of the most reactive oxygen (labile oxy-
gen) of the catalyst is defined as the amount of oxygen species
that reacts during the first H, pulse, known as the OSC.

The amount of catalyst sample used for the pulse injection
experiments was 100 mg in powder form. The general exper-
imental procedure applied for measuring the oxygen storage
capacity by pulse injection experiments was as follows. The
catalyst sample was initially pretreated with a 20% O,/He gas
mixture at a given temperature (Tpsc) for 1 h (heating rate
of 10 K/min from room temperature to Tosc). The reactor
was then flushed with He for 15 min at Togc, followed by H»
pulse(s). For OSC measurements, the catalyst sample was re-
acted with only one H; pulse (50 umol) and then reoxidized
with several successive pulses of O (one oxygen pulse equals
10 ymol of Oy) at the same temperature. For OSCC measure-
ments, the sample was reacted with several successive pulses
of H, (until no consumption was observed) and then reoxidized
with several successive pulses of O,.

2.2.8.2. 180, isotopic exchange studies TPIE experiments
were conducted as follows. After calcination of the fresh sam-
ple (100 mg) at 873 K in air for 2 h, the reactor was flushed in
He at 873 K for 15 min to remove oxygen from the gas phase
and the gas lines. The reactor was then cooled in He flow to
300 K, and the feed was switched to a 3 mol% 1602/He gas
mixture for 15 min. A switch to the equivalent isotopic 3 mol%
180,/He gas mixture (Isotec, 97 at% 180) was then made, while
at the same time the temperature of the solid was increased to
1073 K at a rate of 30 K/min. All three oxygen isotopic species
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['80; (m/z = 36), 1°0'80 (m/z =34), and '°0, (m/z =32)]
were monitored continuously with an on-line quadrupole mass
spectrometer (Omnistar 300, Balzers) equipped with a fast-
response inlet capillary/leak valve (SVI 050, Balzers) system
[20].

3. Results
3.1. Chemical characterisation of solids

Fig. 1 presents the P/Ce ratio in the solids determined by the
TXREF technique as a function of the P/Ce ratio used in sam-
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ple preparation. P/Ce ratios are always found to be below the
nominal values; the continuous line (theoretical) is above the
experimental curve. This indicates that part of P is lost dur-
ing the calcination procedure (up to 873 K). It is noted that
phosphorous oxides have boiling points close to the calcina-
tion temperature. Moreover, a change in the slope has been ob-
served around the nominal value of P/Ce = 0.05 (experimental
P/Ce ~ 0.03). The P/Ce ratios of CeP0.01 and CeP0.02 sam-
ples, although below the solid line, are found to be closer to the
nominal values. In contrast, the P/Ce ratio values of the rest of
the samples are well apart from the solid line (Fig. 1).

Fig. 2a presents XPS spectra of the Ce 3ds,» and Ce 3d3,2
core levels for all solids investigated. The Ce 3d signal of Ce
sample corresponds to that of Ce(IV) in CeO, [22-26]. Accord-
ing to the assignment proposed by Burroughs et al. [27], the
3d3/> multiplets signals of Ce(IV) are labelled U, U”, and U"”,
whereas those of 3ds,> are labelled V, V", and V"”’. The Ce(III)
signal exhibits four peaks (Up, U’, Vg, and V’). In the CeP0.2
sample, the XP core level is dominated by the Ce(IIl) features;
however, some Ce(IV) still exists at the surface of CeO5, as in-
dicated by the weak peak at ca. 917 eV [22-26]. These results
indicate that the surface of CeP0.2 solid is greatly covered by
CePOy [3,13]. For samples with lower P/Ce ratios, the XP spec-
tra progressively change and Ce(IV) features are more visible.

A semiquantitative estimation of Ce(IV) concentration at the
surface of the solids can be performed based on the ratio be-
tween the integrated area of the well-resolved peak U” and
the total area of the Ce 3d level [22-24,28-30]. This peak is
very weak in CeP0.2 sample (representing 5.9% of the area
of all of the peaks) and grows progressively with decreasing
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Fig. 2. X-Ray photoelectron spectra of Ce 3d (a) and P 2p (b) core levels corresponding to the different solid samples. U, U”, U, V, V", and V" labels indicate
the position of the Ce(IV) 3d multiplets, whereas Uy, U’, V¢, and V' indicate those of Ce(III).
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P/Ce ratio. This indicates that Ce(IV) species become increas-
ingly concentrated at the surface of the samples as the amount
of incorporated P in the sample decreases. In the CeP0.01 and
CeP0.02 samples, the intensity of the U” peak (around 13.5%
of the total area) is very close to that of the Ce sample. This
suggests that the amount of Ce(IV) present at the surface of the
CeP0.2 sample is almost half than that found in the CeP0.01 or
CeP0.02 samples.

The XPS spectra of the 2p core level of samples are pre-
sented in Fig. 2b. The binding energy is consistent with the
presence of POy units. The XPS peaks of the samples with
P/Ce < 0.03 are asymmetric. In the CeP0.01 sample, the pres-
ence of a second peak is more evident at the high-binding en-
ergy side. This suggests the presence of two different P species
in the samples of low P/Ce ratios.

Fig. 3 presents the P/Ce surface atomic ratio determined
by XPS versus the experimental P/Ce ratio determined by
TXRF analyses. The dotted line represents hypothetical solids
in which the surface P/Ce ratio determined by XPS is equal
to the bulk ratio (TXRF value), and represents those solids in
which P is not restricted to the surface, but rather is homoge-
neously incorporated within the solid. The fact that all P/Ce
ratios of the samples are above the dotted line is a result of the
preferential location of P in the outermost region of the solid.
The question that remains is whether P is restricted to the outer-
most layer or can also be located deeper in the subsurface region
of the solid. NMR results will give support to this hypothesis.

Fig. 4 shows XRD patterns of the different samples investi-
gated. In all of the samples, reflections due to the cubic CeO,
structure are clearly visible (marked as “1” in Fig. 4). In the
CeP0.1 sample and especially the CeP0.2 sample, the peaks
of the monazite (JCPDS file 83-0650) can also be observed
(marked as “2” in Fig. 4). In the samples with lower P/Ce ratios,
CePOy4 peaks were not detected.

Fig. 5 displays the Raman spectra of the solid samples. The
three bands visible in the spectra of Ce sample (a strong band
at 464 cm~! and weaker bands at 242 and 1180 cm™') corre-
spond to those of cubic CeO; phase [13]. The CeP0.2, CeP0.1,
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Fig. 3. Surface P/Ce ratio (OJ) determined by XPS as a function of the experi-

mental P/Ce ratios determined by TXRF. Dotted line represents solid materials
the surface P/Ce ratio of which is equal to the bulk P/Ce ratio.

and CeP0.05 samples show additional weak bands at 969, 990,
1051, and 1066 cm™! associated with the CePOy phase [5,13,
31-33]. It must be stressed that these bands start to become
visible in the CeP0.05 solid sample, whereas monazite is not
detected by XRD. This indicates that the crystal size of Ce
phosphate is beyond the detection limit of the XRD used and/or
that the crystallization of this solid phase is poor. From this fact,
we can conclude that CeP0.05 solid can be considered a border-
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Fig. 5. Raman spectra in the 200-1200 cm™! range of the investigated Ce,
CeP0.02, CeP0.05, CeP0.1, and CeP0.2 solids.
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line sample with low P incorporation, where CePO4 features
cannot be detected by XRD.

Fig. 6 shows 3'P MAS NMR spectra of five samples
recorded at room temperature. In the samples with lower P
content (CeP0.01 and CeP0.02), spectra are formed by sev-
eral narrow lines centered near O ppm. In the samples with high
P content (CeP0.1 and CeP0.2), spectra are formed by a broad
component modulated by equal-spaced spinning side bands as-
sociated with the rotation of the sample. The central component
of this signal is centered at —100 ppm. In the CeP0.05 sample,
the NMR spectrum is formed by these two components. A small
contribution of the signal centered near O ppm can also be seen
in the CeP0.1 sample, overlapped to the main signal centered
at —100 ppm. Fig. 7 shows a magnification of the central band
of the CeP0.01, CeP0.02, and CeP0.05 samples. The spectra
shown are formed by four components at 0.71, —3.2, —5.9,
and —8.6 ppm. The intensity of the last three bands increases at
the expense of the intensity of first component when the amount
of P incorporated in the sample increases. In the CeP0.05 sam-
ple, the line width of components increased considerably, and
resolution of the four components was not possible.
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Fig. 6. 3lp magic angle spinning nuclear magnetic resonance spectra of the
CeP0.01, CeP0.02, CeP0.05, CeP0.1, and CeP0.2 investigated solids.
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Fig. 7. Magnification of the central bands presented in Fig. 6 for the CeP0.01,
CeP0.02, and CeP0.05 solids.

Comparing *'P MAS-NMR spectra of the five samples in-
vestigated shows that species formed on the CeO, surface are
different with respect to the low- and high-P content sam-
ples. In the first case, chemical shift values of components
near 0 ppm correspond to orthophosphate species (PO4 units)
[34-36]. These signals are ascribed to isolated orthophosphate
species interacting with the surface of CeO,. The intensity of
the new components at —3.2, —5.9, and —8.6 ppm increases
at the expense of that at 0.71 ppm when the amount of in-
corporated P in ceria solid increases. Taking into account that
the chemical shift values become more negative with increas-
ing amounts of Ce(IV) cations sharing oxygen atoms with the
POy tetrahedron, the three signals with negative shifts can be
ascribed to orthophosphate species with greater numbers of P—
O—Ce bonds. This gives support to the hypothesis that P has
penetrated into the bulk of the solid, because an increased num-
ber of P-O—Ce bonds is possible only if P is located deeper in
the bulk.

Based on the foregoing observations and discussion, it can
be concluded that the engagement of P tetrahedra with CeO,
increases with increasing P content, as does the P concentration
in the subsurface region. With this in mind, the hypothesis of
the existence of two types of isolated POy4 species in the sam-
ples of low P/Ce ratios, one on the surface with a small number
of P-O-Ce bonds and another in the subsurface region with
larger number of P-O—Ce bonds, may be related to the detec-
tion of two different P 2p core-level XP peaks in these samples.
The first of these peaks, at the high binding energy, could be
assigned to the surface species, and the second, at the lower
binding energy, could be assigned to the inner species. The lat-
ter becomes predominant as P loading increases.

In samples with high P content, the broad component under-
goes an up-field shift to —100 ppm. It is known that the pres-
ence of paramagnetic centers shift NMR signals toward more
negative values. Accordingly, the broad component can be as-
cribed to CePOy4 in which all cerium atoms are trivalent and dis-
play a paramagnetic moment. This assignment is supported by
the XRD and Raman results obtained in this work. This means
that nucleation of CePQOy is favored when the amount of phos-
phoric acid used in the preparation increases. It must be stressed
that the formation of CePOy4 brings about reduction of Ce(IV)
to Ce(IlI), which is consistent with the well-known stability of
CePOy at high temperatures with respect to other Ce(IV) phos-
phates [37,38]. This is consistent with the important up-field
shift detected in CeP0.1 and CeP0.2 samples. It is also inter-
esting to note that in the CeP0.1 sample, a small percentage of
deposited species remains as isolated orthophosphates, whereas
most of these species are incorporated as CePOj.

3.2. CePOy4 nucleation

The aforementioned considerations suggest that CePO4 nu-
cleation occurs by agglomeration of orthophosphate species in
certain domains of CeQO, surface. An estimation of the amount
of POy tetrahedra that can be geometrically deposited on any
support surface has been performed after assuming that the area
occupied by any tetrahedron is the kinetic area of a face of
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Scheme 1. Schematic representation illustrating the progressive formation of CePOy4 from individual POy, tetrahedra (Ce ions are eight fold coordinated).

tetrahedron, which is 21/ 3 times the geometric area [39]. The
average O-O distance in the CePO4 has been used in this cal-
culation [40]. The kinetic area of a tetrahedron was estimated to
be 0.18 nm?, which implies that 5.5 POy units per nm? are re-
quired to geometrically cover the support surface. This value is
close to that needed to cover the surface of y-alumina by POy,
which was reported to be 5.1 PO /nm? [41].

Taking into account the specific surface area of CeO»
(12.8 m?/g), the P/Ce ratio needed to cover this surface, as-
suming that P is restricted to the surface, can be estimated as
0.02 (formation of a monolayer). The broken line in Fig. 1 rep-
resents this case; below this theoretical value, the solid samples
have an insufficient experimental P content to cover the surface
of CeO; by POy units. In contrast, samples with P content above
this value have sufficient P to theoretically cover the surface. It
is worth mentioning that this value is close to the experimen-
tal P/Ce ratio (P/Ce = 0.03) detected by TXRF in the CeP0.05
sample. This sample represents a change in the trace of the
curve in Fig. 1 and is the sample in which CePOy starts to be
detectable by Raman and 3'P NMR techniques.

Consequently, according to the present data, the following
model of interaction between P-containing species and CeO»
can be proposed. When a low level of P is incorporated in CeO»,
isolated PO, units are deposited on the surface, increasing the
engagement with Ce(IV) as P/Ce increases. Phosphorous is not
restricted only to the outermost surface layer, but is also present
in the subsurface region. In principle, one should expect that an-
chored orthophosphate units exhibit a low coordination number
with Ce(IV) cations, whereas those located deeper in subsur-
face regions should exhibit higher coordination numbers with
Ce(IV) cations, in agreement with the 31p NMR data obtained.

When P/Ce increases, the surface region becomes saturated
by orthophosphate species, and crystals of CePOy4 start to nu-
cleate. This situation is firstly reached in the case of CeP0.05
sample that presents an experimental value of P/Ce ratio of
0.03. In principle, one might expect CePOy4 crystals to be de-
tectable in samples with lower experimental P/Ce ratios (e.g.,
P/Ce = 0.02); however, the partial penetration of P inside the
solid may explain this observation. Beyond this point, the con-

centration of orthophosphate species is so high that their ex-
istence is not possible, and CePO4 now becomes the stable
phase. Larger CePOy crystals are formed when larger amounts
of P are incorporated. This model of interaction between P-
containing species and ceria solid can be summarised in the
simplified Scheme 1. A more accurate structural description of
the arrangement of orthophosphate units within the bulk of ce-
ria cannot be made with the characterisation results obtained
and presented herein and is beyond the scope of this work.

It is important to note at this point that the Ce—O-P phase
diagram is far from well understood. The preparation method
[42], the nature of precursor compounds used for P and Ce [43],
the temperature at which synthesis occurs, and the atomic P/Ce
ratio used [37,38,44,45] appear to be important variables for ob-
taining the final form of Ce phosphate. Most of the studies in the
literature [37,38,44,45] have focused on the preparation of Ce
phosphates with P/Ce ratios > 1. In such cases, along with mon-
azite, other phases, including CeP,07 and Ce(PO3)3, have been
obtained at synthesis temperatures similar to those used in the
present work. These results illustrate that the Ce—P—O system is
not so simple and that monazite does not necessarily dominate
in the phase diagram. To the best of our knowledge, prepara-
tion of Ce phosphates with P/Ce ratios smaller than unity has
not yet been reported.

3.3. Surface characterization of solids

Infrared spectroscopy was used to obtain a more detailed
picture of the surface structure of P-doped ceria samples. Ad-
sorbed probe molecules, such as pyridine, have been widely
used to investigate the properties of the ceria surface, namely
coordinatively unsaturated Ce(IV) (Lewis acid sites), and 0%~
(basic sites). According to previous reports [46—48], pyridine
coordinated to Lewis acid sites gives specific bands in the
1634-1595 cm™! range (mode v8a). This mode is very sensitive
to the strength of the Lewis acid sites. In contrast, the inten-
sity of the band at 1464—1440 cm™! (mode v19b) is suitable
for estimating the number of these sites. Pyridine molecules
chemisorbed on Bronsted acid sites also display infrared bands
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Fig. 8. FT-IR spectra of pyridine chemisorbed on the investigated Ce, CeP0.01,
CeP0.02, CeP0.05, CeP0.1, and CeP0.2 solids.

at 1530-1550 and 16101640 cm ™!, with the former being the
most intense [46—48]. At this point, it is appropriate to stress
that pyridine adsorption on Lewis acid sites can be used to esti-
mate the relative amount of Ce(IV) coordinatively unsaturated
surface sites (CUS) of Ce oxide. This characterization is rele-
vant not only for quantitative purposes, but also for improving
understanding of the OSR properties, because O exchange be-
tween the gas phase and Ce oxide requires the presence of these
CUS sites to activate the gaseous oxygen molecules [49].

Fig. 8 shows infrared spectra of pyridine chemisorbed on
Ce and CeP samples. After adsorption of pyridine, only bands
due to molecularly adsorbed pyridine were observed [50]; no
infrared bands of pyridine chemisorbed on Bronsted acid sites
were visible. For P-containing samples, the frequency of the
8a mode (1595 cm™!) was not shifted with increasing phos-
phorous concentration, indicating that Ce(IV) ions presented
similar acidic strengths on the surfaces of pure ceria and of
P-containing samples. The amount of exposed Ce(IV) sites
was estimated by plotting the intensity of the mode v19a
(1440 cm™!) versus P content (Fig. 9). At low phosphorous
content (P/Ce < 0.02), the intensity decreases with increasing
P content, suggesting a decreasing number of unsaturated ex-
posed Ce(IV) surface sites due to P incorporation into ceria
solid. The CeP0.05 sample (experimental P/Ce ratio = 0.03)
represents a discontinuity in the observed trend, indicating that
the surface of this sample is different than that of the samples
with lower P content, in which the number of exposed Ce(IV)
surface sites was higher. For samples with higher P content, the
area of the infrared band was decreased (Fig. 9).

The same tendency was observed for the specific surface
area of the solids (Fig. 10). Adding small amounts of P resulted
in a slight increase in specific surface area (CeP0.01 sample)
with respect to bare CeO;. On the other hand, further addition
of P resulted in decreased BET area. This tendency was not seen
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Fig. 9. Correlation of the area of the infrared band at 1440 em~! as a function
of the experimental P/Ce ratio determined by TXRF.
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Fig. 10. Variation of the specific surface area (BET) of the different solids as a
function of the experimental P/Ce ratio determined by TXRF.

in the CeP0.05 sample, which has a BET surface area similar
to that of the CeP0.02 sample. Beyond this value, a downward
trend was seen, and the specific surface area decreased with in-
creasing P concentration. This break in the monotonous trend
observed in Figs. 9 and 10 for the CeP0.05 sample is in agree-
ment with the nucleation of CePQy4 that starts to be visible in
this sample and results in a rearrangement of its surface.

3.4. OSR properties of P-containing ceria solids

3.4.1. OSC measurements

Fig. 11 presents results of OSC measurements (umol-O/
gcat) conducted at Tosc in the 673—873 K range using Hp and
O; pulses over different samples. In an attempt to estimate the
surface or bulk origin of the oxygen species titrated in this ex-
periment, the amounts of equivalent numbers of oxygen mono-
layers corresponding to the OSC values were calculated. This
quantity was estimated based on the theoretical density num-
ber of surface oxygen atoms for ceria (cubic, 13.1 atoms/nm?)
[51]. In all cases presented in Fig. 11, the number of equivalent
oxygen monolayers is below or close to 1. This is an underes-
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timation, because P is also present on the surface and within
the subsurface region of the solid. Nonetheless, it can be con-
cluded that oxygen species titrated by the OSC measurements
arise mainly from the surface or from the near-subsurface re-
gion of the solid.

As indicated in Fig. 11, OSC increases with increasing tem-
perature at which oxygen is stored (Tosc). The same conclusion
can be drawn for the OSCC values measured (results not pre-
sented here). This behaviour is expected, considering the fact
that the kinetic rate constant (k) of the reaction of Hp with
stored oxygen species increases with temperature. In addition,
by increasing the temperature (7Tpsc), the amount of oxygen
stored in CeO; solid through bulk diffusion is expected to in-
crease, and thus the amount of H, consumed will also increase.
Two facts are worth stressing here. First, there is an observ-
able and continuous decrease in OSC measured over the P-
contaminated solids compared with pure ceria. Second, once
CePO4 predominates over the surface, the rate of OSC deple-
tion with increasing P/Ce ratio becomes small. Thus, although
the amount of P incorporated in the CeP0.2 sample is much
higher than that in the CeP0.1 solid, the two samples have sim-
ilar OSC capacities.

3.4.2. 180, isotopic exchange studies

Fig. 12 presents transient response curves of 16Oz(g) (a) and
18Olf’O(g) (b) isotopic species obtained during the TPIE ex-
periments. The highest temperature reached in the experiment
was 1073 K, after which the experiment was conducted isother-
mally. The '°0, signal arises from the multiple heteroexchange
mechanism of 18Og(g) with the metal oxide solid surface as
opposed to the simple heteroexchange mechanism [13,14]. As
Fig. 12 clearly shows, the maximum rate of 30 exchange with
the surface '0 species and the total amount of exchangeable
oxygen of the P-containing solids were significantly reduced
with an increasing P/Ce ratio, indicating a significantly depleted
amount of exchangeable O due to P incorporation into the ceria
solid. There was also a clear shift to higher temperatures in the
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Fig. 11. OSC values (umol-O/gcat) measured over the Ce, CeP0.01, CeP0.02,
CeP0.05, CeP0.1, and CeP0.2 solids by H, pulsed-feed experiments in the
673-873 K range as a function of the experimental P/Ce ratio determined by
TXRF.

appearance of the peak maximum obtained for the '°0, TPIE
response curve with increasing P/Ce ratio. A shift to higher tem-
peratures has been also described for other P-contaminated Ce
and CeZr solids [14]. This shift may reflect either the increase
in the activation energy of the bulk oxygen diffusion process or
the decrease in the number of active sites involved in the ex-
change process; a similar feature can be seen in a temperature-
programmed desorption profile with decreasing initial surface
coverage. The exchange of O atoms from the surface/bulk of
CePO4 (monazite) crystals present in phosphated ceria solids
must be excluded at the conditions of the TPIE experiments
(Fig. 12) for several reasons. According to previous reports [52,
53], the bulk diffusion coefficient of oxygen in monazite crystal
at 923 and 1073 K is more than six orders of magnitude lower
than that in CeO; crystals. Moreover, if the exchange rate of
oxygen due to monazite or to orthophosphate species were sig-
nificant, then a drastic decrease in the amount of exchangeable
oxygen with increasing P/Ce ratio in ceria solid would likely
not be expected. Therefore, the transient isotopic exchange re-
sults reported in Fig. 12 reflect the exchange of 30 with 100
only in CeO, and CeO;-phosphated crystals, not in CePOg4 or
orthophosphate species.
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Fig. 12. Transient gaseous response curves of 1602 (a) and 18pl6g (b)
isotopic species obtained during TPIE experiments over the different solids
(P/Ce = 0.0-0.2) according to the following gas delivery sequence: 20% O,/He
(873 K, 1 h) — He (873, 15 min) — cool down in He flow to 300 K— 3%
Oy/He (300 K, 15 min) — 3% '80,/He, T is increased to 1073 K (heating
rate = 30 K/min).
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Fig. 13. Number of equivalent monolayers of atomic oxygen species exchanged
during the TPIE experiment (Fig. 12) for the investigated solids.

Fig. 13 reports the number of equivalent monolayers of
atomic oxygen species exchanged during the TPIE experiments
(Fig. 12) for the six solids investigated. Only data from Fig. 12
at T < 873 K are displayed; note that calcination tempera-
tures above 873 K led to a rearrangement of the surface of
phosphated Ce oxides [3], making the results at those tem-
peratures no longer comparable. As Fig. 13 clearly shows, at
Tosc = 773 K the number of equivalent monolayers of O was
close to unity for the Ce sample and (as in Fig. 11) decreased
continuously for the other phosphated samples. In particular,
the number of oxygen monolayers exchanged was 1.1 in the Ce
sample, compared with 0.4 in the CeP0.1 and CeP0.2 samples.
At higher temperatures (Tosc = 873 K), several monolayers of
atomic oxygen species were exchanged with '80,(g), indicat-
ing that diffusion of O from the inner bulk of the solid to the
surface was also deteriorated by P incorporation. In particular,
at 873 K only 2.3 and 2.5 monolayers of '°0 (160, + 1°0'30)
were exchanged for the CeP0.1 and CePO0.2 solids, respectively.
These values must be compared with the 9.2 monolayers es-
timated at 873 K for pure CeO; to obtain a clearer picture of
this phenomenon. This effect is much more intense if we con-
sider the absolute value of pmol of exchanged '°0, not the
value shown in Fig. 12, which is normalized to surface area.
Therefore, the TPIE results indicate a significant suppression
of exchangeable oxygen (both surface and bulk) with increas-
ing P/Ce ratio compared with CeO,. Once CePO4 was formed,
the number of oxygen monolayers exchanged was similar re-
gardless of the amount of P incorporated in the samples. This
finding is in harmony with the OSC measurements.

4. Discussion

With respect to the effect of P/Ce ratio on the variation of
the OSR properties of phosphated ceria solids, two different
regions have been identified. In the samples with low P/Ce
ratios (<0.03), incorporation of P results in increased deteri-
oration of OSR properties. In the samples included in this P/Ce
ratio domain (CeP0.01 and CeP0.02), only isolated orthophos-
phate species interacting with Ce(IV) cations predominate. In

contrast, in samples with high P/Ce ratios, CePOy4 crystals are
formed. Once these crystals are formed, further addition of P
does not result in a proportional decay of the OSR properties.
These results indicate that CePOy4 is not the only P species
needed for the deterioration of the OSR properties of ceria. Or-
thophosphate (PO4) isolated species on the surface and within
the subsurface regions of ceria seems also to affect the OSR
properties of CeO».

The mechanism through which CePO4 can worsen the OSR
properties of ceria has been proposed elsewhere [2,5,13,14].
Basically, formation of a crust of CePO4 covering the surface
of Ce oxides acts as a main barrier for the OSR between the gas
phase and the surface/subsurface of Ce oxides. When CePOy is
formed, part of the Ce surface is blocked against Ce(IV)/Ce(III)
redox processes. The presence of a rapid Ce(IV)/Ce(IIl) redox
couple in Ce oxides is a prerequisite for good OSR properties
and correct functioning of TWC. Consequently, the presence of
a very stable Ce(IIl) in CePO4 must result in deterioration of
the OSR properties.

The presence of orthophosphate species on the surface and
within the subsurface regions of ceria also affects the OSR
properties of CeO;. In principle, two mechanisms for the dete-
rioration of OSR properties by PO4 species can be expected. In
the first of these mechanisms, the orthophosphate (PO4) species
anchored at the surface [to Ce(IV) cations] interfere in one of
the steps required for surface activation of O species. The for-
mation of coordinatively unsaturated Ce(IV) sites (CUS) on the
surface is needed for the activation of oxygen [51], and it can be
suppressed because of the poisoning effect of the anchoring of
POy species on Ce sites. According to the second mechanism,
P(V) cations can inhibit diffusion of oxygen anionic species
within the subsurface region.

If suppression of Ce(IV) CUS were involved in the deteri-
oration of the OSR properties of ceria, then variation in these
properties by varying the P loading would be expected, similar
to the trends described in Figs. 9 and 10. Despite the fact that
discontinuity in the surface concentration of Ce was observed in
the infrared absorbance of pyridine (Fig. 9) and Sggr (Fig. 10),
a smooth decline in the OSR properties with increasing P in
the low-P/Ce content samples was observed (Figs. 11 and 13).
This fact favours the second hypothesis, that inhibition of oxy-
gen anions diffusion within the subsurface region and toward
the surface is the predominant mechanism for the deterioration
of OSR properties in ceria for the low-P/Ce content samples.
In fact, the XPS and NMR results demonstrate that P in the
subsurface region increases continuously until CePOj crystals
develop.

The inhibition of oxygen diffusion within the subsurface
region of phosphated ceria solids could result from either a
reduced number of oxygen vacancies or decreased oxygen mo-
bility. It seems reasonable that oxygen vacancies cannot be
formed in Ce—O-P bonds, and thus the number of oxygen va-
cancies within the subsurface region may decrease. Moreover,
it can be suggested that incorporation of P into the CeO, lat-
tice may occur through substitution of a Ce(IV) cation with a P
(V) cation [54]. Then the charge compensation of the difference
in the valence state of Ce and P is expected to be achieved by
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the formation of excess oxygen in the framework. This in turn
should result in a reduced number of oxygen vacancies.

When surface reorganization occurs in samples with high
P/Ce ratio, resulting in the nucleation and formation of large
CePOy crystals, PO4 units are depleted from the surface and
subsurface regions and are found in the monazite crystals. Then
the OSR deterioration is restricted to the regions where CePOy4
is located, leaving the rest of the surface uncovered by the mon-
azite and free of such deterioration effect. This explains why the
formation of CePOg4 does not result in an additional decrease in
the OSR properties of phosphated ceria solids. The addition of
phosphorus seems to cause only enlargement of CePOg4 crys-
tals, but a fraction of the surface remains free of P.

5. Conclusions

When P is incorporated into CeO,, two different domains
exist depending on the P/Ce ratio. The borderline should be de-
fined by the P concentration required to saturate the surface by
POy units. It is estimated that surface saturation occurs with
5.5 P atoms/ nm?; for the present CeO; solid, this is equivalent
to a P/Ce ratio of 0.02. The experimental P/Ce ratio is slightly
lower than 0.03, however, simply because P also incorporates
into the subsurface region of ceria.

For P/Ce values <0.03, only isolated orthophosphate units
are detected on the surface and within the subsurface layers of
the phosphated Ce oxide. In contrast, at higher P/Ce ratios, only
CePOy crystals are detected. The “border” sample with a P/Ce
ratio of 0.03 exhibits isolated PO4 units and monazite crystals.

POy species on the surface and within the subsurface regions
of ceria solid are responsible for the deterioration of the OSR
properties of ceria at a low P/Ce ratio, very likely because of
the inhibition of oxygen diffusion within the subsurface region
of CeO;. The formation of CePO4 in the phosphated Ce oxide
is solely responsible for the deterioration of OSR properties of
phosphated ceria at higher P/Ce ratios. The monazite is a very
stable Ce(III) phase unable to participate in the Ce(IV)/Ce(III)
redox couple required for the optimum functioning of OSR
properties of ceria. Once monazite is formed, additional P in-
corporation does not result in proportional deterioration of OSR
properties. Larger monazite crystals are then formed, leaving a
fraction of the CeO; surface still available for oxygen exchange
with gas-phase oxygen.
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