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Abstract

The behavior of Pt during aging of Pt/Ba/CeO; and Pt/Ba/Al, O3 NOy storage-reduction catalysts (NSR) was studied using model catalysts with
high and low Pt loadings. Pt composite formation, due to the possible reaction between BaO and platinum oxides, was observed in several cases
and was elucidated by a series of analytical techniques, including X-ray diffraction (XRD), thermal analysis (TA), X-ray absorption spectroscopy
(XANES, EXAFS), and electron microscopy. During calcination of mechanical mixtures of BaCO3 and PtO,, BaPtO3 was formed at ca. 600 °C,
transforming to BaPtO; 33 above 800 °C. Investigation of Pt/Ba/CeO; and Pt/Ba/Al,O3 model catalysts with high and low Pt loadings revealed
that in the case of Pt/Ba/CeQ,, the mixed oxide BaPtO3 was formed at relatively low temperature (600700 °C) in oxidizing atmosphere. Above
800 °C, BaPtOj3 reacted further with BaCeOj3 to form a double perovskite, BayPtCeOg. In contrast, for Pt/Ba/Al, O3, only the sintering of Pt, with
no mixed Pt—Ba oxides, was found. The recovery of the catalytically active metallic Pt species could be achieved in the aged Pt/Ba/CeO, catalyst
by reduction with hydrogen at relatively low temperature. Finally, investigation of the NO, storage and reduction activity of the fresh, aged, and
reduced catalyst confirmed that this treatment is beneficial for catalyst reactivation.
© 2007 Elsevier Inc. All rights reserved.
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1. Introduction rier oxides with a high surface area, such as La;O3-stabilized
y-Al,O3 or CeO; [3-6]. The NSR performance of such cata-
lysts depends on various factors, including the dispersion of the
noble metal and the Ba constituent as well as its thermal sta-
bility, structural and textural properties. Deactivation of NSR
catalysts is caused mainly by sulfur and thermal deterioration.
Apart from the development of catalysts with higher tolerance
for SO, or SO;-derived species [7], one of the major challenges
is therefore the improvement of the thermal stability and the de-
velopment of possible reactivation procedures.

Generally, thermal deterioration induces sintering of catalyt-
ically active phases, the collapse of the pore structure of the
support, and chemical transformations of catalytically active
species, for example, during their reaction with the support.
For automotive catalysts, the reaction of the catalytic phase
Tﬂespon ding authors. with the support or other washcoat components [8,9], particle
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The introduction of lean-burn engines with direct fuel in-
jection is presently one of the most promising concepts for
decreasing fuel consumption and thereby reducing associated
CO; emissions [1,2]. However, neither the conventional oxida-
tion catalysts nor three-way catalysts are able to reduce NO;
emissions under lean conditions. The most promising strategy
for reducing NO, emissions is to use the NO, storage-reduction
(NSR) catalyst [1,3,4]. The NSR catalysts normally contain no-
ble metals (Pt, Rh) for the oxidation of NO to NO, (under
lean fuel conditions) and the reduction of stored NO, (under
rich conditions), and a storage component deposited on car-
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volatilization of active compounds [14] have been encountered.
In addition, several studies of NO, storage-reduction catalysts
have been reported; these have focused on the formation of
Ba-support composite oxides and sintering of noble metal par-
ticles [5,8,9,15]. Also important is encapsulation of the noble
metals by reducible supports and formation of rhodium alumi-
nates [16,17]. Surprisingly little attention has been given to the
possible reaction between BaO and the platinum constituent,
both of which are present in NSR catalysts. Despite its relative
chemical inertness and stability, platinum reacts at high tem-
peratures with alkali and alkaline earth metal to form mixed
oxides. The reaction between BaCO3; and PtO, or Pt black
in oxidizing environments above 800°C has been reported
[18-21]. The products of this reaction are BaPtO3 [19,21],
BaysPtOg [18], and BazPt;O7, a solid solution with general for-
mula BagPtgix 0742y [22,23]. Using diffraction and anomalous
fine-structure data, Vacinova and Hodeau [24] recently showed
that the solid solution can be generally better described by the
formula Bap(Bath?fx)Pti‘tzog p—3, where p represents oxy-
gen deficiency and x is a possible substitution of Pt>* by Ba®*.

Platinum plays a double role in a NO, storage-reduction
cycle in the oxidation of NO to NO; (initiation of the stor-
age process) and in regeneration, consisting of reduction of
the stored NO, species by H», CO, and hydrocarbons. Thus,
the loss of Pt through the reaction with BaO could signifi-
cantly affect the overall NO, storage-reduction activity. Taking
this scenario into account, in the present work we focused on
the possible reaction between Pt- and Ba-containing species in
Pt/Ba/CeO;, and Pt/Ba/Al,O3 catalysts. For this purpose, we
first investigated the processes occurring during calcination of
BaCOj3; and PtO, mechanical mixtures and Pt/Ba/CeO, and
Pt/Ba/Al,O3 model catalysts with high Pt loading, then stud-
ied the fate of Pt in model catalysts with low Pt loading, which
have a greater practical relevance. Finally, we evaluated possi-
ble strategies for the reactivation of aged Pt/Ba/CeQ; catalysts.

2. Experimental
2.1. Sample preparation

2.1.1. Preparation of model Ba—Pt oxides using the
mechanical mixture of BaCO3 and PtO>

Two series of model samples were prepared using the me-
chanical mixing of BaCOj3 (Fluka) and PtO; (Aldrich) in molar
ratios of 4:1 and 1:1. These ratios were selected to be in the sto-
ichiometric range required for the synthesis of all Ba—Pt mixed
oxides that could be formed. The samples were calcined in a
furnace (Nabertherm) in air for 12 h at 600, 700, 800, 900, and
1000 °C.

2.1.2. Aged Pt/Ba/y-Al;O3 and Pt/Ba/CeQ; catalysts

These catalysts were prepared by incipient wetness im-
pregnation of the commercial y-alumina and ceria (Umicore)
supports with aqueous solutions of dinitrodiamine platinum
(Strem Chemicals) and barium acetate (Fluka) as described
previously [8]. To monitor the reaction between Pt and the

other components in the system with different analytical meth-
ods, two types of impregnated model catalysts were prepared:
high-loaded Pt(10 g)/Ba(20 g)/support(100 g), designated 10-
Pt/Ba/support, and low-loaded Pt(1 g)/Ba(20 g)/support(100 g),
designated 1-Pt/Ba/support. Aging was done by calcination of
the raw catalysts for 12 h in air in a furnace (Nabertherm) at
600, 700, 800, 900 and 1000 °C, if not stated otherwise in the
text.

2.2. Characterization techniques

2.2.1. X-ray diffraction

X-ray diffraction measurements were carried out on a
Siemens D5000 powder X-ray diffractometer using the CuKy
radiation in the step scanning mode between 20 = 15 and 65°,
with a step size of 0.01° and 2 s per step. The pattern intensi-
ties were standardized by comparison with the inert standard,
i.e. the intensity of Cu(111) reflection at 260 = 43.178°.

2.2.2. Thermal analysis

Thermal analysis (TA and PulseTA [25]) experiments were
performed on a Netzsch STA 409 thermoanalyzer equipped
with a pulse device enabling injection of a certain amount of
one or two pure gases or gaseous mixtures into the carrier gas
stream flowing through the system. The flow rate was controlled
by mass flow controllers (Brooks model 5850E). The outlet
of the thermoanalyzer was connected by a heated (ca. 150 °C)
stainless steel capillary to a mass spectrometer (Pfeiffer Vac-
uum OmniStar). Typically, a 70-mg powdered sample was used,
and the heating ramp rate was 10 °C/min.

2.2.3. XANES and EXAFS experiments

These experiments were performed at the beamline X1 at
HASYLAB, Hamburg, Germany. The storage ring typically
operates at 4.45 GeV with an injection current of 140 mA.
A Si(111) double-crystal was used as monochromator. The
higher harmonics were removed by detuning the crystals to
60% of the maximum intensity. EXAFS data were collected
in the fluorescence and transmission mode. A five-element
Ge solid-state detector was used to measure the fluorescence
X-rays of the element of interest. Spectra were obtained around
the Pt L3-edge (11.564 keV), using Pt foil as reference for en-
ergy calibration.

Additional measurements at the Pt L3-edge were performed
at the Swiss—Norwegian beamline (SNBL) at the European
Synchrotron Radiation Facility (ESRF) in Grenoble, France.
The electron energy was 6.0 GeV, and the maximum ring cur-
rent was 200 mA. A Si(111) crystal was used as a monochroma-
tor. EXAFS data were collected in the fluorescence and trans-
mission modes at room temperature with varying temperature
and gas compositions [26].

The in situ XANES and EXAFS experiments were done at
the Swiss—Norwegian beamline (SNBL) at the European Syn-
chrotron Radiation Facility (ESRF) in Grenoble using an in situ
cell with X-ray fluorescence and transmitting windows. The
sample was placed in a 45° angle to both the beam and the
detector. The temperature in the system was increased up to
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500 °C at a rate of 5 °C/min. Experiments were carried out in
the atmosphere of 5 vol% Hj/balance He. The outlet of the
cell was connected to a mass spectrometer (Pfeiffer Vacuum
OmniStar). WINXAS 3.1 software was used for data evalua-
tion [27]. Fourier transformation of the EXAFS data was ap-
plied on the k3-weighted x (k) data.

2.2.4. Electron microscopy

The transmission electron microscopy (TEM), scanning
transmission electron microscopy (STEM) and energy-disper-
sive X-ray (EDX) investigations were performed on a Tecnai
F30 microscope. Crushed samples were suspended in ethanol
and deposited on a holey carbon foil supported on a copper grid.
TEM images were recorded with a slow-scan CCD camera. The
EDX spectrometer (EDAX) attached to the Tecnai F30 allows
investigators to perform elemental analyses at spots selected in
the HAADF-STEM images.

3. Results
3.1. Reaction between BaCOj3 and PtO>»
To investigate the reactions occurring during the calcina-

tion in the BaCO3—PtO; system, the mechanical mixtures of
BaCOj3:PtO; (molar ratios 4:1 and 1:1) were heated in the
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thermoanalyzer in an inert (He) and oxidizing atmospheres
(10% Oy/He) at a rate of 5°C/min from room temperature
to ca. 1250°C. The thermogravimetric (TG) and differential
thermogravimetric (DTG) curves recorded during heating in
10% O,/He atmosphere are depicted in Figs. la and 1c. The
decomposition of bulk BaCOs in an inert atmosphere occurred
in the range of 800-1400 °C with a maximum of the CO; evo-
lution at 1100 °C [28]. The TG and DTG curves and the mass
spectrometric signals of CO, (m/z = 44) show that onset of
the decomposition of BaCOj3 in the presence of PtO; shifted to
lower temperature (about 600 °C) due to the formation of Pt—
Ba oxides. BaCO3 disappeared faster in the system containing
more PtO, (1:1 ratio instead of 1:4 ratio of PtO, and BaCO3).
The XRD patterns of the samples obtained at selected temper-
atures (marked on the TG curve in Figs. la and 1c) indicate
a similar stoichiometry of the solid-state reactions in the 1:1
and 4:1 systems—more specifically, formation of BaPtO3 in a
first step. Note that metallic platinum also was observed above
600 °C (Figs. 1b and 1d), at a temperature at which bulk PtO;
decomposes in 10% Oy/He (as indicated by the MS signal of
0,, m/z =32, in Figs. la and Ic).

Further temperature increases led to decomposition of
BaPtOs and formation of oxygen-deficient oxides with gen-
eral formula BaPtOs_,, as reported previously [21]. At around
800 °C, the characteristic XRD patterns of BaPtO; 33 could be
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Fig. 1. TG and DTG signals of the mechanical mixtures of BaCO3:PtO; in a ratio 1:1 (a) and 4:1 (c) and the corresponding XRD patterns (b) and (d). TA was
conducted during heating in 10% O,/He with a rate of 5 °C/min (note that the evolution of oxygen due to PtO, decomposition is visible between 500 and 800 °C
despite the oxygen atmosphere); XRD patterns were recorded after TA experiments stopped at temperatures marked on the TG curve in (a) and (c).
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Fig. 2. XRD patterns of the mechanical mixtures of BaCO3:PtO; in aratio of 1:1 (a) and 4:1 (b) calcined at different temperatures for 12 h. The samples synthesized

at 600 °C were calcined for one week.
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identified. Above 1120 °C, this mixed oxide lost more oxygen,
giving phases with unknown stoichiometric composition. These
conditions are beyond those encountered during the application
of NO, storage-reduction catalysts, however.

The formation of Ba—Pt mixed oxides was not detected by
XRD measurements if the calcination of BaCO3-PtO; mix-
tures was done in an inert atmosphere. In this atmosphere, PtO»
already starts to decompose at about 475 °C, too low for the
formation of Ba—Pt oxides.

To achieve a more complete understanding of the formation
of Ba—Pt mixed-oxide phases as a function of temperature and
of the Ba:Pt ratio, the two mechanical mixtures were calcined
in air at selected temperatures between 600 and 1000 °C. The
corresponding XRD patterns are depicted in Figs. 2a and 2b.
In both cases, the first phase, observed already at 600 °C af-
ter 1 week of calcination, was BaPtOs3. At this temperature,
the characteristic patterns of metallic Pt were also present. At
800 °C, both BaPtO3 and BaPtO, 33 were observed. At 900 °C,
the 1:1 system contained both oxides, whereas in the 4:1 sys-
tem, only BaPtO; 33 was present, and all metallic Pt had been
consumed. The formation of a new, unknown Ba—Pt oxide was
detected at 1000 °C in the Ba-rich system, and the presence of
BaPtO; 33 and metallic Pt were detected in the 1:1 system.

3.2. The reaction between Pt and the other components in
Pt/Ba/CeO; and Pt/Ba/Al, O3 catalysts

The formation of Ba—Pt oxides in NO, storage catalysts
can lead to a loss of the noble metal activity, which in turn
may affect various important steps, such as hydrogen activa-
tion, NO oxidation, and the cracking of hydrocarbons. Con-
sequently, this potential reaction of platinum was investigated
in Pt/Ba/CeO; and Pt/Ba/Al,O3 samples using different ana-
lytical methods. XRD, thermal analysis, and mass spectrome-
try were applied for the high-loading samples (10-Pt/Ba/CeO,
and 10-Pt/Ba/Al;03), and X-ray absorption spectroscopy and
electron microscopy were used for the low-loading samples
(1-Pt/Ba/CeO; and 1-Pt/Ba/Al,03).

3.2.1. High-loading sample 10-Pt/Ba/CeQ>

The sample was at first calcined in the thermoanalyzer un-
der oxidizing atmosphere in 10% O»/He with 10 °C/min up to
1300 °C. The TG and DTG curves, together with the MS sig-
nals of Oy and CO; recorded during calcination, are shown in
Fig. 3a. Whereas for this high-loaded sample, CO; evolution
originating from BaCO3 decomposition was already observed
at 450 °C (Fig. 3a), in the corresponding Pt-free Ba/CeO, sam-
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ple, BaCO3 began to decompose at about 750 °C (not shown).
The peak centered at 676 °C corresponded to the reaction of
amorphous BaCOs with PtO; and formation of BaPtO3. This
transformation was confirmed by the XRD measurements of
the sample calcined in 10% O»/He in the thermoanalyzer up
to 720°C (Fig. 4). A second region of CO, evolution started
above 770 °C when the Ba—Pt—Ce mixed oxide was formed and
characteristic XRD reflections of Ba,CePtOg were present in
XRD patterns of the sample calcined up to 1025 °C (Fig. 4).

The formation of Ba;CePtOg was also reported by Ouchetto
et al. [29] during synthesis of bariumcuprocerates in Pt cru-
cibles. According to Ouchetto, Ba;CePtOg is formed in the re-
action between synthesized BaCeOj3 and Pt and O; from air. In
our study, we noted a different pathway of BayCePtO¢ forma-
tion. The XRD patterns shown in Fig. 4 reveal the consecutive
steps of this process. Around 670 °C, PtO; partly reacted with
BaO to form BaPtO3 (with the rest decomposed to Pt and O»).
Further temperature increases led to the formation of BaCeO3
due to the reaction between CeO; and BaO and/or BaCOs3. Im-
mediately after synthesis, the freshly formed BaCeO3 reacted
with BaPtO3 to Ba;CePtOg. This scenario also may explain
the absence of the XRD patterns characteristic for BaCeO3
that we observed previously at 800—1000 °C [8]. At 1050°C
BayCePtOg started to decompose to BaCeO3 and Pt (Figs. 3
and 4).
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Fig. 4. XRD patterns of the 10-Pt/Ba/CeO, sample after TA analysis stopped at
temperatures marked on the TG curve in Fig. 3a.
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To complete the investigation into the course of the solid-
state reactions occurring in the system, the 10-Pt/Ba/CeO; sam-
ple was calcined in air at different temperatures between 700
and 1000 °C. The XRD patterns obtained after calcination are
depicted in Fig. 5a. The formation of BaPtO3 was observed at
700 °C. BaCeO3 formed at 800 °C [8] reacted with BaPtOs3,
giving Ba;CePtOg. Traces of BaPtO3 remained visible in the
XRD patterns even at 1000 °C.

3.2.2. High-loading sample 10-Pt/Ba/Al,03

The TG, DTG, and MS signals recorded during calcina-
tion of 10-Pt/Ba/Al;O3 in 10% O, are depicted in Fig. 3b.
The evolution of CO, (mass spectrometric signal m/z = 44)
indicates that the decomposition of BaCO3 started at 300 °C.
This low-temperature decomposition of BaCOj3 is due to the
high dispersion of BaCO3 on Al,O3 [30]. Compared with the
CeO;-supported sample, the presence of Pt had no significant
influence on the decomposition of Al,O3z-supported BaCOs.
The XRD measurements performed with 10-Pt/Ba/Al,O3 after
calcination in 10% O»/He up to certain temperatures (marked
on the TG curve in Fig. 3b) revealed only sintering of Pt and
formation of BaAl,O4 at higher temperature. The results of ad-
ditional XRD investigations of the sample calcined at different
temperatures between 700 and 1000 °C are shown in Fig. 5b.
In contrast to the BaCO3—PtO, mechanical mixtures, and the
10-Pt/Ba/CeO; catalyst, the formation of Ba—Pt oxides was not
observed in this system.

This surprisingly different behavior could be caused by an
intimate contact resulting in a strong interaction between Ba-
containing species and Al;O3 in this catalyst. In fact, it has
been reported that Ba compounds can stabilize the surface area
and suppress phase transformation of y-Al,O3 by formation
of -Ba—O-Al- surface bonds [31-33]. Our previous studies
showed that the surface area of a Pt(0.84 wt%)/Ba(16.7%)/
AlO3 model catalyst decreased from 128 m?/g (after prepa-
ration) to 89 m?/g after calcination at 1100°C for 10 h. In
contrast, for the Pt(0.84 wt%)/Ba(16.7%)/CeO, catalyst, we ob-
served a much stronger surface area decrease after calcination
at 1000 °C for 10 h [8]. The significant sintering of Pt observed
on the alumina supported catalyst is in very good agreement
with results of previous studies [34,35].

7004 b . o Pt
1 A BaAl,0,
600 -
500

400

300

Intensity / Cps

200

100 4

0+

20/°

Fig. 5. XRD patterns recorded for 10-Pt/Ba/CeO; (a) and 10-Pt/Ba/Al, O3 (b) calcined for 12 h at different temperatures.
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3.2.3. Low-loading samples 1-Pt/Ba/CeQO> and 1-Pt/Ba/Al,O3

The significantly lower amount of Pt in commercial cata-
lysts makes it impossible to apply the same characterization
techniques, such as XRD or TA. Instead, XANES/EXAFS spec-
troscopy was used to study the local structure of Pt in the lower-
loaded samples. The spectra were obtained in situ around the
Pt L3-edge (11.564 keV) in fluorescence mode. Fig. 6 shows
the normalized XANES spectra recorded for 1-Pt/Ba/CeO; and
1-Pt/Ba/Al, O3 after calcination at 1000 °C for 12 h, in compar-
ison with the spectrum of metallic Pt. The absorption intensity
of the white line in the case of Pt L3-edge reflects the vacancy in
the 5d orbital of Pt atom (electron transition from 2p to 5d) and
thus is related to the oxidation state. The strong white line in-
tensity for the Pt/Ba/CeO; sample reveals a high oxidation state
for the platinum constituent (Pt4+), whereas for Pt/Ba/Al,O3,
the intensity was the same as that of Pt foil, indicating that Pt
was present mainly in a reduced state. For the ceria-supported
samples, the EXAFS region was investigated to obtain informa-
tion on the nearest neighbor atoms. The k>-weighted Fourier-
transformed EXAFS data (2.2-13.5 A) of the 1-Pt/Ba/CeO,
sample after calcinations in air at different temperatures be-
tween 600 and 1100 °C for 12 h are depicted in Fig. 7a. For
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comparison, EXAFS measurements (transmission mode) also
were performed for the aged model systems: 10-Pt/Ba/CeO»
samples and the mechanical mixtures of BaCO3 and PtO;. The
corresponding Fourier-transformed EXAFS spectra of some se-
lected samples are depicted in Fig. 7b, showing mainly a con-
tribution at 1.7 A (not corrected for phase shift) due to oxygen
backscattering in the oxidized Pt—O clusters.

To interpret the further backscattering peaks, theoretical
spectra were calculated with the FEFF 6.0 code [36] using
atomic coordinates of the BaPtO3; [21,37] and Ba;CePtOgq
[29] perovskite structures (generated with the ATOMS soft-
ware tool). BaPtO3 has a hexagonal multilayered perovskite
structure, with Pt and Ba surrounded by 6 and 12 oxygen
ions, respectively. The double-perovskite crystal structure of
Ba,CePtOg, determined by Ouchetto et al. [29] from XRD mea-
surements, contains octahedrally coordinated Ce and Pt over an
ReO3-type framework with Ba positioned in all cubic cavities.

For both supported systems (low- and high-Pt loaded), apart
from the oxygen neighbor, the presence of a small amount of
metallic platinum (Pt-Pt bond at 2.75 A; see the reference spec-
trum in Fig. 7b) was observed between 600 and 900 °C. This
probably resulted from decomposition of those PtO; particles
that were not in contact with Ba species on CeO, surface after
catalyst preparation. The rest of platinum remained in oxidized
state also at 1000 °C. In the Fourier-transformed EXAFS spec-
trum of the 10-Pt/Ba/CeO, model catalyst after calcination at
700°C, the peaks at 1.7 and 2.6 A also can be assigned to the
Pt—O and Pt—Pt bonds, respectively.

In both high- and low-loaded catalysts, calcined above
800 °C, further peaks were found at 3.6 and 4.2 A, which can
be attributed to the Ba and Ce atoms in the perovskite lattice of
the BapCePtOg in rather linear coordination within Pt—-O—Ce.
This contribution increased at 1000 °C, which is in line with
the XRD results on the high-loaded model catalyst. A simi-
larly strong contribution in Fourier-transformed EXAFS spectra
was observed previously on formation of the BaCeOs-perovski-
te [8].

Formation of the mixed oxides during aging of the 1-Pt/
Ba/CeO; model catalyst also was confirmed by high-angle an-
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Fig. 7. Fourier-transformed EXAFS spectra 3 -weighted) at the Pt L3-edge of 1-Pt/Ba/CeO; (a) and of 10-Pt/Ba/CeO, (b) recorded in fluorescence and transmission
mode, respectively, for the fresh and aged samples (calcinations in air at selected temperatures for 12 h); for comparison, the FT-EXAFS spectra of a Pt foil, PtO;
and of the mechanical mixture of BaCO3-PtO, (4:1) after calcination in air for 12 at 900 °C (denoted MM) are presented in (b).
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nular dark field STEM (HAADF-STEM) combined with spot
energy-dispersive X-ray spectroscopy analysis (EDXS). The in-
vestigations were performed with 1-Pt/Ba/CeO; calcined at 700
and 1000 °C, which should contain BaPtO3 and Ba,CePtOg,
respectively. The sample with high Pt loading calcined at the
same temperatures for 12 h was used for comparison. EDX
analysis of the low- and high-loaded Pt/Ba/CeO, samples re-
vealed the presence of Ba and Pt species at the same loca-
tions corresponding to the presence of BaPtO3 and BayCePtOg
(Figs. 8 and 9a), whereas for the 1-Pt/Ba/Al,O3 catalyst, the
electron microscopy data collected after calcination in air re-
vealed significant sintering only of Pt particles (Fig. 9b).

Pt Pt Cu

z Ce [
Cu

Pt Cu
Pt ll '

2 4 6 8 10 2 4 6 8 10
Energy (keV) Energy (keV)

Ba |Ce

Fig. 8. STEM images of 10-Pt/Ba/CeO, calcined for 12 h at 700 and 1000 °C.
The EDX spectra obtained from the outlined areas are shown below.

2 4 6 8 10 2 4
Energy (keV)

Energy (keV)

3.3. Stability of BaPtO3 and BayCePtOg in Hy atmosphere

The reduction of the Ba—Pt mixed oxides prepared by cal-
cination of mechanical mixtures of BaCO3 and PtO, was in-
vestigated by temperature-programmed reduction (TPR) with
10°C/min up to 500 °C under 10% Hjy/He. BaPtOs and all
BaPtO3_, were found to be unstable in the presence of Hj at
low temperature. BaPtO3; formed in the mechanical mixture of
BaCO3 and PtO; (1:1 molar ratio) after calcination at 700 °C
for 12 h began to reduce at ca. 105 °C. The XRD data revealed
the formation of Pt and Ba(OH), due to the reaction of freshly
formed BaO with H>O from the ambient atmosphere (data not
shown). This observation is in line with the findings of Gal-
lagher et al. [21] on the reduction of BaPtO3 in pure H».

TPR measurements also were used to study the stability
in hydrogen of BaPtO3; and Ba;CePtOg supported on CeO;.
The reduction was carried out with two samples containing
BaPtO3 (10-Pt/Ba/CeQ; calcined at 700 °C) and BayCePtOg
(10-Pt/Ba/CeO; calcined at 1000 °C). The TG and DTG curves
recorded during heating in 10% H; are depicted in Fig. 10a.
The reduction of both perovskites occurred at 130-210 °C. The
products of the reduction of BaPtO3 were Pt and BaO (which
in turn react further with HoO or CO, from the ambient at-
mosphere), whereas Ba;CePtOg was reduced to Pt, BaO, and
BaCeOs.

Complete recovery of the NO, storage active components of
thermally aged Pt/Ba/CeO; can be achieved using the reaction
of BaCeO3 with HyO/NO; or CO» [8]. Fig. 10b shows the XRD
patterns of 10-Pt/Ba/CeQ; after calcination in air at 1000 °C for
12 h, followed by reduction in 10% Hj during heating up to
300 °C and finally, after the decomposition of BaCeOs (formed
during the reduction step) by reaction with CO, (heating up to

6 8 10

Fig. 9. STEM images of 1-Pt/Ba/CeO, calcined for 12 h at 700 and 1000 °C with the EDX spectra obtained from the outlined depicted below (a); STEM images of

1-Pt/Ba/Al, O3 fresh and calcined in air for 12 h at 700 and 1000 °C (b).
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Fig. 10. TG and DTG curves (a) recorded during reduction of 10-Pt/Ba/CeO, after calcination at 700 °C (12 h, mainly containing BaPtO3) and calcination at
1000 °C (12 h, mainly BayCePtOg and XRD patterns (b) of the same sample aged at 1000 °C, after reduction in 10% Hy/He and after decomposition of BaCeO3 in

15% CO,/He.
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Fig. 11. Normalized XAS spectra collected at the Pt L3-edge of the aged
1-Pt/Ba/CeO; catalyst (in air, 1000 °C, 12 h) during reduction in 5% H,/He.

900 °C in 15% CO,/He). The sample obtained after both treat-
ments contained only BaCO3 and metallic Pt (the active NO,
storage and reduction components).

The reduction of BayCePtOg in H-containing atmosphere
also was investigated for the 1-Pt/Ba/CeO; sample after aging
in air at 1000 °C for 12 h. In this case, in situ Pt L3 XANES
measurements were performed during heating at 5 °C/min in
5% Hy/He. Fig. 11 shows the XANES region recorded at dif-
ferent temperatures during reduction. The decrease in the white
line corresponds to the reduction of Pt** to Pt%. The formation
of the metallic Pt occurs between 250 and 350 °C.

3.4. The effect of BaPtO3 formation on NO, storage-reduction
activity of Pt/Ba/CeQ>

NO, storage-reduction activity of the catalysts was inves-
tigated at 300 °C by the PulseTA method [25] for the fresh
1-Pt/Ba/CeO3, the corresponding sample calcined at 700 °C for
12 h, and the calcined sample after reduction (four 1-mL pulses
of Hy at 400°C). Before each experiment, the sample was

C

3H6
1% i
fresh
H

t e
36 aged, 12h 700°C

NO
-

CiH s
reduced 400°C

Time / a.u.

Mass change /%

Fig. 12. Mass changes indicating NO, storage (NO, Oy pulses) and reduction
(C3Hg pulses) activity for the fresh, aged (700 °C in air, 12 h) and reactivated
(Hy pulses at 400 °C) 1-Pt/Ba/CeO, catalyst

heated up to 500 °C in He to remove all physisorbed species.
Alternating 1-mL NO and 1-mL O pulses (2 pulses of NO and
3 pulses of oxygen) where injected into the He carrier gas every
15 min to simulate the NO, -trapping process. Catalyst regener-
ation was done with 1-mL pulses of C3Hg (single pulse). The
TG curves recorded during these NSR experiments are shown
in Fig. 12. The mass changes observed during storage repre-
sent the sum of two effects: Ba(NO3); formation and BaCOs3
decomposition during NO/O; pulses. The mass loss occurring
during reduction with propene represents the opposite reac-
tions. These findings demonstrate similar storage capacity for
all compared samples. The storage activity observed for even
the BaPtO3-containing sample (the 1-Pt/Ba/CeO, sample cal-
cined for 12 h at 700 °C), in which Pt was in an oxidized state,
can be explained by the high temporary concentration of NO
(ca. 10,000 ppm immediately after injection), which shifts the
equilibrium of NO oxidation toward NO, formation. This ex-
plains why in the absence of Pt particles, the catalyst has still
high activity in NO, storage; the very small amount of metal-
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lic Pt uncovered in the Fourier-transformed EXAFS spectra of
the aged catalyst would not cause the same NO, storage ca-
pacity as observed in the fresh catalyst. On the other hand,
during catalyst regeneration, in which the presence of Pt par-
ticles is required for C3Hg cracking, the effect of thermal ag-
ing can be distinctly observed. In the aged material, Pt was
present mainly as BaPtOs3, which is significantly less active
in the regeneration process. The reduction of BaPtO3 by hy-
drogen pulses at 400°C led to the formation of metallic P,
which is active for CsHg cracking, and thus to the recovery
of the NO, reduction activity (Fig. 12). The obvious improve-
ment in the overall NO, storage-reduction behavior by forma-
tion of the Pt-Ba composites at 700 °C and their subsequent
reduction is interesting and presently under further investiga-
tion.

4. Discussion

The present study has given new insight into the fate of
Pt during thermal aging of a NO, storage catalyst. Systematic
studies of possible Pt composite formation under oxidizing at-
mosphere were performed using a series of different systems:
mechanical mixtures of BaCO3—-PtO», high-loaded Pt/Ba/CeO»
and Pt/Ba/Al,O3 model catalysts, and low-loaded Pt NSR cat-
alysts. Investigation of high-loaded Pt samples allows compari-
son with the literature data and the use of a broader spectrum of
analytical techniques. In contrast, the study of low-loaded sam-
ples, even if performed under idealized conditions, may give an
indication for interpretation of the phenomena occurring in the
commonly used catalytic systems.

In a mechanical mixture of BaCO3 and PtO,, the forma-
tion of BaPtO3 as a first Ba—Pt mixed oxide was observed
at relatively low temperature (600 °C); see Figs. 2a and 2b.
These findings demonstrate that the molar ratio between the
two components does not influence the reaction stoichiom-
etry. At higher temperatures, the formation of BaPtO 33 by
decomposition of BaPtOs was observed. Mixed Ba—Pt ox-
ides with higher Ba content, reported in literature [18,22,
23], were not observed during this study, probably due to
the different conditions. The formation of BaPtO3 at 600—
700 °C in the high-loaded 10-Pt/Ba/CeO; sample was observed
by XRD, XAS, and electron microscopy. Above 800 °C, Ba-
containing phases also reacted with CeO; to BaCeO3 [8]. Some
of the BaCeO3 immediately reacted further with BaPtO3 and
formed Ba;CePtOg (Fig. 5a), which decomposed at 1050 °C
into BaCeO3 and Pt. The formation of BaPtO3; and Ba;CePtOg
perovskites in the low-loaded Pt/Ba/CeO; sample was also indi-
cated by XAS and electron microscopy measurements. Analy-
sis of the Fourier-transformed EXAFS spectra revealed the for-
mation of crystalline Pt-composite phases above 800°C. In
contrast to the high-loaded Pt sample, in the 1-Pt/Ba/CeO,
material, BayCePtOg was stable even at 1100 °C; the Fourier-
transformed EXAFS spectrum of 1-Pt/Ba/CeQO, after calcina-
tions at 1100 °C revealed an oxidized state for Pt.

For the Pt/Ba/Al;O3 systems, no mixed Pt—-Ba oxides were
found as in the mechanical mixtures of BaCO3; and PtO,. In-
stead, the behavior of Pt corresponded closely to the results of

previous studies on sintering of Pt particles in an oxidizing at-
mosphere on Al,O3 with or without Ba in the system [10,11,
38,39].

At first glance, the absence of BaPtO3 formation in Al,O3-
supported catalysts is surprising, considering the behavior of
BaCOs3 toward PtO; in a mechanical mixture. A closer exami-
nation of both alumina- and ceria-containing systems suggests
some possible explanations, however. The good dispersion of
Pt on the CeO; support and the decoration of the noble metal
particles with CeO; may be caused by the well-known strong
metal-support interaction (SMSI) typically observed under re-
ducing conditions [40—42]. In fact, more recent studies have
revealed the formation of strong Pt—CeQO, interactions also un-
der oxidizing conditions [43,44], which keep Pt particles highly
dispersed even at high temperatures (up to 800 °C). Thus, due
to higher dispersion, PtO, may react more readily with Ba-
containing phases. In contrast, on Al,O3, due to the absence of
a strong interaction with the support, the formation and the sin-
tering of metallic Pt occur faster and at lower temperatures [44].

Moreover, the interaction of Ba-containing species with the
Al>O3 and CeO; supports differs, which may play an impor-
tant role. For alumina, it is known that Ba compounds can act
as dopants to suppress the y- to «-Al,O3 phase transition and
prevent a decrease in surface area and the sintering of noble
metal species [33,35,45,46]. The higher affinity of BaO toward
Al>O3 in comparison with Pt leads to the possible formation of
—Ba—-O-Al- surface bonds and, at higher temperatures, to for-
mation of crystalline BaAl,O4 and BaAl;20;9. Formation of
these phases seems to be the cause of Al,Oj3 stabilization. Such
intimate contact between BaO and Al,O3 and the formation of
monolayer of Ba-containing phases also has been suggested for
Pt/Ba/Al,O3 NO, storage-reduction catalysts [28]; this indi-
cates that the strong interaction of Ba species with the Al,O3
surface hampers the formation of Ba—Pt mixed oxides.

In contrast to Al,O3, due to the higher basicity of CeO, [47],
the interaction of BaO with the support is weaker in Pt/
Ba/CeO;. Thus the BaO, already present in the system or re-
sulting from BaCO3 decomposition can react with the Pt con-
stituent and, at higher temperature, with CeO, as well.

The sintering of Pt and the formation Pt composites may
have a detrimental effect on the NO, storage-reduction prop-
erties of both Pt/Ba/Al,O3 and Pt/Ba/CeO; catalysts; therefore,
their reactivation is an important aspect. For the Pt/Ba/Al,O3
catalyst, sintering of Pt particles caused by long exposure to
high temperatures (above 750°) in oxidizing or reducing envi-
ronments has been reported to negatively affect both the storage
and reduction properties [10,48,49]. Thus, redispersion of Pt
particles is important; however, strategies for this, such as oxy-
chlorination [48] or reoxidation of Pt metallic particles between
500 and 600 °C [50], are still not ideal and are difficult to apply
in practice.

In contrast, in the aged Pt/Ba/CeQO; catalyst, the formation
of BaPtO3 and Ba;CePtOg mixed oxides was observed instead
of Pt sintering. Although this keeps the Pt in a finely distributed
state, it nevertheless leads to a loss of the NSR activity. Interest-
ingly, we observed that the activity of the Pt can be recovered
by the reduction of the aged catalyst with H, at relatively low
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temperature. This reduction was observed by TA and XRD for
the high-loading Pt samples (Figs. 10a and 10b) and by in situ
EXAFS for the low-loading 1-Pt/Ba/CeO; catalyst (Fig. 11).
The reduction products, obtained in 10% H» at ca. 160 °C, were
Pt and BaO or Pt and BaCeO3, depending on the previous aging
temperature.

The beneficial effect of the reducing treatment was con-
firmed by monitoring the NO, storage-reduction activity of an
aged 1-Pt/Ba/CeO; catalyst (12 h at 700 °C in air). In this cat-
alyst, all platinum was present in the form of BaPtO3. NO,
storage-reduction experiments performed for the fresh, aged,
and reactivated catalysts demonstrated a loss of NSR activity
after aging and recovery of activity after catalyst reactivation
by reduction in hydrogen (Fig. 12).

Exposure of Pt/Ba/CeO; catalysts to temperatures above
800°C led to the formation of two composites, Ba,CePtOg
and BaCeOs3. Fortunately, the BayCePtOg double perovskite
also can be reduced by Hj. Thus, highly dispersed metallic Pt
particles can be obtained by reduction of the aged catalyst at rel-
atively low temperature. BaCeQOs3, the second product obtained
by aging or reduction of BayCePtOg, also can be decomposed
even under certain engine operating conditions, as we have
demonstrated in a previous study [51]. Thus, all components
present in fresh Pt/Ba/CeO; catalysts can be restored after ag-
ing by different treatments. However, the possibility that part of
the active components may be encapsulated in the CeO, lattice
cannot be excluded.

The results demonstrate that platinum behaves differently
during the aging of ceria- or alumina-supported catalysts and
that different reactivation procedures are required. In this re-
gard, selecting the support for the NO, storage-reduction cata-
lysts must take into account not only surface area and platinum
and barium dispersion, but also the new findings concerning
BaPtO3 and Ba;CePtOg formation and possible reactivation of
the aged cerium oxide-supported catalysts. Further studies are
underway on the roles of the reaction and interaction of Pt with
Ba species and ceria, as well as their effect during preparation.

5. Conclusion

The present study demonstrates that Pt behaves significantly
differently in the thermal aging of Pt/Ba/CeO, and Pt/Ba/Al,O3
catalysts. On CeO;-supported catalysts, the behavior of Pt re-
sembles that in a mechanical mixture of BaCO3 and PtO,, with
BaPtO3 formed at relatively low temperature (600-700 °C).
Above 800 °C, BaPtO3 reacts further with BaCeOj3 (resulting
from the reaction between Ba-containing species and CeQO») to
form a double perovskite Ba;CePtOg. Both perovskites, which
keep the Pt well dispersed, can be reduced with Hj at rela-
tively low temperatures, thus restoring the catalytically active
Pt species. Investigation of the NO, storage and reduction ac-
tivity of the fresh, aged, and reduced ceria-supported catalyst
confirmed the recovery of the activity and the efficiency of
the reduction treatment. In contrast, sintering only of Pt par-
ticles and no Pt-Ba oxides could be observed in both high-
and low-loaded Pt/Ba/Al;O3 catalysts. Thus, during aging, not
only barium—ceria and barium—alumina composite formation,

but also the fate of platinum differs significantly. This demands
different reactivation procedures for the two catalyst systems
and has considerable implications for the choice of the proper
support material for a particular application.
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