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Abstract

The formation and stability of BaAl,O, and BaCeOs in Pt-Ba/Al,0; and Pt-Ba/CeO,
based NOy storage-reduction (NSR) catalyst has been investigated using Kkinetic
measurements, X-ray diffraction, thermal analysis and X-ray absorption spectroscopy. In
as-prepared state, the Ba-component in the NSR catalysts was made up of amorphous
BaO and BaCOs. The formation of BaAl,O, started above 850°C, whereas the formation
of BaCeO3; was aready observed at 800°C and was faster than that of BaAl,O,. The
stability of BaAl,O, and BaCeOs; in various liquid and gaseous atmospheres was
different. BaAl, O, was rapidly hydrated at room temperature in the presence of water and
transformed to Ba(NOs), and y-alumina in the presence of HNOj3, whereas BaCeO3; was
decomposed to much lower extent under these conditions. Interestingly, BaCeO3; was
transformed to Ba(NO3),/CeO; in the presence of NO,/H,O at 300 — 500 °C. Also the
presence of CO, led to decomposition of barium cerate, which has important
consequences for the catalyst ageing under NOy-storage conditions and can be exploited

for regeneration of thermally aged NSR-catalysts.

Keywords: NOy storage-reduction catalyst; Pt-Ba/Al,O3; Pt-Ba/CeOy,; barium aluminate;
barium cerate; thermal stability; ageing; X-ray diffraction; thermal anaysis, X-ray

absorption spectroscopy; regeneration.



1. Introduction

The introduction of lean-burn engines with direct fuel injection is presently one of the
most promising engine concepts to decrease fuel consumption [1-3]. The lean-burn
engines, which operate at air-fuel ratios higher than 25:1, thus contribute to the
conservation of fossil fuel reserves and thereby reduce the associated CO, emission. In
Europe, the automotive industry is not only committed to reduce the average CO,
emission level but also to clean up the exhaust gases at the same time. Following EU
proposals further CO, emission reduction to 120 g/lkm shall be realized by 2012 [4].
However, neither the diesel exhaust catalyst nor the conventional three-way catalyst are
able to reduce NOy-emissions under lean conditions. Among the different strategies to
reduce NOy-emissions, the NOy storage-reduction (NSR) catalyst system is well-
established because of its high lean DeNOy activity combined with a suitable durability
and three-way catalyst activity [2, 5, 6].

NSR catalysts consist of precious metals (Pt, Rh) for the oxidation of NO to NO,
(under lean fuel conditions) and reduction of NOy (under rich conditions), and of a
storage component deposited on carrier oxides with a high surface area, such as La,Os-
stabilized y-Al,03 or CeO, [5-10]. Typical NOy storage compounds are alkali metal
oxides or akaline-earth metal oxides like potassium oxide or barium oxide.

The NOy storage and reduction performance of such catalysts depends on various
factors, including the dispersion of the noble metal and the Ba constituent as well as
thermal stability, structural and textural properties. Deactivation of NSR catalysts is
mainly caused by sulfur and therma deterioration. Apart from the development of
catalysts with higher tolerance of SO, or SO,-derived species [11, 12], one of the major
challenges is therefore the improvement of the thermal stability of NSR catalysts under
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operating conditions. Thermal deterioration occurs both due to the particle growth of the
precious metals and due to the formation of mixed oxides such as aluminates, cerates, and
zirconates by the reaction of NOy storage material with the support or compounds in the
wash-coat [8, 13-16].

Considerable effort has been made to elucidate elementary steps of the reaction
mechanisms of storage and regeneration and the deterioration of the catalytic activity in
the presence of sulfur containing gasses. In contrast, relatively little attention has been
given to studies on the reaction of the storage material with the support during ageing and
the stability of the formed phasesin the presence of NOy, CO,, and H,O containing gases.
Generally, the formation of barium aluminates and barium cerates is believed to have a
negative influence on the NOy storage catalysts activity [8, 13, 14, 16]. However, in some
articlesagood potentia of Pt/BaAl,O, for NO, trapping has been reported [17, 18].

Here, we report a study on the formation and stability of barium aluminate and
barium cerate in Pt-Ba/Al,O3; and Pt-Ba/CeO,, respectively. The stability of these mixed
oxide phases when exposed to different exhaust gas components, including H,O, NO,

and CO,, has been studied systematically.

2. Experimental part

2.1. Sample preparation

The Pt-Baly-Al,O3 and Pt-Ba/lCeO, samples were prepared using the following
procedure. First, y-alumina and ceria supports (Umicore) were calcined at 700°C for 5h.
The surface area after calcination was 190 m%g for y-Al,O5 and 95 m?g for CeO,. Then
platinum and barium were added in several steps to the supports by incipient wetness
impregnation with agqueous solutions of dinitrodiamine platinum (Strem Chemicals) and

barium acetate (Fluka). After each step the powders were dried overnight at 80°C and
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then calcined at 500°C for 5h. The loadings of the noble metal and Ba were 1 and 17
wit%, respectively

To investigate the formation of BaAl,0O, and BaCeOs, Pt-Baly-Al,O3 and Pt-Ba/CeO,
were calcined in a furnace (Nabertherm) in air at 800, 850, 900, 950 and 1000°C for
different time periods between 2 to 10 h. The furnace was heated up in advance to the
required temperature.

Additionally, another sample was prepared containing Pt supported on bulk BaAl,O,.
by coprecipitation [19]. The corresponding amount of AlI(NOs3)39H,O (ABCR) was
dissolved in distilled water and the pH of the solution was adjusted to pH=1 with diluted
HNO:;. Findly, the resulting solution was added under vigorous stirring to a 60°C heated
(NH4)2.CO3 (ACROS) solution in large excess. The slurry was then aged for about 3h at
60°C and filtered off. After drying overnight, the solid material was calcined in air at
1000°C for 2h to form the BaAl,O4. This support was impregnated with a H,PtCle: 6H,0O
(ABCR) solution, then dried and calcined in air at 500°C for 2h, the sample was denoted

as” Pt/BaA|204" .

2.2. Reaction of BaAl,04 and BaCeO3 with NO,, H,O, and CO;
In order to test the reactivity of the formed mixed oxides towards NO, and H,0, the
samples with the highest content of barium aluminate and barium cerate (calcined for 10h
at 1100°C and 1000°C, respectively) were exposed for different time periods to a flow of
He saturated with water vapor (at room temperature) and 1 % NO, in synthetic air (1:1
mixture). The reaction temperature was varied between room temperature and 500°C.

The experiments were performed in a continuous-flow fixed-bed reactor. The reactor
was filled with about 90 mg sample (pressed, ground and finally sieved). The sample was
heated for 30 min to the selected temperature in a continuous flow of He. During reaction
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the carrier gas (He) was first saturated with water at room temperature (~ 3 % H,0) and
then mixed with 1 % NO, in synthetic air. To avoid water condensation all pipes were
heated. The flow rate was controlled by mass flow controllers (Brooks). The tota flow
was 50 ml/min: 25 ml/min water saturated He and 25 ml/min 1 % NO, in synthetic air.
After a certain reaction time the sample was cooled to room temperature in He and
analyzed.

The decomposition of BaAl,O4 and BaCeO3; in CO, was studied by thermal analysis.
The samples (ca. 70 mg) were heated with arate of 10 K/min to 1300°C and cooled down

with arateof 5 K/minin 20, 15, 12.5 and 10 % CO, in He.

2.3. Characterization techniques

X-ray diffraction measurements were carried out on a Siemens D5000 powder X-ray
diffractometer using the Cu K, radiation in the step scanning mode between 20 = 15 and
65°, with a step size of 0.01° and 2 s per step. For the quantification of the amount of
barium auminate and cerate in the samples the integral intensities (peak areas) of the
reflections at 20 = 28.3° (BaAl,0O4) and 20 = 40.9 and 41.1° (BaCeO3) were compared
with intensities of the reference samples containing only pure phases. The intensities
were standardized by comparison with the inert standard i.e. the intensity of Cu (111)
reflection at 20 = 43.17°.

Thermal Analysis (TA, PulseTA [20]) experiments were performed on a Netzsch
STA 409 thermoanalyser 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 based on a thermal mass flow sensing technique). The thermoanayser was



connected by a heated (ca. 200°C) stainless steel capillary to a Balzers quadrupole mass
spectrometer QMG 420.

The BET surface area and pore size distribution were determined by N, adsorption-
desorption using a Micromeritics ASAP 2010 instrument. Before measurement the
samples were degassed in vacuum at 150° C.

EXAFS experiments were performed at the beamline X1 at HASYLAB in Hamburg,
Germany. The storage ring typically operates at 4.45 GeV with aring current between 80
and 120 mA. A Si(311) double-crystal was used as monochromator. The higher
harmonics were removed by detuning of the crystals to 70% of the maximum intensity.
EXAFS data were collected in the transmission mode at room temperature. Spectra were
taken around the Ba K-edge (37.441 keV), using a BaSO, pellet as reference for energy
caibration. For data evauation the WINXAS 3.1 software was used [21]. Fourier

transformation of the EXAFS data was applied on the k®-weighted (k) data.

3.  Results

3.1. BaAl;O, and BaCeO; formation

In the Ba-Al-O system, several Ba-Al oxides like BaO-Al,O3 (barium mono-aluminate),
3Ba0-Al,0;3 (tri-barium mono-aluminate), BaO-6Al,03 (barium hexa-aluminate) as well
as a number of nonstoichiometric aluminates were reported [22-24]. The formation of the
phase is related either to the molar ratio between BaO and Al,Os or to the preparation
method and experimental conditions. In the Ba-Ce-O system, BaCeOs is reported to be
the sole product formed by the reaction between BaO and CeO; [25]. In order to
investigate the transformations during calcination both the Pt-Ba/Al,O; and the Pt-
Ba/CeO, samples were heated in the thermoanalyser with a rate of 10 K/min to 1300°C

under an inert atmosphere (He).



In the Pt-Ba/Al,O3 model system, due to the excess of alumina, only BaO-Al,O3 and
Ba0-6Al,0; can be formed. Fig. 1a depicts the X-ray diffraction patterns of the Pt-Baly-
Al,O3 sample in as-prepared state (pattern 1) and after calcination in the thermoanal yser
up to 1200°C (just before the exothermic event on DSC curve in Fig. 2) and up to
1315°C. Note that in the as-prepared sample the BaO component exists as amorphous
BaO and BaCOj; [26, 27]. In the sample calcined up to 1200°C the characteristic
reflections for BaAl,O,4 appear while the BaCOj3 patterns disappear (Fig. 1a). The TG
curve and the mass spectrometric signals recorded for CO, (nVz = 44) indicate that
supported BaCO; starts to decompose at about 300°C. The maximum of CO, evolution is
centered at about 637°C and the decomposition is finished at ca. 850°C. The amount of
the CO, evolved was determined using pulse therma andysis [20] by comparing the
integral intensity of the CO, signal evolved during decomposition with the intensity of an
injected pulse of 1 ml CO,. Evolution of water from the support was only observed at low
temperatures (< 200°C) and no thermal effect due to formation of BaAl,O, was observed.
Above 1220°C, BaO-6Al,03 was formed by a solid state reaction of BaAl,O4 and Al,Os.
The characteristic reflections of BaO-6Al,03 are discernible in the XRD pattern of the
sample heated to 1315°C (Fig. 1a). The formation of BaO-6Al,03 is dso clearly visible
on the DSC curve (Fig. 2a): the exothermic peak, centered at 1260°C, indicates the
reaction between Al,O; and BaAl 0.

X-ray diffraction patterns taken after calcination of the Pt-Ba/CeO, sample in He at
1300°C, revealed the presence of BaCeOjs as the only Ba-Ce mixed oxide (pattern 3 in
Fig. 1b). The observed thermal effects during the process (Fig. 2b, DSC curve) uncovered
a different course of the decomposition of BaCO3; on the CeO, support compared to that

on y-Al,0O3. BaCOj3 supported on cerium oxide seems to be more stable. There are two



maxima of CO, evolution (Fig. 2b), the first one a around 870°C and the second one
centered at 1100°C. Also the DSC curve shows two distinct endothermic peaks due to
BaCO3; decomposition. Two small additional endothermic events with maxima at 810°
and 976°C are due to the polymorphic transformation of not fully decomposed BaCOs at
these temperatures. BaCOj3 transforms from orthorhombic to hexagonal structure at
803°C and to a cubic phase (NaCl structure) at 976°C [28].

During purification of the exhaust gases the operating temperature is lower than
500°C. Higher temperatures are reached during sulfur removal [29, 30] or due to the
exothermic oxidation of hydrocarbons, CO and Hj. Nevertheless, in none of these
processes the temperature exceeds 1000°C and therefore only BaAl,O4 and BaCeO3 can
be formed.

To examine the progress of formation of these phases, Pt-Ba/Al, 03 and Pt-Ba/CeO,
samples were cacined for different time periods at temperatures between 800°C to
1000°C. At lower temperature Ba-Al-oxides could not be identified, as confirmed in a
preliminary investigation: the X-ray diffraction patterns recorded for a mixture of BaCOj3
- v-Al,03 (with a molar ratio of 1) after calcination for 20h at 700°C did not indicate the
characteristic reflections of BaAl,O4. Only at higher temperatures (cf. Fig. 3a), BaAl,O4
was detected. Similar results, regarding barium mono-aluminate formation (Fig. 3a), were
reported in the literature [13, 14].

Phase identification and quantitative analysis of barium aluminate and barium cerate
formation were performed by XRD. Figures 3a and 3b depict the XRD patterns of both
catalysts after calcination at different temperatures. Formation of BaCeO3; was aready
observed after calcination at 800°C while BaAl,O, reflections are not detectable after

treatment at this temperature. The yield of the formation of BaAl,O, and BaCeO; as a



function of temperature and calcination time is presented in Figs. 4a and 4b, respectively.
Note the significant differences in the formation of the two mixed oxide phases. For the
sample calcined at 850°C for 8h more than haf of the BaCeOs; was aready formed,
whereas only traces of BaAl,O,4 could be observed under these conditions.

The XANES/EXAFS technique was used to study the local structure of the calcined
samples. The spectra were taken around Ba K-edge (37.441 keV) in transmission mode.
While there were no evident changes in the XANES spectra of Pt/BaAl,0,-BaO/Al,03
and Pt/BaCeO3;-Ba0/CeO, samples, a clear variation in the extended X-ray absorption
fine structure data was found during the formation of BaAl,O4 and BaCeOs. The Fourier
transformed EXAFS spectra reveal a more crystaline structure for BaCeOs; in
comparison with BaAl,O, and also a faster rate of formation (Figs. 5a and 5b). The
crystal structure of BaAl,O, is known to be hexagona [31, 32]. For BaCeO; Preda et al.
[33] found the tetragonal structure at low temperature and cubic at high temperature,
whereas Scherban et al. [34] reported that barium cerate undergoes two phase transitions
from orthorhombic to tetragona and tetragonal to cubic structures between 100°C and
1000°C. Using FEFF caculations (FEFF 6.0 code [35]) and its comparison to the
experimental EXAFS data, it was found that the Pt-Ba/CeO, sample calcined above

1000°C contains BaCeO3 with cubic crystal structure.

3.2. Behaviour of BaAl,O4 and BaCeOs in the presence of liquid H,O and diluted HNOs
In order to gain some information on the chemical stability of BaAl,O, and BaCeOs,
reference samples were investigated during the treatment with H,O (I) and agueous
solution of HNO3 (7.2 wt. %). These latter conditions are typical for impregnation,
additionally their application can aso helps in understanding the results presented in

section 3.3. The reference barium cerate was obtained by calcination of the Pt-Ba/CeO,

10



sample for 10h at 1000°C and the reference barium aluminate, due to its lower rate of
formation, by calcination of the Pt-Baly-Al,O3 sample at 1100°C. Their properties are
depicted in Table 1. Although calcination for ten hours led to a significant decrease of the
surface area of both samples, the Pt/BaAl,O;-BaO/y-Al,0O3 sample had still a high surface
area (89 m?/g) after calcination. This finding agrees well with observations that the
presence of Bainhibits the sintering and the phase transformation of y-Al,O3 [36-41]. For
Pt/BaCeOs-Ba0/CeO,, the surface area decreased drastically to 3.7 m?g after calcination
at 1000°C.

After the corresponding calcinations, the samples were treated with H,O(l) or HNO3
(7.2 wt. %) at room temperature and dried over night at 80°C. X-ray diffraction patterns
recorded after treatment uncovered that barium auminate and barium cerate were
decomposed as a result of the reaction with HNO; (Fig. 6). The BaAl,O, and BaCeOs
reflections at 20 = 28.3° and 20 = 40.9 and 41.1°, respectively, decreased and typical
reflections for Ba(NOg), and BaCO3; were identified in the corresponding XRD patterns.
While diluted nitric acid transformed barium aluminate in the aged catalyst completely to
Ba(NO3), and y-Al,0O3 (Fig. 6a) a more concentrated solution of HNOs; (or longer
treatment) was required for BaCeO;3 to achieve the same effect (cf. Fig. 6b). A similar
behavior during reaction with diluted HNO3; was observed also for the bulk BaAl,O,
sample prepared by coprecipitation method.

The treatment of Pt/BaAl,O4-BaO/Al,O3 with pure water followed by drying at 80°C
resulted in a total disappearance of XRD reflections of BaAl,O, (Fig. 6a-2) while for
Pt/BaCeO3-BaO/CeO, no major changes (Fig. 6b-2) could be detected by XRD. Also the
Pt/BaAl,O4 sample reacted with water. The X-ray pattern typica for BaAl,O4 diminished

after impregnation with water and drying at 80°C over night (not shown). Carlson et al.
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[42] reported that BaAl,O, can be hydrolyzed by water. Furthermore, variousstructurally
defined hydrates (xBaO-yAl,03-zH,0) were hydrothermally prepared [42-47)].

In the present study, the samples after treatment with water were X-ray amorphous
and therefore no characteristic XRD pattern for the hydrates (only carbonate) could be
identified. However, TA-MS measurements showed the evolution of water in well-
resolved steps indicating the formation of the hydrates after treatment of Pt/BaAl,O, and
Pt/BaAl,04-BaO/Al,0Os3 with water. The mass loss amounted to 18.5% for Pt/BaAl,0s
and 10.6% for Pt/BaAl,04-BaO/Al,Os, respectively (see Fig. 7). This corresponds to a
molar ratio between BaAl,O, and H,0 of about 0.3 (three H,O molecules) and 0.17 (six
H,O molecules), respectively. After reaction with water two endothermic events were
observed between 50°C to 450°C during calcination of Pt/BaAl,O, samples and for
Pt/BaAl,04-BaO/Al,03 samples between 50°C and 290°C (Figs. 7a and 7b). According
to the report by Budnikov et al. [48] we assign these peaks to the dehydration of
BaO-Al,03:7H,O or BaO-Al,036H,0 to BaO-Al,O03HO (up to 140°C) and to
dehydration of BaO-Al,Os3-H,O, which occurs at higher temperatures. The mass
spectrometric signal of m/z= 18 in Fig. 7 shows that the evolution of water is complete at
about 850°C. At 829°C an exothermic signa on the DSC curve is observed. The XRD
patterns of the Pt/BaAl,O, hydrated sample which was heated to 690°C (before the
exothermic peak) revealed the presence of only small traces of BaAl,O, while in the
sample heated to 890°C the corresponding characteristic XRD reflections were very
sharp (not shown). This observation agrees well with suggestions of Ahmed et al. and
Budnikov et al. [43, 48] that the dehydration of the monohydrate in which water has been
ascribed “zeolitic properties’, does not lead to the formation of the crysta structure of

anhydrous barium auminate below 750°C. The crystallization of the poorly crystalline
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barium aluminate after evolution of this residua water occurred between ca. 750 — 850
°C, indicated by an exothermic peak in the DSC curve (Fig. 7a). No difference could be
observed in the XRD patterns of Pt/BaAl,O, hydrate calcined up to 1200°C in
comparison with the XRD of the sample after the crystallization event (at 890°C).

The DSC curve recorded during Pt/BaAl,O4-BaO/Al,O, hydrate calcination under
inert atmosphere (He) did not show the exothermic peak above 800°C (see Fig. 7b). Also
the X-ray diffraction patterns of the sample calcined up to 800°C did not contain any
reflection indicating BaAl,O,4. For a sample calcined up to 910°C characteristic XRD

patterns of BaAl,O,4 could be identified.

3.3. BaAl,0, and BaCeO; reaction with H,O and NO, in gas phase

Next, the stability of BaAl,O4 and BaCeO3 was investigated in the presence of NO, and
water (gas phase) at elevated temperature in a continuous-flow fixed-bed reactor using a
1:1 mixture of 1%NO,/synthetic air and ~3%H,O/He. A temperature of 300°C was
chosen as starting point since it lies in the temperature range where the NSR catalysts
reach their maximal performance and thus reasonable NOy conversion and stability
against sintering can be expected [49-52]. After defined time intervals the reaction
progress was investigated by XRD; the results are depicted in Fig. 8. Additionaly, the
samples were characterized by temperature-programmed decomposition experiments in
an inert atmosphere (He). The typical mass changes (TG curve) and the intensities of the
mass spectrometric signals of CO, and NO (O; has also been recorded, not shown) during
decomposition of the Pt/BaCeO3-BaO/CeO, sample after reaction with NO, and H,0 at
300°C for 7h are depicted in Fig. 9. The amount of NO, CO, and O, evolved was
determined by pulse thermal analysis. For this purpose 1 ml pulses of NO, CO, and O;

were injected after the decomposition of BaCO3; and Ba(NOz3),. Their intensity was
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compared to the corresponding integral intensity during decomposition in order to
calculate the amount of the barium carbonate and nitrate. This allowed determining the
progress of the reaction between BaAl,O, or BaCeO; and NO; in the water saturated
atmosphere.

The fraction of barium present in form of BaCOs; in Pt/BaAl,0Os-BaO/Al, O3 and
Pt/BaCeO5-BaO/CeO, before reaction with NO, and H,O was calculated from the
amount of evolved CO, during temperature-programmed decomposition. Assuming that
Bain the sample is only present as BaCO3; and mixed oxides this allows determining the
BaAl,0O4 and BaCeO3; amount present in the samples before the reaction with H,O and
NO,. Comparing this amount with that in the sample after reaction including the amount
of Ba in the form of Ba(NOs), after reaction, the progress of the reaction between
BaAl,0, or BaCeO3 and NO, in water saturated atmosphere at 300°C could be calcul ated
as afunction of time as shown in Fig. 10.

BaCeOs;, which was formed more easily than BaAl,O,, decomposed in NO,/H,O
atmosphere around 300°C. After reaction with NO, in H,O saturated atmosphere for ca.
7 h at 300°C al BaCeOs; was converted to Ba(NO3),. Fig. 8b depicts the XRD patterns
for Pt/BaCeO3-Ba0/CeO, sample before and after a certain reaction time at 300°C. The
characteristic reflections of BaCeO3 disappeared rather fast; after 1 h reaction time only a
small amount of crystalline BaCeO3; remained. The progress of BaCeO3; decomposition
calculated from XRD for different conditions and temperatures is shown in Fig. 10b. TA-
MS investigations gave similar results. For comparison, a result obtained by TG-MS for
the reaction at 300°C is shown in Fig. 10b (dotted line) as well. The reaction of BaCeO;
with water saturated He (~3% H,O/He) in the absence of NO, was slower than in the

presence of NO,. However, after 5h the barium cerate was also significantly decomposed.
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Obviously, the Ba(NOs), formed in presence of NO, shifted the reaction equilibrium
between BaCeO3 and H,0 towards the products thus enhancing the reaction progress.

In a next step, we extended our study regarding the stability of barium cerate to
higher temperature. The XRD results shown in Fig. 10b indicate that at 400°C the
reaction is faster than at 300°C while at 500°C the conversion of BaCeO; decreases. This
Is supported by corresponding TA-MS results. One explanation is that a higher
temperature Ba(NOs), is unstable and therefore it cannot be formed. Its decomposition
starts under non-isothermal conditions at about 400°C according to Fig. 9. Thus the
progress of reaction between BaCeO; and H,O at 500°C is less affected by the presence
of NOs..

The instability of BaAl,O, in the presence of water found at room temperature was
not observed at higher temperature. After 8h reaction with H,O and NO, at 300°C, the
characteristic XRD patterns for Ba(NOs) appeared but there was no change in the
intensity of the reflections due to BaAl,O,. These observations were also verified by TA-
MS experiments. Ba(NOs), formed by reaction between NO, and BaO or BaCO; that
remained in the sample after calcination due to incomplete transformation to BaAl,O,
(Fig. 8a). At 400°C also no BaAl,O4 reaction was found and in this case no Ba(NOs) was
present, sinceit is not stable at thistemperature (Fig. 8a).

Based on these observations and the fact that at room temperature BaAl, O, was
completely decomposed by liquid water and diluted HNOg3, additional experiments were
carried out in the range of 30 — 100 °C. In fact, it was observed that the XRD reflections
of BaAl,O, disappeared during treatment with water saturated He at such low
temperatures. The study of the BaAl,O, decomposition at 100°C, 50°C and 30°C

uncovered that BaAl,O,4 reacted particularly at low temperature in a gaseous 1:1 mixture
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of 3% H,O/He and 1% NO,/synthetic air. Fig. 8a depicts the X-ray diffraction patterns
for as-prepared sample and after 4h reaction at 30°C. The results of corresponding TA-
MS experiments are summarized in Fig. 10a. The reaction progress calculated from the
TG-MS measurements revealed the slowing down of the reaction with increasing
temperature.

Finally, we observed that storing the Pt/BaAl,0,-BaOly-Al, O3 sample in air for a
longer time period led to a decrease of X-ray reflections of BaAl,O,4, whereas the BaCO;
reflections increased in intensity (not shown). This observation is in accordance with the
results previously described and indicates the slow hydration of BaAl,O, a room

temperature by water from the ambient atmosphere.

3.4. Reaction of BaAl,O, and BaCeOs with CO;

Due to the fact that the exhaust gases contain a significant amount of CO, and since it
was reported that pure BaCeOs can be decomposed in the presence of CO; [53, 54] we
studied the behavior of Pt/BaAl,O,;-BaOl/y-Al,O3 and Pt/BaCeOs;-BaO/CeO, samples
during heating to 1300°C and cooling in CO,/He atmosphere. The TG curves recorded
during experiments are presented in Fig. 11. BaAl,O, did not react with CO,. The mass
loss during heating in 20%CO./He is due to evolution of water and BaCO;
decomposition. No mass uptake occurred during cooling down, the apparent mass change
between 100°- 1200°C resulted from the buoyancy effect.

Pt/BaCeO3-BaO/CeO, in CO, atmosphere behaved differently. In 20 vol% CO./He
the sample mass increased distinctly between ca. 400°C and 980°C indicating
decomposition of BaCeO3 and reaction of formed BaO with CO,. Above 980°C, BaCeOs
was formed again by the reaction of BaCO3; with CeO, with a mass loss due to CO,

evolution. During cooling (Fig. 11b) BaCeOs; decomposed again. The XRD patterns

16



recorded for Pt/BaCeOs-BaO/CeO, after heating to 950°C in 20 %CO./He revealed the
formation of BaCO3; and CeO, by decomposition of BaCeOs (not shown). At lower CO,
concentration the reaction between BaCeO; and CO, occurred to lesser extent and was
shifted to higher temperature while the reaction of formed BaCO3; with CeO, was shifted
to lower temperature. Therefore the temperature range of the BaCeO; reaction with CO,
became narrower under dynamic reaction conditions at lower CO, concentration (Fig.

11b).

4. Discussion

The systematic study brought new insight into the formation and decomposition of
undesired barium aluminate and barium cerate in NSR catalysts. The stability of these
mixed oxides is affected by the presence of carbon dioxide, NO and water. Both barium
aluminate and barium cerate form during reaction of the NOy storage materia (BaO /
BaCOs) and the support (y-Al,O3 or CeO,) at elevated temperature. The results show that
the formation of barium cerate occurs much faster and at lower temperature (800°C)
compared to barium aluminate (> 850°C). However, barium cerate is less stable and
decomposes in the presence of carbon dioxide, NO, and water at 300 — 500 °C. Proper
knowledge of these interdependencies is a necessary prerequisite for understanding and
controlling the processes during operation and for regeneration of NSR catalysts.

With respect to the formation of barium aluminate in Pt-Baly-Al.O3 the results
correspond well to previous studies on the reaction of BaO and y-Al,O3 that was reported
to occur above 800°C when barium (Ba®*) and oxygen ions (O%) can migrate into the
alumina [55]. BaCO; in the as-prepared Pt-Baly-Al,O3 starts to decompose at about
300°C, i.e. a much lower temperature than bulk BaCO; (decomposition starts above

800°C) and it is completely decomposed at ca. 850°C. A similar behaviour was found for
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BaCO; deposited on other supports [26]. Hence, the BaCO; present in the as-prepared
catalyst is aready decomposed, when BaAl,O4 formation starts. Since the Pt-Baly-Al,0s3
sample used in our study contained excess of Al,O3 at higher temperature (> 1260°C) the
formation of another Ba-Al-oxide with a BaO:Al,O3 composition of 1:6 was observed.

In Pt-Ba/CeO,, the decomposition of BaCO3 occurs in two steps and is superimposed
by two polymorphic transformations of barium carbonate at 809 °C and at 976°C. In
comparison to Pt-Baly-Al,O3 the decomposition of BaCO; supported on ceria proceeds at
higher temperature, probably due to the lower dispersion of the barium containing species
on the support. Moreover, the formation of BaCeO3 occurs simultaneously with BaCOs
decomposition and is much faster than that of BaAl,O,4 (Fig. 3). BaAl,O4 was mainly
formed after the complete decomposition of BaCOs. The EXAFS data confirm the faster
rate of BaCeO; formation compared to that of BaAl,O,, and aso the higher crystallinity
of Ba-compounds on ceriathan on alumina.

Our studies aso indicate that the formation and stability of barium aluminate and
barium cerate is affected by the presence of carbon dioxide, NOx and water. Calcination
experiments alone are not sufficient to understand the formation of the undesired mixed
oxides. Only a few studies exist that report the behaviour of bulk BaCeOs in the presence
of water [54] and CO; [53], respectively. While in vehicle exhaust gases CO,, H,O, NOy,
CO, SOy, and unburned hydrocarbons are present, we restricted our studies here to model
gas compositions containing NO,, H,O and CO,. In the presence of nitric acid and
H,0 (I), BaAl,O, as bulk material or supported on Al,O3; exhibited a higher reactivity
towards nitric acid or pure water than BaCeO3. BaAl,0O, was formed more easily and the
emerging phases decomposed more rapidly when finely dispersed on Al,O3, probably due

to the higher surface area of Pt/BaAl,04-BaO/y-Al,O; compared to Pt/BaAl,O,. In both
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cases the residual water was liberated up to 800°C and after removal of all water from the
hydrated sample conversion back to BaAl,O, occurred. In the presence of HNO; the
hydrates were further converted to Ba(NOs), and Al,Os.

While BaCeO; is hardly hydrated at room temperature and shows an increased
stability towards HNO3; exposure (Fig. 6b), BaCeO; reacts easier in the presence of
gaseous H,0 and NO,, or carbon dioxide at elevated temperatures. BaAl,O, does not react
with H,O in presence or absence of NO, in the temperature interval 300 — 500 °C (Figs.
9a and 9b). The reaction between BaCeO3; and H,O is accelerated in presence of NO,
probably through Ba(NOs), formation and reaches a maximum rate at 400°C (Fig. 10b).
Above 450 °C Ba(NOs), is decomposed. Therefore the reaction equilibrium is not
influenced anymore by the presence of NO,. BaAl,O, in the aged Pt-Bal/Al,O3; material
can be also decomposed in a H,O/NO, atmosphere but, in contrast to Pt/BaCeO; only at
low temperatures. Below 100°C barium aluminate is hydrated easily resulting in the
formation of barium aluminate hydrates. These compounds, being intermediate phases,
react further with NO; yielding Ba(NO3), and y-Al,O3 as final products. CO, was further
found to react with BaCeOs in the aged Pt-Ba/CeO, sample but not with BaAl,O, in aged
Pt-Baly-Al,0s. The temperature range for the reaction between BaCeOz; and CO,
becomes narrower at lower CO, concentrations.

These studies show that the CO, or water/NO, will strongly influence the presence of
undesired BaCeOj3 in NSR catalysts. Note that the studies reported here were performed
under static conditions. Similar studies under dynamic conditions will be required as
well to gain a complete understanding of the impact of the observed phenomena on
catalyst lifetime and regeneration. Nevertheless, the present observations under static

conditions are aready technically useful. The treatment of thermally aged Pt-Baly-Al,0s
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and Pt-Ba/CeO, catalysts in water, NO, or CO, could be exploited to decompose the
undesired mixed oxides BaAl,0, and BaCeOs. In case of Pt-Ba/CeO, reaction with NO,
H,0 or CO; at 300 — 500 °C could be used, whereas in the Pt-Baly-Al,O3 system lower
temperatures would be beneficial for reactivation of thermally aged NSR catalysts. In
fact, recent studies have shown a significant reactivation effect when athermally aged ba-

rium cerium oxide system was exposed to the lean fuel conditions for alonger time [56].

5. Conclusions

The present systematic investigation provided new insight into the formation and
decomposition of barium aluminate and barium cerate, processes which can greatly affect
the NOy storage-regeneration activity. Simple heat impact, as mimicked by calcinations
at higher temperature led to the formation of the undesired binary metal oxides. The
formation and decomposition of these mixed oxides is strongly affected by the presence
of water, CO, and NO,. An important finding is the high instability of BaCeOs; in the
presence of NO,/H20 or carbon dioxide at 300 — 500 °C. This may also explain the high
stability of the CeO, support during NOy-storage/reduction against the formation of a
binary oxides. A potential technical application emerging from our studies is that the
instability of the undesired mixed oxides when exposed to exhaust gas components may
be utilized for regeneration of thermally aged catalysts. Studies towards this am are

presently pursued in our laboratories.
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Table 1. Pt/BaAl,0O4-Ba0/y-Al,03 and Pt/BaCeOs-BaO/CeO, model systems

BET Composition BET
surface Calcination | Calcina- surface
Model system | Precursor | areaof the Ba Pt tempera- tiontime | areaafter
pr ecur sor (Y%om/m) | (%m/m) ture (°C) (h) calcination
(m%g) (m*g)
Pt/BaAl,O4 Pt-Ba/ 128 + 0.735+0.0
BaO/y-Al,0 +ALO, 155+0.2 08 1100 10 89
Pt/BaCeOs- Pt-Bal 55 0.746 +
BaO/CeO, CeO, 154+0.2 0.008 1000 10 3.7
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Figure Captions

Fig. L.

Fig.2:

Fig. 3.

Fig. 4

Fig. 5

Fig. 6:

Fig. 7:

a) Ba-Al-oxides formation evidenced by X-ray diffraction patterns of the Pt-Baly-
Al,03 system: (1) as-prepared, (2) after heating to 1200°C and (3) 1315°C (V:
BaCQOg, e: y-Al,03, *: BaAl,04 and ¢ : BaAl150:9).

b) BaCeO3 formation. XRD pattern of the Pt-Ba/CeO, system: (1) as-prepared (2)
after calcination at 1000°C for 10h and (3) after heating with arate of 10K/min to
1315°C (V: BaCQOg, »: CeO,, ¢: BaCeO;3, o: Platinum and [] Cu-reference).
Massloss (TG), thermal effects (DSC) and intensity of mass spectrometric signals
of CO, (m/z = 44) and H,0O (m/z = 18) during calcination of (a) Pt-Baly-Al,0O3
and (b) Pt-Ba/CeO; in He (50 ml/min, rate of 10 K/min).

BaAl,0, and BaCeO; formation as a function of temperature illustrated by XRD
of (a) as-prepared Pt-Baly-Al,O3 (raw) and the samples calcined for 4h at 850°C,
950°C and 1000°C (V: BaCQOsg, e: y-Al,O3, *: BaAl,O4, o: Platinum and [ Cu-
reference), and (b) as-prepared Pt-Ba/CeO, (raw) and calcined for 4h at 800°C,
900°C and 950°C (V: BaCOsg, e: CeO,, ¢: BaCeO; and [1 Cu-reference).

BaAl,0, and BaCeO; content in (a) Pt-Baly-Al, O3 and (b) Pt-Ba/CeO, as a
function of time and temperatures. The quantification was performed by XRD
measurements (the used reflections are 20 = 28.3° for BaAl,O, and 20 = 40.9 and
41.1° for BaCeQ).

Fourier transformed EXAFS spectra at the Ba K-edge of (top) Pt-Baly-Al,O3
sample (raw material and after different calcinations temperatures) and (bottom)
Pt-Ba/CeO, sample (raw material and after calcinations).

Change of XRD patterns of (a) Pt/BaAl,04-BaO/y-Al,03 (V: BaCO;3, e: y-Al,0;3,
*: BaAl,0q4, 0 Ba(NO3), and [1 Cu-reference) and (b) Pt/BaCeO3-BaO/CeO, (V:
BaCQO;3, o: CeO,, ¢: BaCeOs3, ¢ Ba(NOs), and [ Cu-reference) during treatment
with different liquid solutions: (1) raw materia, (2) after impregnation with H,O
and drying over night at 80°C, (3) after reaction with HNOj3 solution (7.2 wt.%).
Mass changes (TG), thermal effects (DSC) and intensity of mass spectrometric
signals of CO, (m/z = 44) and H,O (m/z = 18) recorded during calcinations with a
rate of 10 K/min of (a) hydrated Pt/BaAl,O, and (b) hydrated Pt/BaAl,Os-
BaO/Al,Ozin an inert atmosphere (He, 50 ml/min).
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Fig. 8:

Fig. 9:

Fig. 10:

Fig. 11:

a) XRD patterns of Pt/BaAl,O4-BaO/y-Al,O3 sample before (1) and after reaction
at 400°C (2), 300°C (3) and room temperature (4) for 4h with NO, in H,O
saturated atmosphere (V: BaCOs, o: y-Al,03, *: BaAl,04, ¢ Ba(NOs), and [1 Cu-
reference); b) XRD patterns for Pt/BaCeOs-BaO/CeO, sample before and after
reaction a 300°C with NO; in H,O saturated atmosphere (e¢: BaCeOs; ¢
Ba(NOs), and [] Cu-reference).
Change of the mass (TG) and intensity of mass spectrometric signals of NO
(m/z=30) and CO, (m/z=44) recorded during calcination of Pt/BaCeOs-BaO/CeO,
after reaction with NO, in H,O saturated atmosphere for 7h at 300°C (inert He
atmosphere, heating rate 10 K/min).
a) Progress of BaAl,O,4 decomposition by reaction with H,O and NO, calcul ated
from TA-MS measurements (B 30°C; A 50°C; #100°C 0300°C);
b) Progress of BaCeOs; decomposition by reaction with H,O in presence or
absence of NO, calculated from XRD (—) and TA-MS (") measurements
(e H,0 and NO; at 300°C (XRD);o H,0 and NO; at 300°C (TA-MS); AH,0
and NO, at 400°C (XRD); B H,0O and NO, at 500°C (XRD); ¢ only H,O at
300°C (XRD)).
a) Pt/BaAl,O4-Ba0ly-Al,O3 interaction with CO, during heating to 1300°C (H)
and cooling down (C) in 20 vol.% CO,/He; b) Pt/BaCeO3-BaO/CeO, interaction
with CO, during heating (H) to 1300°C and cooling (C) in 20, 15, 12.5 and 10
vol.% CO,/He (heating rate 10°C/min; cooling rate 5°C/min).
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