Available online at www.sciencedirect.com

*e** ScienceDir JOURNAL OF
,“ ScienceDirect CATALYSIS

ELSEVIER Journal of Catalysis 243 (2006) 229-238

www.elsevier.com/locate/jcat

Flame-derived Pt/Ba/Ce,Zr1_,O;: Influence of support on thermal
deterioration and behavior as NO, storage-reduction catalysts

Reto Strobel *°, Frank Krumeich ¢, Sotiris E. Pratsinis ?, Alfons Baiker **

a Particle Technology Laboratory, Department of Mechanical and Process Engineering, ETH Zurich, Sonneggstrasse 3, CH-8092 Zurich, Switzerland
b Institute for Chemical and Bioengineering, Department of Chemistry and Applied Biosciences, ETH Zurich, Wolfgang-Pauli-Strasse 10,
CH-8093 Zurich, Switzerland
¢ Laboratory of Inorganic Chemistry, Department of Chemistry and Applied Biosciences, ETH Zurich, Wolfgang-Pauli-Strasse 10,

CH-8093 Zurich, Switzerland

Received 11 April 2006; revised 13 July 2006; accepted 14 July 2006
Available online 7 September 2006

Abstract

Pt/Ba catalysts for NO, storage-reduction (NSR) supported on ceria/zirconia were prepared by two-nozzle flame spray pyrolysis. Emphasis
was placed on the effect of the support composition on the thermal deterioration and the related behavior during NOy storage and reduction. The
materials were characterized by X-ray diffraction (XRD), nitrogen adsorption (BET), electron microscopy (TEM), and temperature-programmed
decomposition (TPD). The as-prepared material consisted of intimately mixed agglomerates of BaCO3 and CeyZr;_, O, particles. Low thermal
stability of BaCOj resulted in high NOy storage capacity. The support composition (CeyZri_,O7) strongly affected the NO, reduction activity
of Pt. Higher Ce content favored the formation of stable Pt oxides exhibiting lower reduction activity. Thermal deterioration was investigated in
different atmospheres. At 800 °C, BaCO3 transformed into inactive Ba zirconate and Ba cerate. At high Ce content, BaCO3 was reformed when
exposed to COy at high temperatures, recovering its high NOy storage capacity. During the high-temperature treatment, however, Pt strongly
deactivated, resulting in a loss of the catalyst’s NOy reduction activity.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction ing short rich periods, NO, is released and reduced to N over
the noble metal [2-5]. The two components are supported on
a thermally stable carrier material, typically Al,O3.

The major drawback of NSR catalysts is the high sensitivity
to sulfur poisoning and the related deterioration during regener-
ation, resulting in steady deactivation of the catalyst [3,6—10].
This is attributed mainly to the formation of sulfates with the
support and especially with the storage compound (i.e., BaSO4)
[10-12]. These sulfates are much more stable than the corre-
sponding nitrates, and high temperatures (800 °C) are required
to decompose the sulfates and regenerate an active storage ma-
terial [11,12]. At these temperatures, thermal deterioration oc-
curs by particle growth, loss of surface area, and especially
formation of mixed oxides between the storage compound and
materials from the support or washcoat (i.e., BaAl,O4). In gen-
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Lean-burn engines operating at high air-to-fuel ratios are
a promising concept to comply with stricter regulations regard-
ing fuel consumption of automotive engines. However, neither
conventional three-way catalysts nor diesel exhaust catalysts
are capable of reducing NO, emissions to acceptable levels
under lean conditions. NO, storage-reduction (NSR) catalysts
are the most promising concept for reducing NO, under lean
conditions [1-3]. In general, NSR catalysts consist of a noble
metal (Pt, Pd, or Rh) for oxidation and reduction of NO, and
of a storage compound (typically containing Ba or K) to store
NO, species in the form of nitrates under lean conditions. Dur-
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solve these problems: (i) the development of catalysts that can
be regenerated at lower temperatures, preventing the formation
of BaAl,04 [6,13,14], and (ii) the use of supporting materials
that either do not form any mixed oxides with the storage ma-
terial or form mixed oxides that easily decompose with in the
presence of CO; or NO, [15]. Recently it has been shown that
after formation of barium cerate (BaCeO3), BaCO3 and CeO,
can be easily regenerated in a CO,-containing atmosphere [15].

Here, the second strategy is explored, namely, the influ-
ence of support of Pt/Ba/Ce,Zr;_ O (x = 0-1) catalysts
on thermal behavior and NO, storage-reduction activity. The
ceria/zirconia-supported Pt/Ba NSR catalysts were prepared by
two-nozzle flame-spray synthesis as already applied for synthe-
sis of Pt/Ba/Al,O3 NSR-catalysts exhibiting good NSR activity
[16,17]. The use of two nozzles prevents the formation of Ba
containing mixed oxides and results in individual but well-
mixed BaCOj3 and support particles. The fast NO, uptake of
flame-made Pt/Ba/Al,O3 was attributed to the low thermal
stability of the BaCOj3 in the flame-made catalysts. Flame-
spray pyrolysis (FSP) has already been applied for synthesis of
Pt/Al,O3 [18] and Pt/Ce,Zri_,O; [19] catalysts. Flame-made
ceria/zirconia nanoparticles exhibit an almost ideal atomic mix-
ing of Ce and Zr (solid solution) and very high thermal stabil-
ity [19-21]. The unique ability of ceria to store and release
0O, makes automotive three-way catalysts (TWCs) the most
important application of ceria, especially zirconia-stabilized
ceria [22]. However, only few studies have investigated the ap-
plicability of CeO, and Ce,Zr|_,O, as support materials for
NSR catalysts [23-25].

2. Experimental
2.1. Apparatus and preparation

The Pt/Ba/Ce,Zri_,O;, catalysts were prepared by two-
nozzle FSP [16]. The Ce—Zr precursor solution consisted of
cerium 2-ethylhexanoate (Alfa Aesar, 49% in 2-ethylhexanoic
acid) and zirconium 2-ethylhexanoate (Alfa Aesar, >96%) dis-
solved in a 1:1 mixture of 2-ethylhexanoic acid (Fluka, >98%)
and toluene (Riedel-de Haén, >99.5%) [21]. The total metal
concentration (Ce + Zr) in this solution was always 0.2 mol/L.
For the Pt/Ba-containing solution, corresponding amounts of
barium 2-ethylhexanoate (Alfa Aesar, 75% in 2-ethylhexanoic
acid) and platinum acetylacetonate (Strem, 98%) were dis-
solved in toluene. The setup consisted of two separate FSP
nozzles. The angle between the two nozzles was 120°, and
the distance between the angle tip and each nozzle center was
6 cm [16].

The individual spray nozzle has been described in detail pre-
viously [26]. The Ce—Zr precursor solution was fed at 5 ml/min
through the first nozzle, and the Pt/Ba precursor solution was
fed at 3 ml/min through the second nozzle. Each solution
was dispersed by 5 L/min of oxygen (PanGas, 99.95%), form-
ing two fine sprays. Both sprays were surrounded and ignited
by a small flame ring issuing from an annular gap (0.15 mm
spacing, 6 mm radius). The gas flow rates of these two in-
dividually premixed methane/oxygen supporting flames were

3.5 L/min each, with a CH4/O> ratio of 0.46. Product particles
were collected on a glass fiber filter (Whatman GF/D, 25.7 cm
in diameter) with the aid of a vacuum pump (Busch, Seco SV
1040C). The nominal Pt:Ba:Ce,Zr;_,O, weight ratio was al-
ways 1:20:100. Assuming that all Ba was present in the form of
BaCOj3, the nominal Ba content was 15.4 wt%.

For comparison, Al,Oz-supported catalysts have been pre-
pared by two-nozzle FSP as reported earlier [16,17] and by
incipient wetness impregnation [17,27]. The nominal Pt:Ba:
Al,O3 weight ratio of these two materials was also 1:20:100.
Detailed description of the experimental parameters together
with a thorough comparison of the structural and catalytic prop-
erties of these flame-made and impregnated Pt/Ba/Al,O3 cata-
lysts can be found elsewhere [17].

2.2. Characterization

The specific surface area (SSA) was determined by nitro-
gen adsorption at 77 K using the BET method (Micromeritics
Tristar). Before analysis, samples were outgassed for 1 h in N»
at 150 °C. The powder X-ray diffraction (XRD) patterns were
recorded with a Bruker D8 advance diffractometer in step mode
(26 = 15°-75°) with a step size of 0.04° and a scan speed
of 0.48° /min. Temperature-programmed decomposition (TPD)
of BaCO3 was measured using a Micromeritics Autochem II
2920 by heating (10 °C/min) 35 mg of powder in a helium flow
(20 ml/min) from 50 to 1000 °C. Gas-phase composition was
monitored by a mass spectrometer (Thermostar, Pfeiffer Vac-
uum). After each experiment, the CO, signal (M/Z = 44) was
calibrated by injecting a well-defined pulse of CO, (0.35 ml).

For transmission electron microscopy (TEM), the material
was dispersed in ethanol and deposited onto a perforated car-
bon foil supported on a copper grid. The investigations were
performed on a Tecnai F30 microscope (FEI, Eindhoven, with
a field emission cathode, operated at 300 kV). TEM images
were recorded with a slow-scan CCD camera. An energy fil-
ter (Gatan imaging filter [GIF]) installed below the Tecnai F30
allowed the recording of element-specific images (elemental
maps) of Zr (180 eV), Ba (790 eV), and Ce (890 eV) by the
electron spectroscopic imaging (ESI) technique [28].

Thermal stability was studied by annealing the catalysts at
800 °C for 2 hiin air or for 1 hin 10% O»/He, followed by 1 hin
20% COy/He. The heating and cooling rates were 10 °C/min.

The NSR measurements were performed with 20 mg of cat-
alyst in a fixed-bed reactor (d =4 mm). The reactor was con-
nected to a valve device, which allows rapid switching between
oxidizing and reducing atmospheres. The NO and NO; con-
centrations in the effluent gas were monitored by a chemilumi-
nescence detector (ECO Physics, CLD 822 S), and other gases
were analyzed using a mass spectrometer (Thermostar, Pfeiffer
Vacuum). The NO, conversion was derived from the corre-
sponding NO, outlet concentration according to the following
formula: NO, conversion = (NOj, — NOy out)/NOjp x 100%.

The NSR was measured at 300, 350, and 400 °C by switch-
ing 5 times between oxidizing (3 min in 667 ppm NO and
6.67% O in He) and reducing atmospheres (1 min in 667 ppm
NO, 1333 ppm C3Hg in He). The total gas flow rate was al-
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ways 60 ml/min. At the end of each experiment, the catalyst
was kept under reducing conditions for 10 min, followed by
oxidizing conditions until its saturation. For some experiments,
catalysts were pretreated in 5% Hy/Ar at 500 °C for 30 min.
In addition, some catalysts were directly exposed to lean con-
ditions until saturation (90 min), followed by a rich phase for
45 min with no previous cycles.

3. Results and discussion
3.1. Structural properties

Two-nozzle FSP of Pt/Ba/Ce,Zr;_,O; resulted in well-
mixed but individual BaCO3 and Ce,Zr;_,O; nanoparticles.
Fig. 1 shows TEM images with the corresponding Ba, Ce, and
Zr elemental mappings for the as-prepared materials with dif-
ferent Ce,Zr1_, Oy compositions. It clearly shows that BaCO3
particles are intimately mixed with the Ce,Zr;_, O, particles.
The ratio of Ce:Zr in the supporting material had hardly any
influence on the morphology of the Ba component, which was
similar to Pt/Ba/Al,O3 prepared by two-nozzle FSP [16,17].
Thus, it can be expected that BaCO3 and Ce,Zr;_,O, form
separately before the two flames are mixed [16].
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Fig. 1. TEM images of as-prepared Pt/Ba/CexZr| _, O, with the corresponding
elemental mappings of Ba and Ce or Zr on the right.

Fig. 2 depicts XRD patterns of the as-prepared materi-
als. Without the presence of Zr, ceria crystallized in its cu-
bic crystal structure [20,26], while tetragonal zirconia was
formed without Ce [29]. Fast cooling rates during prepara-
tion prevent the transformation into monoclinic ZrO; and favor
the formation of tetragonal ZrO;, the high-temperature form
of zirconia. Crystalline (tetragonal) solid solutions of Ce and
Zr were formed for Ce—Zr mixed oxides [20,21]. The addi-
tion of Ba and Pt did not influence the phase composition of
the support. Barium was in the form of crystalline BaCO3,
and no crystalline BaO was observed [30]. For Ce:Zr ratios
>1, only orthorhombic BaCO3 was found (Figs. 2A and 2B).
However, with more Zr present, Ba was mainly in the form
of monoclinic BaCO3 (Fig. 2C), which was formed during
rapid quenching and gradually transformed into orthorhom-
bic BaCO3 when stored at ambient conditions [30,31]. For
Ce(.1Zr9 903, this transformation took place within 5 days,
whereas on ZrO; it took about 1 month. This suggests that ZrO»
stabilizes the metastable monoclinic form of BaCO3 similar to
Al,O3 [16].

Pt/Ba/CeO,
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BaCO, mono. (78-2057)
CeO, cub. (75-0120)
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Fig. 2. X-ray diffraction patterns of Pt/Ba/CeyZr;_, O, with different support
composition: (a.p.) as-prepared; (air) after 2 h, 800 °C in air; (CO,) after 1 h,
800 °C in 10% O,/He followed by 1 h, 800 °C in 20% CO,/He. JSPDS num-
bers of the corresponding crystal structures are shown in parenthesis.
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Fig. 3. TPD CO; evolution profiles during decomposition of BaCOs3 for as-
prepared Pt/Ba/Ce, Zr| _, O, with different support composition. Temperatures
of maximum decomposition rate are indicated.

TPD of BaCO3 in inert atmosphere was monitored by the
evolution of COy (M /Z = 44) and is shown in Fig. 3 for as-
prepared materials. The evolution of CO; below 500 °C can be
attributed mainly to desorption of surface-bound CO; species.
The main peak between 600 and 900 °C originates from the
decomposition of BaCOj3 into BaO and CO;. Note that decom-
position of BaCOs is most likely accompanied by formation of
BaZrO3 and BaCeOs (see Fig. 2). These decomposition temper-
atures are much lower than that of bulk-BaCO3 (>900°C) [27].

This low stability can be attributed to the close interaction
of BaCO3 with the support and has also been observed for
flame-made [16] and impregnated [27] Ba on Al,O3. How-
ever, the decomposition temperatures of BaCO3 in flame-made
Pt/Ba/Ce,Zri_, O, are much lower than those reported for im-
pregnated Pt/Ba on CeO; [15] and ZrO; [32]. On CeO;, two
kinds of BaCOs3 have been reported with maximum decompo-
sition rates at 874 and 1100 °C [15,23]. In contrast, the corre-
sponding flame-made material contained only BaCO3 decom-
posing at low temperature (840 °C). Similar for Pt/Ba/ZrO5:
Two kinds of BaCO3; were reported for impregnated catalysts
(Tq = ca. 750°C and mainly 1000 °C [32]), whereas BaCOj3
decomposed completely at 738 °C on flame-made ZrO,. These
observations are in line with earlier results for flame-made
and impregnated Pt/Ba/Al,O3 catalysts [17]. In any case, the
flame-made BaCO3 decomposes at lower temperatures than
that present in the corresponding impregnated catalyst. The
lower thermal stability of the flame-derived BaCOj3 could be
caused by several factors, of which different structural proper-
ties of BaCOj3 and smaller particle size in flame-made catalysts,
and strong interfacial contact between support and BaCOg3, pro-
moting BaCO3 decomposition and/or formation of Ba mixed
oxides, are probably the most crucial.

The specific surface area of as-prepared and annealed (air,
800 °C, 2 h or with additional CO; treatment) catalysts is shown
in Fig. 4. For as-prepared materials it was around 90 m?/g and
increased slightly with higher ceria content. The strongest sin-
tering at 800 °C was observed for CeO> (26 m? /g), which is
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Fig. 4. Specific surface area of flame made Pt/Ba/CeyZr;_,O; as a function
of the support composition before and after annealing at 800 °C in air (air, 2 h)
or in CO; containing atmosphere (10% O;/He, 1 h followed by 20% CO,/He,
1 h).

not surprising, because Zr is commonly used as a stabilizer for
ceria. ZrO, and Ce—Zr mixed oxides retained a surface area of
50-60 mz/ g after annealing [33]. For all materials, BaCO3 de-
composed during the high-temperature treatment in air, and the
corresponding Ba-cerate (BaCeQO3) or zirconate (BaZrOz) was
formed, as shown in Fig. 2. With both Zr and Ce present in the
support, only BaZrO3 and no BaCeOs3 could be observed. This
also results in Ce enrichment in the ceria/zirconia solid solu-
tion, as confirmed by a shift of the Ceys5Zrp 50, peaks toward
lower diffraction angles [20,33].

The reformation of BaCO3 in CO;-containing atmosphere
after decomposition and BaCeO3 formation [15] was investi-
gated by annealing the powders for 1 h at 800 °C in 10% O,/He,
followed by 20% CO,/He for another 1 h at 800 °C and cooling
to room temperature at 10 °C/min. XRD patterns recorded after
this annealing procedure are shown in Fig. 2; the correspond-
ing specific surface area is shown in Fig. 4. The BaCOs3 (or-
thorhombic and monoclinic) was easily reformed from BaCeO3
(Fig. 2A, air, CO;). Note that larger BaCOs crystallites were
formed after this treatment compared with the as-prepared pow-
der, as indicated by sharper reflections in the BaCO3 crystal
pattern (Fig. 2A, COj). Similar behavior was observed for
Pt/Ba/Ce( 5719 50,; however, less BaCO3 was reformed, and
crystalline BaZrO3 was (although less prominent) still present
(Fig. 2B, CO»). This indicates that BaZrO3 partly decomposes
during CO; treatment when Ce is present in the support. In
contrast, for Pt/Ba/ZrO,, the additional CO; treatment hardly
affected the crystal structures compared with annealing in air,
and Ba was still present as BaZrO3 (Fig. 2C, COy).

TEM analysis of the CO,-annealed catalysts with corre-
sponding elemental mapping as shown in Fig. 5 confirmed these
observations. For Pt/Ba/CeO,, the BaCOs3 particles contained
no discernible Ce from elemental mapping. Similar to the as-
prepared material (Fig. 1), after CO; annealing, the BaCO3
domains are still well mixed with the CeO; particles, which are
larger due to sintering. In agreement with the XRD results for
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Pt/Ba/CeO,
(co, annealed_)_

Fig. 5. TEM pictures of Pt/Ba on CeO; and ZrO, after annealing in CO, con-
taining atmosphere. The corresponding elemental mappings of Ba, Ce, and Zr
are shown on the left. BaACO3 and BaZrO3 domains are indicated by arrows.
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Fig. 6. TPD CO; evolution profiles during decomposition of BaCO3 for
Pt/Ba/Ce,Zr;_, O, after annealing at 800 °C in 10% O,/He (1 h) and 20%
COy/He (1 h). Temperatures of maximum BaCO3 decomposition rate are indi-
cated.

Pt/Ba/ZrO, (Fig. 2C), elemental mapping revealed the presence
of Zr in the Ba-containing domains, indicating the formation of
BaZrO3 at 800 °C. Interestingly, no distinct Pt particles or do-
mains were observed by TEM (Fig. 5) or STEM analysis (not
shown), indicating that no significant sintering occurred during
annealing at 800 °C.

The TPD profiles recorded after CO, annealing further cor-
roborate these results (Fig. 6). Recalling the CO;, evolution
from as-prepared materials (Fig. 3) it clearly shows the re-
formation of BaCO3 on CeQ,. The amount of evolved CO,
is even slightly higher than for the as-prepared Pt/Ba/CeO;.
This may be attributed to small amounts of BaO, Ba(OH);, or

] ™ ] — =
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B rich - 2
—— Pt/Ba/CeO,
g 40004
g
Hx
g NO infet
2000 -
NI \ i
NI =1

0 4 8 12 16 20
time / min.

Fig. 7. NOy storage-reduction on as-prepared Pt/Ba/ZrO, and Pt/Ba/CeO, at
350. NOy concentration in the outlet gas is shown for the first 5 lean—rich cy-
cles. After 3 min under lean atmosphere the gas composition was switch to rich
conditions for 1 min and then changed back to lean. Pseudo steady-state was
reached after four cycles.

BaCeO3 in the as-prepared material, which are not detectable
by XRD. These species then transform into BaCOs3 on treat-
ment in CO;. In addition, the maximum decomposition rate was
shifted toward higher temperatures (880 instead of 840 °C), in-
dicating the formation of larger BaCOs3 particles. On the other
hand, on Ce(5Zrp 503, the BaCO3; was only partly recovered
in CO;,, and, consequently, less CO, evolved during TPD com-
pared with the as-prepared material. Also in accordance with
XRD, no CO; stemming from BaCO3 decomposition was ob-
served for Pt/Ba/ZrO, after CO, annealing, and only CO, des-
orbing from the surface at low temperatures was detected, indi-
cating complete BaZrO3 formation.

3.2. NO, storage-reduction

Pt/Ba/Ce,Zr;_, O, catalysts were tested for their behavior
in NO, storage and reduction. Fig. 7 depicts NO, outlet con-
centrations during five lean—rich cycles at 350 °C for catalysts
supported on CeO; and ZrO;. After 3 min under lean condi-
tions (667 ppm NO, 6.67% O, He), the feed gas was abruptly
switched to rich conditions (667 ppm NO, 1333 ppm C3Hg, He)
for 1 min and then back again. Interestingly, the NO, storage
during the first cycle was similar for both catalysts; however,
after that cycle, the catalyst was either activated or deactivated
during the first three conditioning cycles, depending on the sup-
port. These differences are discussed later in this paper. Fig. 7
further shows that after an initial conditioning of the catalyst
during cycles 1-3, near steady state was reached around the
fourth cycle. For later comparison of the catalysts, only the fifth
cycle, when this pseudo-steady state was established, is consid-
ered.

For comparison, Fig. 8 shows the NO, outlet concentrations
during the fifth lean—rich cycle at 350 °C for Pt/Ba/Al, O3 refer-
ence catalysts prepared by incipient wetness impregnation [27]
and two-nozzle FSP [16]. In agreement with earlier observa-
tions by pulse thermal analysis [17], NO, is stored much faster
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Fig. 8. NOy storage-reduction on reference Pt/Ba/Al, O3 catalysts prepared by
flame synthesis and incipient wetness impregnation [17]. NOy outlet concen-
trations during the fifth lean—rich cycle at 350 °C are shown.

on the flame-made materials, resulting in no NO, breakthrough
during the lean storage phase and higher NO, conversion, 91%,
compared with 70% for the impregnated catalyst. This was at-
tributed to the absence of thermally stable BaCO3 (HT-BaCO3)
[17,27].

Fig. 9 depicts the corresponding the NO, NO,, NO,, and
CO; outlet concentrations during the fifth lean—rich cycle at 350
and 400 °C for ceria—zirconia-supported catalysts. The lean-to-
rich switch was accompanied by a sharp increase in NO,. This
breakthrough is commonly observed but not completely un-
derstood; proposed causes include (i) exothermic oxidation of
C3Hg resulting in the fast release of NO,, which is not com-
pletely reduced [34,35]; (ii) unselective reduction of released
NO; into NO on PtO; sites before reduction of PtO, to Pt°
under rich conditions, which is more selective toward Ny [36];
and (iii) partial mixing of O, and C3Hg, resulting in combustion
and formation of a high amount of CO; which promotes NO,
release [37] that is not reduced as long as C3Hg has been burnt
off by O». For all of these experiments, the amount of NO; in
the off-gas was very low (<20 ppm), with sharp peaks occur-
ring only during the lean—rich switches. Distinct differences in
storage and reduction behavior were found depending on the
reactor temperature and the support composition.

At 350 °C complete reduction of NO, by C3Hg was achieved
only for Zr-rich supports, whereas NO, was not reduced on
CeO, and Ce( 5Zro 507, resulting in high NO, concentrations.
The ZrO»-supported catalyst exhibited similar storage and re-
duction behavior at 350 °C as the flame-made Al,O3-supported
catalyst (Fig. 8). Increasing the temperature to 400 °C facili-
tated NO, reduction on the Ce-rich supports as well. After an
initially fast NO, uptake on Pt/Ba/CeO; at 350 °C during the
first 2 cycles, only low amounts of NO, were stored during
the subsequent cycles (Fig. 7). This can be attributed to the
presence of occupied storage sites formed during the previous
cycles [35,38,39]. Because little or no CO, was formed through
oxidation of C3Hg, Ba(NO3), was not completely transformed
back into BaCOs3, and the previously formed Ba(NO3), sur-
vived the rich phase, blocking active storage sites during the
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2000 | Pt/Ba/CeO, o
|\|(.-)2
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NOinlet concentraton | | 7 002
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Fig. 9. NOy storage-reduction on as-prepared Pt/Ba/CeyZr|_, O, with differ-
ent support composition at 350 and 400 °C. Effluent gases (NO, NO,, NOy,
and CO») are shown during the fifth lean—rich cycle. After 3 min under lean
atmosphere the gas composition was switched to rich conditions for 1 min.

subsequent lean phases. Complete storage experiments (as dis-
cussed later) and CO; traces corroborate these assumptions and
further show that NO, storage is always accompanied by CO»
evolution from BaCOs3, the active form of Ba in the storage
process.

Fig. 10 shows the NO, conversion on Pt/Ba/Ce,Zri_,0;
during the fifth lean—rich cycle at different temperatures. In-
dependent of support composition, the NO, conversion was
very low at 300 °C. As discussed before, this is due mainly to
the low reduction activity of platinum at this low temperature.
At 350 °C, however, the higher reduction activity strongly in-
creased the NO, conversion, but only for catalysts containing
little or no Ce in the support. For Ce:Zr ratios >1, the conver-
sion was still very low. At even higher temperatures (400 °C),
all catalysts reduced NO, during rich phases (Fig. 9), resulting
in high NO, conversion.

Figs. 9 and 10 clearly show the negative influence of ce-
ria on the reduction activity of Pt and consequently on NO,
conversion. Similar observations have been made for NO re-
duction by CHy or C3Hg on Pt/Ce,Zr;_,O; [40,41]. The low
activity with CeO;-rich supports can be attributed either to the
inhibition caused by the release of oxygen from CeO; during
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Fig. 11. NOy conversion during the fifth lean—rich cycle for as-prepared Pt/Ba/
CeO; and after Hy pretreatment (5% Hj/Ar, 500 °C, 30 min) as a function of
temperature.

rich phases or to the formation of platinum oxides, which are
less active. The formation of very stable PtO, on flame-made
Ce5Zr9 507 has been reported previously [19]. In that study,
a temperature of 300°C was needed for complete reduction
of PtO, (1 wt% Pt) in 5% H,. The small size of Pt particles
together with PtO, stabilization by ceria results in the high sta-
bility of Pt in its oxidized form [19,40]. Here, the presence of
predominantly PtO, or Pt was indicated by an orange/brown
or gray powder color, respectively. As-prepared materials on
Ce-rich supports exhibited an orange/brown color, whereas the
as-prepared Pt/Ba/ZrO, was light gray. In agreement with ear-
lier observations [19], the color of the powders turned dark gray
around 300 °C upon reduction in 5% Hj, indicating the forma-
tion of Pt°. During reaction, the observed color changes were
in good agreement with the corresponding NSR activity; that
is, for Ce:Zr >1, the orange color (predominantly PtO,) was
retained at 350 °C even for long rich periods, but at 400 °C,
along with a strongly increased activity, these materials turned

Table 1
NSR activity for as-prepared, CO, annealed and H» pretreated Pt/Ba/CeO, and
Pt/Ba/ZrO; catalysts

Sample Annealing? Tb (°0) NO, conversion® (%)
Pt/Ba/CeO, None 400 58.1

A 400 11.7

B 300 33.6
Pt/Ba/ZrO, None 400 87.1

A 400 4.2

B 300 52.8

4 A:1hat 800°C in 10% Oy/He followed by 1 h in 20% CO,/He; B: 5%
Hj/Ar, 500 °C, 30 min.

b Temperature during NO, storage-reduction measurement.
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Fig. 12. NOy outlet concentration during saturation experiments at 400 °C after
5 lean-rich cycles for Pt/Ba/CeyZri_,O;. The inset depicts the corresponding
NO, storage capacity as derived from the stored NO,.

gray, indicating the formation of active Pt’. The higher activ-
ity of Zr-rich catalysts can thus be attributed to easier reducible
PtO, species. NSR experiments with prereduced catalysts fur-
ther corroborate these findings.

Fig. 11 shows the NO, conversion of as-prepared and pre-
reduced Pt/Ba/CeO,. Reduction of Pt at 500 °C in 5% Hjy/Ar
before the experiments strongly enhanced the NO, reduction
activity of Pt at lower temperatures and thus increased the cor-
responding NO,. conversion. Even at 300 °C, the prereduced Pt
was active for NO, reduction, resulting in a NO, conversion of
33.6%. The hydrogen pretreatment also increased the NO, re-
duction activity for Pt on ZrO,, resulting in a NO, conversion
of 52.8% at 300 °C compared with 10.6% for the as-prepared
material (Table 1, Fig. 10).

Fig. 12 depicts the NO, outlet concentrations from Pt/Ba
on four supports during complete storage until saturation at
400 °C measured after five lean-rich cycles. No breakthrough
of NO, was observed for about 5 min. After 5 min, the NO,
concentration increased rapidly but did not reach the inlet con-
centration, indicating that NOy is still partly stored for another
50 min. These results show two different NO, storage activities
of the catalysts: a fast NO, uptake during a first period with
all NO, being stored, followed by a slower process with only
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Fig. 13. NOy and CO; in the effluent gas during NSR on Pt/Ba/CeO; and Pt/
Ba/ZrO,, as-prepared and after annealing in CO, containing atmosphere. The
catalysts were exposed to lean conditions until saturation (90 min) followed by
reducing conditions for 45 min. The gray area indicates the amount of stored
NOy (compare Table 2).

partial storage of NO,. The first, fast process contributes ap-
proximately 15-20% to the total amount of stored NO,. The
reason for these different rates cannot be attributed to differ-
ent storage activities of BaO or BaCO3, because CO, evolved
corresponding to the amount of NO, stored (compare Fig. 13).
This demonstrates that only BaCOs3 was the active storage com-
ponent.

Another explanation for the different storage rates is much
more plausible. During the first period, NO, rapidly reacts on
the surface of the BaCOs3 particles, forming a Ba(NO3), sur-
face layer. Once the surface is saturated, the slower storage
process starts. Now the nitrates or NO, have to diffuse into
the particles and carbonates or CO; to the surface, where they
can be released. Compared with the fast surface reaction, this
diffusion process is slower limiting the NO, uptake rate dur-
ing the second period. This mechanism has been proposed for
Pt/Ba/Al,O3 and also evaluated by modeling approaches [35,
38,39]. We observed this behavior for all support compositions;
however, on supports with high Ce content, the second diffu-
sion process occurred faster. The inset in Fig. 12 shows the
corresponding NO, storage capacities as a function of support
composition expressed in terms of percentage of Ba involved
in the storage process assuming complete Ba(NO3), forma-
tion. For all catalysts, the NO, storage capacity was rather high
(>60%) and increased with higher Ce content up to 80%.

The NSR activity of Pt/Ba/Ce,Zr|_,O; was also tested after
thermal decomposition and recovery of BaCOs3 in CO; contain-
ing atmosphere. Table 1 depicts the corresponding NO, conver-
sion at 400 °C during the fifth lean—rich cycle for as-prepared
and annealed catalysts. On both supports (CeO, and ZrO»),
NSR activity decreased dramatically after annealing. This is
not surprising for Pt/Ba/ZrO;, because no active BaCO3 was

Table 2
Amount of stored NO, and relative amount of Ba involved in the storage
process during saturation experiments at 400 °C (compare Fig. 10)

Sample Annealing?® NOy stored NO, storage
(mggea ™) capacity” (%)
Pt/Ba/CeO» No 51.8 77
Yes 62.2 92
Pt/Ba/Ce( 5Zr( 50, Yes 32.5 48
Pt/Ba/ZrO, No 40.9 61
Yes 6.6 10

4 1 hat800°C in 10% Oy/He followed by 1 h in 20% CO,/He.
b Relative amount of Ba involved in storage process, assuming complete
Ba(NO3), formation.

recovered during the CO; treatment and only inactive BaZrO3
was present (see Fig. 2). However, although BaCO3 was re-
formed on CeQO;, rather low NO, conversions were observed.
Additional experiments investigating the NO, storage capacity
without any previous NSR cycles gave more insight into the be-
havior of as-prepared and CO, annealed catalysts.

Fig. 13 depicts the NO, and CO, outlet concentrations
during saturation experiments at 400 °C without any previous
lean-rich cycles for as-prepared and annealed catalysts. Cor-
responding NO, storage capacities are shown in Table 2. On
as-prepared materials NO, uptake and storage capacities are
similar to those after lean—rich cycles (Fig. 12). However, only
on ZrO, the reduction activity was retained after saturation and
complete transformation of BaCO3 into Ba(NO3),. Much lower
reduction activity was observed for as-prepared Pt/Ba/CeO; af-
ter switching to rich conditions resulting in a large breakthrough
of NO,. Note that the NO, outlet concentration is even higher
than its inlet concentration. It took a long time (30 min) until the
reduction activity was recovered and NO, was reduced com-
pletely. CO, evolution corroborates the low reduction activity
of Pt/Ba/CeO, as no CO, was formed from C3zHg oxidation.
Compared to the reduction behavior after short storage peri-
ods (Fig. 9) much lower reduction activity was observed after
complete storage. This may be attributed to blocking of active
Pt sites by newly formed Ba(NO3), dispersing over the sup-
port [42].

Regarding the corresponding storage behavior of annealed
catalysts (Fig. 13), it is obvious that hardly any NO, is stored
on Pt/Ba/ZrO,, which exhibits very low NO, storage capacity
after the high-temperature treatment (Table 2). This is a conse-
quence of the absence of active Ba-containing species. Here Ba
is present predominantly as inactive BaZrO3 (compare Figs. 2C
and 6). In contrast, the reformation of BaCO3 from BaCeO3
in CO;-containing atmosphere recovers the NO, storage ac-
tivity. The NO, storage capacity was even higher (92%) than
for the as-prepared Pt/Ba/CeO; (77%), which is in line with
larger amounts of BaCOs3 on the annealed material (compare
Figs. 2 and 6). The diffusion-limited storage of NO, is more
pronounced than for the as-prepared catalyst. This is in good
agreement with the formation of larger BaCO3 particles during
the annealing procedure (compare Figs. 2 and 5), which exhibit
less accessible surface BaCOs3 for fast NO, uptake. BaCO3
was partly reformed on Ceg 5Zrg 503; consequently, this mate-
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rial recovered some of its NO, storage capacity after annealing
(Table 2). However, independent of the support composition,
the reduction activity of the annealed materials was completely
lost. Neither stored NO, nor NO from the feed gas was re-
duced, and hardly any formation of CO, was visible during the
rich period. This inactivity is also the reason for the low NO,
conversion during short lean—rich cycles (Table 1). The reason
for this deactivation is not yet clear. Strong sintering of Pt can
be excluded, because no large Pt particles were found by TEM
analysis (Fig. 5) and no crystalline Pt (which is characteristic
of large Pt particles) could be detected by XRD after anneal-
ing. The reaction of Pt with the support and/or Ba seems to be
a more feasible explanation for this deactivation. The forma-
tion of BayCePtOg perovskite structures at high temperatures
has been reported [43]. Although no reflections of such phases
were found in the diffraction patterns (Fig. 2), it is still possible
that Pt deactivates by incorporation into the Ba and/or support
matrix. However, further investigations are needed to elucidate
this deactivation of Pt at high temperatures.

4. Conclusion

Two-nozzle FSP has been applied for synthesis of Pt/Ba/
Ce,Zr|_,0O; consisting of individual BaCO3 and ceria/zirconia
particles. The as-prepared catalysts exhibited a high NO, stor-
age capacity, but high amounts of ceria in the support lowered
the NO, reduction activity of Pt due to the formation of less
active stable Pt oxides. The catalysts could be activated by
a reductive pretreatment, resulting in the formation of more
active PtY. When exposed to CO», active BaCOj3 could be re-
covered after BaCO3 decomposition and BaZrO3z/BaCeOj3 for-
mation at high temperatures. Complete BaCO3 recovery could
be achieved on CeO;, whereas BaCO3; was not reformed on
ZrO; and only partly reformed on Ce—Zr mixed oxide. Pt was
strongly deactivated during the annealing procedure, resulting
in a loss of the catalyst’s NO, reduction activity. Flame-made
Pt/Ba/ceria—zirconia NSR catalysts are efficient for NO, stor-
age; however, further investigations in the presence of real ex-
haust gases also containing CO»,, H>O, and SO, are needed to
finally assess the potential of flame-made Pt/Ba/ceria—zirconia
for NO, storage. As concerns the reduction/oxidation behav-
ior, it may be interesting to investigate the performance of other
platinum group metals or bimetallic systems based on ceria—
zirconia supports.
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