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A novel two-nozzle flame spray pyrolysis (FSP) process has been developed for one-step preparation
of Pt/Ba/ALO; particles as used for NOstorage-reduction (NSR) catalysts. The materials were
characterized by transmission electron microscopy, CO chemisorption, nitrogen adsorption, X-ray
diffraction, and temperature programmed decomposition and tested for thestbi@ge behavior. The
use of two separate nozzles, one as aluminum and the other as a barium/platinum source, resulted in
individual Al,O; and monoclinic BaC@nanoparticles, exhibiting good N®torage activity. In contrast,
using a single-nozzle process resulted ipG3lparticles with amorphous Ba species with negligible,NO
storage capacity. Increasing the internozzle distance resulted in late mixing of the two flame products
and increased the amount of crystalline BaC& ambient conditions, as-prepared monoclinic BaCO
transformed into orthorhombic BaGQAndependent of the Ba loading, nanocrystalline BaGkbwed a
low thermal stability (decomposition below 90C, LT-BaCQ) that was distinctly different from its
“bulk” behavior (decomposition above 90C).

Introduction of the nanoparticles contributes to the high surface "area
resulting in materials with good thermal stabiltft! In the
case of mixed metal oxides it is rather difficult to control
the distribution of two or more components in the material.
As temperatures during synthesis are very higG00°C)
usually the thermodynamically most favored product is
formed, that is, homogeneous nanopatrticles (i.e., ;A0

Y ,05/Zr0,,*2 mullite,** and perovskite structur® or seg-
'regated phases of different species (i.e., ZnO in,Sié@nd
Al,04/TIOZ).

The Pt/Ba/A}Os; material is of particular interest as a NO
storage-reduction (NSR) catalyst for engines operating under
lean conditions®1°A decade ago, Toyota proposed the NSR
concept for the NQ abatement of lean-fuel engin&s.
According to the NSR concept, NGs stored under lean
conditions in the form of alkali or alkaline-earth nitrates (in

A novel, two-nozzle flame process was developed for
synthesis of Pt/Ba/AD; in one step allowing controlled
mixing of two particle streams. Flame aerosol and in
particular flame spray technologies are versatile and continu-
ous processes for production of a variety of ceramic
nanoparticled: 2 In contrast to spray pyrolysis, flame spray
pyrolysis (FSP) is based on combustible precursor solutions
which provide the energy for the procéss. A metal
containing precursor solution is dispersed, ignited, and
combusted. After evaporation and conversion of the metal
precursor, particles are formed in the gas pldse.

Supported noble metal catalysts (i.e., P& consisting
of Pt particles €5 nm) finely dispersed on AD; particles
(10—40 nm) have been made by FSRecently, FSP has
also successfully been applied for the preparation of platinum
supported on ceria/zircorfiar titania resulting in Pt clusters ~ (9) Schulz, H.; Maler, L.; Strobel, R.; Jossen, R.; Pratsinis, S. E.;
down to less than 2 nm for Pt loadings of 5 wt % by 4 ‘]s(i?fﬁé}???nﬁrgis?ﬂ?st,ers‘.Réfzéjgiﬁe%f)’f_ﬁiier. Chem2005 15,
additional rapid quenching of the flarfién general, flame- 605.

made materials are nonporous and only the external surfacgll) Stark, W. J.; Méler, L.. Maciejewski, M.; Pratsinis, S. E.; Baiker, A.
Chem. Commur2003 588.
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Figure 1. Schematic of the FSP setup using two separate nozzles. The image shows two flames producing®4/Bavkl flame (left): Al; yellow-
greenish flame (right): Pt and Ba).

particular Ba(NQ),) and reduced over a noble metal into For the two-nozzle FSP two separate precursor mixtures were
N, during fuel rich periodd! Generally these catalysts are prepared, one containing the Al precursor and the other containing
prepared by wet |mpregnat|0n Of an alumlna Support from the Pt and Ba precursors. The aluminum precursor solution consisted
aqueous solutions of barium and platinum precurdbors. of aluminum(l!l) tri-seebytoxide (Alfa Aesar, 95%) dissolved in
Recently it has been shown that different Ba phases 0faZ:1 vol % mixture of diethylene glycol monobutyl ether (Fluka,

. . 98%) and acetic anhydride (Riedel-de Hae99%). The Al
impregnated materials strongly affect the NGtorage

- . concentration was kept constant at 0.5 mol/L. For the Pt/Ba
capacity of P/Ba/Ai0s, and BaCQ@ decomposing at low precursor solution, barium(ll) 2-ethylhexanoate (75% in 2-ethyl-

temperatures (LT-BaC{ has been identified as the most  eyanoic acid, Alfa Aesar, 99.8%) and platinum(il) acetylacetonate
active Ba species in the NGtorage process:?® (Strem, 98%) were dissolved in ethanol (Alcosuisse, 98%). The
Compared to the conventional single-nozzle setup during barium and platinum concentrations were adjusted for the desired
FSPS the present stereoscopic two-nozzle setup adds furtherBa and Pt content in the final product, respectively.
flexibility for the control of important flame parameters, such For comparison Pt/Ba/ADs; powder was produced also by
as temperature and concentration fields, that affect particlestandard, one-nozzle FSP with a precursor feed rate of 5 mL/min
formation, and affords excellent control of particle mixing @and oxygen dispersion gas flow rate of 5 L/min. In that precursor
at the nano-level in multicomponent systems. Here we ShOWsquti_on aluminum(lll) tris_eebutoxide, barium(ll) 2-ethylhexgnoate
how a two-nozzle system can be beneficially used to control _(Aldrlch, 98%), and platinum(ll) acetylacetonate were dissolved

the structure of Pt/Ba/AD; catalysts leading to enhanced in toluene (Al= 0,'5 mol/L). , _ ,
NO storage behavior. Unless otherwise stated, the nominal Pt/Badlweight ratio

in the feed was 1:20:100. For the calculation of the nominal mass
) . fractions of individual components, complete formation of BgCO
Experimental Section was assumed: A powder with the nominal ratio of 1:20:100 contains

Preparation Procedure.The setup for synthesis of Pt/BaA®; 15.4 wt % Ba and 22'9 WF % BaGO -
consisted of two separate FSP nozzles, each able to disperse and Materials Characterization. The specific surface area (SSA)
ignite a liquid precursor solution (Figure 1). The angle between Of the as-prepared powders was determined by nitrogen adsorption
the two nozzles¢) was fixed at 120, and the internozzle distance &t 77 K _usmg_the BET method (Micromeritics Trlstgr). The powder
between the angle tip and each nozzle centdrwas varied X-ray diffraction (XRD) patterns were recorded with a Bruker D8

symmetrically between 3 and 7 cm. The individual spray nozzle @dvance diffractometer in step mode(2 15-75°) with a step
was described earlier in detad. size of 0.04 and a scan speed of 04&in. The mass fraction of

The Al precursor solution was fed at 5 mL/min through the first Monoclinic BaCQ (ICSD collection code: 63257) and witherite
nozzle, and the Pt/Ba precursor solution was fed at 3 mL/min (ICSD: 15196) was derived from the corresponding XRD patterns

through the second nozzle by syringe pumps (Inotech). Each Sprayeobased on Fhe fundamental parameter approach and the Rietveld
solution was dispersed by 5 L/min oxygen (PanGas, 99.95%) Method using the software TOPAS.
forming two fine sprays. Both sprays were surrounded and ignited Platinum dispersion was determined by CO-pulse chemisorption
by a small flame ring issuing from an annular gap (0.15 mm at 40°C with 50 mL/min He and pulses of 0.5 mL (10% CO in
spacing, at a radius of 6 mm). The gas flow rates of these two He) on a Micromeritics Autochem 11 2920 unit. Prior to dispersion
individually premixed methane/oxygen supporting flames were 3.5 analysis all samples were freshly reduced¥d at 250°C under
L/min each with a CHO, ratio of 0.46. Product particles were flowing hydrogen (20 mL/min) and then flushed by He (50 mL/
collected on a glass fiber filter (Whatman GF/D, 25.7 cm in Min) at 260°C for 90 min. To calculate the metal dispersion, an
diameter) with the aid of a vacuum pump (Busch, Seco SV 1040C). adsorption stoichiometry of P/CS 1 was assume#.

Temperature programmed decomposition (TPD) of Ba@@&s
measured with 35 mg of powder on a Micromeritics Autochem Il

(21) Epling, W. S.; Campbell, L. E.; Yezerets, A.; Currier, N. W.; Parks,

J. E.Catal. Rev. 2004 46, 163. 2920 in a helium flow (20 mL/min) from 50 to 1000 at 10°C/
(22) fé@centini, M.; Maciejewski, M.; Baiker, Aappl. Catal., B2005 59, min. The gas-phase composition was monitored by a mass
(23) Piaéentini, M.; Maciejewski, M.; Baiker, Appl. Catal., B2005 60,

265. (25) Cheary, R. W.; Coelho, A. Al. Appl. Crystallogr.1998 31, 862.

(24) Mdler, L.; Stark, W. J.; Pratsinis, S. E.Mater. Res2002 17, 1356. (26) Freel, JJ. Catal. 1972 25, 149.



2534 Chem. Mater., Vol. 18, No. 10, 2006 Strobel et al.

Figure 2. TEM images of flame-derived Pt/Ba/&D; made with one nozzle (A) and two nozzlesdat 6 cm (B). The corresponding ESI mappings of Ba
are shown as a red overlay.

spectrometer (Thermostar, Pfeiffer Vacuum). After each experiment
the CQ signal (wWz = 44) was calibrated by injecting a well-defined
pulse of CQ (0.35 mL).

For transmission electron microscopy (TEM), the material was
dispersed in ethanol and deposited onto a perforated carbon foil
supported on a copper grid. The investigations were performed on
a Tecnai F30 microscope (FEI (Eindhoven); field emission cathode,
operated at 300 kV). TEM images were recorded with a slow-scan
charge-coupled device camera. An energy filter (Gatan imaging
filter, GIF), which is installed below the Tecnai 30 FEG, allows

4 monoclinic BaCO,
o orthorhombic BaCO,
& ¥ALO,

intensity / a.u.
Q
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w
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recording element specific images (elemental maps) of barium 0.8 o 000, 1 nozzle

(Ba-L edge at an energy loss 781 eV) by means of the electron o 0o © o

spectroscopic imaging (ESI) technicie. 20 30 40 50 60 70
NOy storage measurements were carried out on a Netzsch STA 2 theta / °

409 thermoanalyzer which was connected to a valve device enabling,_. N

pulse thermal gnalysis (Pulse TA). After pretreatment of the as-gﬁgzuzﬁz %'r ?N%Dngigfe?;m:a;-gﬁpi:ﬁé PUBa/B} made with either one
prepared samples in 5 vol %,@ He at 500°C for 1 h, the NQ

uptake was monitored gravimetrically during injection of NO pulses come in contact where the respective flame products start
(1 mL) into 5 vol % Q/He flow (50 mL/min) at 300°C.>2 to mix (Figure 1). Considering that during FSP ceramic parti-
cle formation starts typically below the middle of the visible
part of the flame® both alumina and barium species forma-
Figure 1 shows a stereoscopic two-nozzle FSP unit tion has been well advanced by the time the two flames meet.

producing AbOs particles on the left burner (blue flame) and In contrast, noble metal particles form further downstréam,
Pt/Ba in the right one (yellow-green flame). The yellow- and itis quite likely that Pt formation may take place near
green color is characteristic for barium. The use of two the point of flame mixing. This means that the Al and Ba
nozzles strongly altered the structural properties of the Ba Precursors have evaporated separately in the two flames. So,
containing phase. Figure 2 shows TEM images of flame- Al- and Ba-containing particles have formed individually.
made Pt/Ba/AlO; using one (A) and two nozzles (B), At the point of mixing the two types of particles only
respectively. The Ba mapping as measured by ESI of theagglomerate and do not sinter into a single particle as lower
corresponding TEM pictures is shown as a red overlay. The temperatures prevail late in the flarffeln contrast to this,
conventional single-nozzle FSP process resulted in thethe one-nozzle FSP process, where Al and Ba evaporate and
distribution of Ba over all the AD; nanoparticles (Figure ~ formin the same flame, leads to particles consisting of both
2A), whereas the material prepared with two nozzles Al and Ba (Figure 2A) by subsequent sintering and recom-
consisted of distinct BaC{particles (16-30 nm) that were  bination of Al and Ba particles at the high temperatures.
dispersed within the AD; particles (Figure 2B). Powder prepared with a single FSP nozzle consisted of
When the internozzle distance is increased, the mixing of crystalliney-Al,Os; and no crystalline Pt or Ba species could
the Al- and Ba-laden flames occurs further downstream at be detected (Figure 3). Considering the low Pt contetit (
lower temperatures, and later particle formation stages reducevt %), this was expected for platinufmOnly amorphous
the high-temperature residence time of particles and the Ba species were present. In contrast to this, crystalline BaCO
product particles siz& One can see that the two flame tips was formed with two nozzles (Figure 3): monoclinic and

Results and Discussion

(27) Grogger, W.; Hofer, F.; Warbichler, P.; Kothleitner, ®icrosc. (28) Mueller, R.; Jossen, R.; Kammler, H. K.; Pratsinis, S. E.; Akhtar, M.
Microanal. 200Q 6, 161. K. AIChE J.2004 50, 3085.



Flame Synthesis of Pt/Ba/8; for NO, Storage

©  monoclinic BaCO,
4 orthorhombic BaCO,
N

content / wt%

time / weeks
NN

intensity / a.u.

as-prepared

T T T 5I0 60
2 theta/°

Figure 4. XRD patterns showing the transformation of monoclinic BgCO
into the thermodynamically more stable witherite as a function of time (Pt/
Ba/Al,0; = 1:50:100,d = 6 cm). The inset shows the corresponding
amounts of monoclinic and orthorhombic Bag@ver time.
orthorhombic BaC@ (witherite) along withy-Al,Os. The
fraction of crystalline BaC@ increased with increasing
internozzle distanced. As BaCQ would not be stable and
decompose into BaO and G@t the high temperatures in
the flame 1500°C), it can be assumed that in a first step
BaO particles are formed. Later downstream at lower

temperatures and when exposed to a significant amount of

CO, from the combustion process BaO transforms into
BaCGs. At 1300°C the equilibrium CQ partial pressure for
the reaction BaOt+ CO, < BaCQ; would be 0.1 bar, a
reasonable value for GOn the flame?® A temperature of
1300°C is reached at about 15 cm above the no2#ahe
formation of BaCQ instead of BaO in the flame process is
not surprising as flame synthesis resulted also in the
formation of CaC@?3! which would decompose into CaO
at even lower temperatures than BaC®

At ambient conditions the metastable monoclinic BaCO

of the as-prepared material was transformed into the ther-

modynamically stable orthorhombic form (witherif@y3
Figure 4 depicts this transformation for a flame-made powder
(Pt/Ba/ALO; = 1:50:100,d = 6 cm). Monoclinic BaC@
was transformed completely into pure orthorhombic BaCO
(witherite) over a time period of approximately 1 month.
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Figure 5. TPD CQ evolution profiles during decomposition of BagO
for as-prepared Pt/Ba/#D; from one or two nozzles at internozzle distances
(d) of 3 and 6 cm.

T
200 1000

100

80 1
A
X
\m 60 4
O
(&)
®
@D 40
[2]
®©
®©
om
204
a
0 T IIII T T T T T
1 nozzle 3 4 5 6 7

internozzle distance (d) / cm

Figure 6. Relative amount of Ba in the form of BaG@s a function of
internozzle distancel) for Pt/Ba/ALOs. Increasingd resulted in later mixing

of Ba with Al at lower temperatures favoring less interaction of Ba with
Al that limits the formation of BaC@ For this reason Pt/Ba/AD; prepared
with one nozzle contained virtually no BagO

and two nozzles placed at different distances. The, CO
evolution below 300C corresponds to CQlesorption from
the particle surface. The peaks between 200 and®@0fan

The formation of this metastable monoclinic phase was also be attributed to combustion of carbon-containing impurities

observed for unsupported flame-made BaG@d can be
attributed to the rapid quenching during flame synthé&sis.
In general, the steep cooling during flame synthesis often

with some residual oxygen as the g@volution was
accompanied by water evolutiomfz = 18). The main peak
occurring at about 608C arises from BaC@decomposition

results in metastable phases or high-temperature modifica-into BaO and C@ This temperature is much lower than that

tions as reported, for example, for Z@®or Y,05.36
Figure 5 shows the BaGQlecomposition as measured
by CO-TPD (m/z = 44) for powders made with one nozzle

(29) Stern, K. H.; Weise, E. LNatl. Stand. Ref. Data Set969 30, 1.

(30) M&dler, L.; Kammler, H. K.; Mueller, R.; Pratsinis, S. E. Aerosol
Sci 2002 33, 369.

(31) Huber, M.; Stark, W. J.; Loher, S.; Maciejewski, M.; Krumeich, F.;
Baiker, A. Chem. Commur2005 648.

(32) Lietti, L.; Forzatti, P.; Nova, |.; Tronconi, B. Catal.2001, 204, 175.

(33) Nishino, T.; Sakurai, T.; Ishizawa, N.; Mizutani, N.; Kato, 84.Solid
State Chem1987, 69, 24.

(34) Strobel, R.; Maciejewski, M.; Pratsinis, S. E.; Baiker,TAermochim.
Acta 2006 in press.

(35) Karthikeyan, J.; Berndt, C. C.; Tikkanen, J.; Wang, J. Y.; King, A.
H.; Herman, H.Nanostruct. Mater1997, 8, 61.

(36) Camenzind, A.; Strobel, R.; Pratsinis, S.Ghem. Phys. Let2005
416, 193.

of bulk BaCQ decomposing between 900 and 120022
For all two-nozzle FSP-made Ba-containing powders only
the so-called LT-BaC@(Ty < 900°C) and no HT-BaC®
(Tq > 900 °C) was observed: Particles made with one
nozzle showed Cg&evolution only from desorption of surface
CO;, species and virtually nothing from BaG@ecomposi-
tion. At increased internozzle distances more,@@olved
consistent with XRD observations (Figure 3).

Figure 6 depicts the relative amount of Ba in the form of
BaCG; for Pt/Ba/ALO; prepared with one and two nozzles.
The amount of BaC®was derived from TPD profiles
(Figure 5) by integrating the amount of G@volved above
400°C to distinguish from C@desorption. Figure 6 clearly
shows that more BaG{s formed when using the two-nozzle
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Figure 9. BET SSA and platinum dispersion as a function of the Ba content
of Pt/Ba/ALO3z made with two-nozzle FSRI(= 6 cm).

and thus a significant storage of Ni@ the form of Ba(NQ),
was observed for Pt/Ba//D; made with two nozzles (3.6
wt %). In contrast, the powder made with one nozzle
exhibited a very low mass uptake coming mainly from the
adsorption of NQ on the alumina surface. Therefore, it is
evident that the formation of individual BaG@atrticles as
achieved by the two-nozzle process is crucial for the ability
of the catalyst to store NOn the form of Ba(NQ),. This is
in agreement with the observations for conventionally
prepared catalyst, where the formation of Ba2y at high
temperatures leads to the loss of N&dorage capacit§/.8
A thorough investigation of the NGstorage and reduction
behavior of flame-made Pt/Ba/A&); concerning the influence
of Ba content and nozzle setup in comparison with impreg-
nated catalysts will be presented in a forthcoming study.
The influence of Ba content on the structural properties
was investigated with powders consisting of Pt/Balil=
1:x:100 withx ranging from 0 up to 50. Figure 9 shows the
SSA and the Pt dispersion as a function of the Ba content

distance up to 5 cm and leveled off close to the theoretical (two nozzles atl = 6 cm). Compared to pure Pt/AD;, the
maximum. addition of a small amount of Ba (4.6 wt % Ba) reduced the

Figure 7 shows the Pt dispersion and the SSA for Py/Ba/ SSA from 155 to 133 filg. However, adding more Ba had
Al,05 prepared with either one nozzle or two nozzles as a hardly any influence on the SSA. This is in contrast to
function of the internozzle distance)( The SSA of the pro- ~ impregnated Ba/ADs catalysts, where the addition of Ba
duct particles was hardly affected by the different nozzle 'esults in a high loss in SSA by clogging the pores of the
geometries and the surface area increased only slightly withSUPPOrt® Flame-made materials are usually nonporous, and
larger internozzle distances, indicating a small effect of the the high surface area comes only from the external surface

second flame on the AD; particle formation process. In con-
trast, increasing the internozzle distandg the Pt dispersion
increased from 56%d(= 3 cm) up to 75% ¢ = 7 cm).

of the nanoparticlesFor Pt/Ba/AO; made with two spray
nozzles, mainly AlO; contributes to the surface area. As
the ALO; and BaCQ particles are formed separately no

This is attributed to shorter Pt residence times at high temper-¢0gging occurs and the high surface area is retained.
atures as the later mixing of the two flames reduces the tem- The Pt dispersion increased with higher Ba contents
perature encountered by Pt. As Pt particles form later at lower (Figure 9). A large difference in Pt particle size was observed

process temperatures compared to thgdAbarticles? the

when changing the Ba content from 0 to 4.6 wt %. The Pt

Pt dispersion is more affected by the additional heat contri- dispersion of no Ba containing Pt/A); made with two

bution of the second flame at lower internozzle distance.
The influence of the previously discussed structural

differences of one- or two-nozzle-made Pt/Baf@J on the
NOy storage behavior is shown in Figure 8. The N@take

nozzles was much lower than that of P#®4 made with
one nozzle and similar Pt content as reported eaftlier

(37) Elbouazzaoui, S.; Corbos, E. C.; Courtois, X.; Marecot, P.; Duprez,
D. Appl. Catal., B2005 61, 260.

was monitored gravimetrically and results in a mass increase(38) Jang, B. H.; Yeon, T. H.; Han, H. S.; Park, Y. K; Yie, J.Gatal.

of the catalysts by the formation of Ba(N)@according to
BaCQ; + 2 NO, — Ba(NG;), + CO,. A high mass increase

Lett. 2001, 77, 21.
(39) Castoldi, L.; Nova, I.; Lietti, L.; Forzatti, RCatal. Today2004 96,
43.
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experiments were carried out after complete transformation
. of monoclinic BaCQ into witherite, approximately 1 month

2
3

5y
S

g n

o
S

=] § after preparation. With higher Ba loadings the amount of
A P CO,, which evolved from BaC@decomposition, increased.
I |&” The relative amount of Ba in the form of Bag®@as always
'\,11 TRk B s @ around 80% independent of Ba loading. Interestingly, not
E o2 content 1% even for powders containing up to 28.9 wt % Ba the
% formation of so-called bulk or HT-BaC{Qvas observed. All
S 208 materials made with the two-nozzle FSP process showed
= /\/\‘___/u mainly formation of LT-BaC@. This behavior differs from
T — 87 ] that of Pt/Ba/AlO; catalysts prepared by impregnation,
46 where no BaC®was observed for low Ba contents and
200 400 600 800 1000 HT-BaCQ; was the main form of Ba for high Ba loading.

This makes the Pt/Ba/AD; prepared with the two-nozzle

temperature / °C . . .
FSP process a promising catalytic material for NSR.

Figure 10. TPD CQ evolution profiles from BaC@of flame-made Pt/
Ba/Al,O3 with different Ba loadingsd = 6 cm). TPD was measured 1

month after sample preparation (Ba content (%) is shown on the curves). Conclusions
The inset depicts the amount of Ba in the form of Ba@® derived from
integrating the TPD profiles above 40C. A novel two-nozzle FSP process was developed for one-

step synthesis of Pt/Ba/&D; consisting of individually
the Pt/ALO; powder made with two nozzles, Pt particles were crystalline BaC@and ALO; nanoparticles well-mixed at the
formed separately in one flame without any Ba particles nano-level. In contrast, amorphous Ba species dispersed over
present. Noble metals tend to form larger particke8¢ nm)  the ALO; particles were formed by the conventional single-
in the absence of a suppdftlf no Ba particles are present nozzle FSP process. The formation of individual BaCO
in the Pt containing flame, the Pt particle growth is not particles as achieved by the two-nozzle process was benefi-
stopped until coagulation with AD; particles from the other  cial for the NQ storage behavior, whereas no N@as stored
flame, and so larger Pt particles are observed. In contrast,on the single-nozzle-made material. The amount of crystalline
in Ba containing powders the Pt particle growth is arrested BaCQ; could be controlled by varying the internozzle
on the BaC@particles. For comparison a Pt/Bagfwder  distance or in other words the point of mixing of the two
was prepared containing no &l; (Pt/Ba= 1:20). The Pt flames. Increasing the Ba content did not clog the pores of
dispersion of this material was slightly lower (57%) than of the support as observed during wet impregnation and resulted
a comparable Pt/Ba/ADs; made with two nozzles (i.e., 70%  only in a slight loss in SSA. Independent of the Ba loading
for d = 6 cm). This indicates that a small fraction of Ptis the BaCQ nanoparticles decomposed at low temperatures
formed on the AlO; particles. It can be expected that co- (LT-BaCO;) compared to bulk BaCg® This makes two-

formation of BaCQ and Pt in one flame ensures a close nozzle flame-made Pt/Ba/fD; a promising material as a
proximity of the Pt and BaCgparticles in the final product. ~ NSR catalyst.

This close contact between the two active species may be
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