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a b s t r a c t

One weight percentage of Pt/MgAl2O4, without any additional classical storage component (Ba or K), was
synthesized by single-step flame spray pyrolysis. The catalyst consisting of nano-sized Pt dispersed on
MgAl2O4 spinel showed superior dynamic performance in NOx storage-reduction at short regeneration
times (<30 s) compared to a standard 1%Pt–20%Ba/Al2O3 reference catalyst. The better NSR performance
at short regeneration times of Pt/MgAl2O4 is limited to the use of hydrogen and H2–CO mixtures as reduc-
tants, whereas with other reductants, CO or C3H6, the NSR performance was similar for both catalysts. The
efficiency of the reduction agents decreased in the order H2 > H2 + CO > CO > C3H6. XRD and time-resolved
in-situ DRIFT investigations indicate that bulk nitrate species are formed on Pt–Ba/Al2O3, whereas on the
spinel-based Pt/MgAl2O4 catalyst predominantly surface species were formed. The superior dynamic per-
formance of the spinel-based Pt/MgAl2O4 is attributed to the different adsorbed NOx species and their dif-
ferent stability under regeneration conditions. Pt/MgAl2O4 also showed higher thermal stability up to
800 �C and lower stability of sulfur-containing species.

� 2010 Elsevier Inc. All rights reserved.
1. Introduction

NOx storage-reduction (NSR) has gained considerable impor-
tance as an efficient method for exhaust gas treatment of fuel lean
engines, which operate at air-to-fuel ratios higher than stoichiom-
etric (>14.7–25). Under such conditions, exhaust NOx is oxidized
over a noble metal and then trapped (stored) on alkaline-earth or
alkali metal components in the form of metal nitrates. During the
subsequent short fuel-rich period, stored NOx are reduced to N2,
and the storage-reduction cycle restarts [1,2]. Conventional NSR
catalysts are thus made up of three main components: (i) a noble
metal for NOx oxidation and reduction, (ii) a NOx storage compo-
nent and (iii) a suitable oxidic support for dispersion of the noble
metal and storage component. The original standard NSR catalyst
formulation is Pt–Ba/Al2O3 [3,4]. However, under realistic condi-
tions, particularly at short regeneration times, storage performance
deteriorates with time (from cycle to cycle) due to incomplete
reduction of bulk barium nitrates that are partially inaccessible
during subsequent lean phase, an issue surprisingly little investi-
gated [5–11]. Also, deterioration of the storage performance is
observed with Ba-containing catalyst due to mixed oxide forma-
tion [12,13]. At high temperatures, Ba can react with Al2O3 to form
BaAl2O4 or with Pt to form BaPtO3, which are believed to be the key
species for lowering the storage activity [14,15]. CO2, which is an
ll rights reserved.
unavoidable exhaust component in practice, is believed to play a
detrimental role in the storage performance of Pt–Ba/Al2O3 catalyst
[16–19]. Sulfur poisoning is another problem encountered with
Ba-containing catalysts: SO2 in the exhaust gas can be oxidized
on precious metals and react with the storage component, forming
barium sulfate. Because sulfates are more stable than nitrates, they
hamper the NOx storage (adsorption), thus deactivating the cata-
lyst [20,21].

Therefore, improvement of the conventional catalyst formula-
tion is highly desirable, particularly in regard to dynamic storage-
reduction performance, thermal stability and sulfur tolerance.
Takahashi et al. synthesized Pt-K/MgAl2O4, in which the spinel
(MgAl2O4) support could enhance the basicity of the potassium
used as storage component, resulting in a higher amount of stored
NOx at higher temperature [22]. Attempts toward Ba- or K-free NSR
catalyst formulations also have been made. Hydrotalcites (MgxAlyOz

where x/y > 2) without any classical storage material showed prom-
ising storage activity at lower temperatures, and NOx sorption over
these catalysts was primarily a surface phenomenon without the
generation of bulk species [23–26]. The hydrotalcites, however,
experienced sintering of Pt� and formation of MgAl2O4 from Mg(A-
l)O mixed oxide during thermal or hydrothermal aging. Both effects
resulted in a loss of NOx storage capacity.

Here, we report the single-step flame synthesis of 1 wt.% Pt/
MgAl2O4, a new type of NSR catalyst that does not contain conven-
tional storage materials and shows superior dynamic NSR perfor-
mance at short regeneration times and higher thermal stability
compared to a standard reference catalyst, 1 wt.% Pt–20% Ba/Al2O3.

http://dx.doi.org/10.1016/j.jcat.2010.02.017
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2. Experimental

2.1. Catalyst preparation

One weight percentage of Pt/MgAl2O4 was synthesized by flame
spray pyrolysis (FSP) [27]. The precursor solution was aluminum
(III) acetylacetonate (ABCR Chemicals, 99%), magnesium (II) tert-
butoxide (Alfa Aesar, 94%) and platinum (II) acetylacetonate (ABCR
Chemicals, 99.9%) dissolved in a 1:1 vol.% mixture of methanol and
acetic acid. The precursor solution was fed at 5 cc min�1 through
the nozzle with the help of a syringe pump. The formed solid par-
ticles were collected on a glass fiber filter with the aid of a vacuum
pump. For comparison, a standard reference catalyst, 1wt.% Pt–20%
Ba/Al2O3, was prepared by incipient wetness impregnation method
[28]. The reference catalyst 1 wt.% Pt–Ba/Al2O3 was prepared by
impregnation of a 1 wt.% Pt/Al2O3 catalyst with an aqueous solu-
tion of Ba acetate. One weight percentage of Pt–Mg/Al2O3 was also
prepared by similar way (using Mg acetate as precursor). The dried
material was pretreated in situ at 500 �C and cooled to 350 �C at
which temperature NSR cycles were performed.
2.2. Catalyst characterization

The structural properties of the synthesized powders were
characterized by X-ray diffraction, TEM and STEM, 27Al MAS
NMR, and nitrogen adsorption measurements using the BET meth-
od. X-ray diffraction was carried out on a Siemens D5000 diffrac-
tometer, using CuKa1 (k = 1.54056 Å) in step mode from 15� to
65� (2h) with 0.01� step size and 0.3 s step�1.

For TEM and STEM, 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.

Nitrogen physisorption isotherms (adsorption–desorption
branches) were measured on a Micromeritics ASAP 2000 instru-
ment at 77 K. Samples were outgassed under vacuum at 150 �C be-
fore measurement, and the specific surface area (SSA) was
determined using the BET method.

27Al MAS NMR experiments (Bruker Avance 700) were per-
formed at room temperature in a 2.5-mm double-resonance
probe-head spinning at 15 kHz. The spectra were deconvoluted
using 1D WINNMR software.

CO chemisorption was performed with a Micromeritics ASAP
2010C instrument. The sample was exposed to a hydrogen flow
at 350 �C for 1 h and then evacuated at the same temperature.
Two chemisorption isotherms were then measured at room tem-
perature. The first isotherm corresponds to all carbon monoxide
adsorbed on the catalyst. After evacuation at the same temperature
for 1 h, the second isotherm was measured, corresponding to the
weakly adsorbed CO. From the difference between the two iso-
therms, the fraction of strongly adsorbed (chemisorbed) CO on Pt
surfaces, denoted as COa/Pt, was determined. The stoichiometric
factor (number of CO molecules per Pt site) was assumed to be 1.
In the literature, 0.7 [29] and 1 [27] have been proposed for similar
systems.

NOx and SOx storage properties of the catalysts were evaluated
by pulse thermal analysis (TA) using Netzsch, Jupiter 449. The sam-
ples were heated to 500 �C in a constant flow of 50 cc min�1 of
6 vol.% O2/He and subsequently cooled to 250 �C. After obtaining
a stable TG baseline at this temperature, NO pulses (2 cc) were
admitted to the system in 15-min intervals. SOx storage was mea-
sured in the same way. Temperature-programmed desorption
(TPD) was performed after saturating the materials. Saturation
experiments were carried out specifically at 250 �C, because at
higher temperature, there was desorption of NOx from the catalyst.
TPD was performed in a thermobalance up to 1200 �C with a heat-
ing rate of 10 �C min�1 under flowing He (50 cc min�1).

Time-resolved in-situ DRIFT spectra were measured at 250 �C by
flowing 1000 ppm of NO + 6.6 vol.% O2/He over the powder cata-
lysts placed in a plug-flow cell [30,31]. The vibrational spectra
were collected with a Bruker Equinox 55 spectrometer equipped
with a liquid-nitrogen-cooled MCT detector at 4 cm�1 resolution.
2.3. Catalytic tests

The NSR experiments were carried out isothermally at 250 and
350 �C with 100 mg of the 100–200 lm sieve fraction of the cata-
lysts in a vertically placed plug-flow quartz reactor. Temperature
was calibrated by positioning a thermocouple in the center of the
reactor. The gases were introduced via mass flow controllers, and
the effluent gases were analyzed using mass spectrometer (Ther-
mostar™, Pfeiffer Vacuum). The reactor was connected to a valve,
which allowed rapid switching between oxidizing (lean) and
reducing (rich) atmospheres. The rich period consisted of 5 vol.%
H2/He or CO/He or C3H6/He (varied from 10 s to 120 s), whereas
the lean period consisted of 1000 ppm of NO in 6.6 vol.% O2/He
(for 360 s). To explore the effect of CO2, additionally 5 vol.% CO2

were feed in the lean period. The specific reaction conditions have
been mentioned in respective places. The total flow rate was
120 cc min�1.
3. Results and discussion

3.1. Structural properties of catalysts

The XRD patterns of the as-prepared 1 wt.% Pt/MgAl2O4 showed
the reflections of the spinel MgAl2O4 (Fig. 1A). A minor reflection at
40� 2h was observed due to some larger Pt crystallites. The average
crystallite size of the spinel estimated by the Scherrer equation
was 12 nm. The XRD pattern of Pt–Ba/Al2O3 showed prominent
BaCO3 reflections along with a reflection around 40� 2h due to c-
Al2O3 (Fig. 1B). Note that this reflection coincides with a possible
reflection of Pt at the same position. However, XRD analysis of pure
alumina clearly showed that the observed reflection is mainly due
to the alumina. Detailed structural investigation of Pt–Ba/Al2O3 has
been reported previously from our group [14,15,32]. STEM investi-
gations (Fig. 1G) revealed that Pt and MgAl2O4 were predominantly
present as less than 3-nm and 12-nm particles, respectively (a
typical TEM image is shown in Supplementary material Fig. S1).
However, also some larger Pt (�10 nm) and MgAl2O4 (>50 nm) par-
ticles were found indicating a bimodal particle size distribution of
Pt and MgAl2O4. These larger Pt particles gave rise to the weak XRD
reflection at 40� 2h. The bimodal particle size distribution is likely
the result of the solvent mixture used in the flame synthesis and
can be related to the combustion enthalpy of the methanol/acetic
acid mixture in flame spray pyrolysis [33,34]. Fig. 1H represents
a typical STEM image of the spent 1 wt.% Pt/MgAl2O4 (after 50
NSR cycles at 350 �C). No noticeable difference was observed be-
tween the fresh and the spent catalyst. The BET surface area of
as-prepared 1 wt.% Pt/MgAl2O4 was 226 m2 g�1, which is compara-
ble to the highest specific surface areas reported for MgAl2O4 in lit-
erature [35]. On the other hand, the BET surface area of the
reference Pt–Ba/Al2O3 catalyst was 128 m2 g�1. Solid-state 27Al
MAS NMR of Pt/MgAl2O4 revealed that a significant amount of
the aluminum was in a tetrahedral position. Considering the for-
mula for inverse spinels, (Mg1�xAlx)(MgxAl2�x)O4, values for x of
0.63 and 0.64 were found for the as-prepared and the spent cata-
lyst, respectively. CO chemisorption performed on Pt–Ba/Al2O3



Fig. 1. XRD profile of (A) as-prepared 1% Pt/MgAl2O4; (B) as-prepared 1% Pt–Ba/Al2O3; (C) NOx-treated 1% Pt/MgAl2O4; (D) NOx-treated 1% Pt–Ba/Al2O3; (E) 1% Pt/MgAl2O4

after pretreatment at 1000 �C; and (F) 1% Pt–Ba/Al2O3 after pretreatment at 1000 �C (�, MgAl2O4; s, Pt; #, BaCO3; r, Ba(NO3)2; and +, BaAl2O4). (G) and (H) represent typical
STEM images of as-prepared and spent (after 50 NSR cycles at 350 �C) 1 wt.% Pt/MgAl2O4, respectively.
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and Pt/MgAl2O4 showed a CO/Pt ratio of 0.44 for the former [30]
and 0.13 for the latter. Assuming similar stoichiometry for CO
adsorption on Pt for the two catalysts, we infer that the Pt-disper-
sion in Pt–Ba/Al2O3 was significantly higher than in Pt/MgAl2O4,
probably due to the higher heat impact during the flame synthesis.

3.2. NSR performance

Fig. 2A compares the NOx concentration (ppm) at the reactor
outlet during the dynamic storage-reduction cycling over 1 wt.%
Pt/MgAl2O4 and the reference 1 wt.% Pt–Ba/Al2O3, respectively, at
350 �C. No pretreatment was carried out with the catalysts. Ini-
tially, the reference catalyst outperformed the spinel-based cata-
lyst, storing almost all NO during the first two cycles, while the
1 wt.% Pt/MgAl2O4 stored about 90 % of NO during the first cycle.
After the first cycle, the storage behavior deteriorated for both cat-
alysts. However, a more prominent drop of storage performance
with the cycles was observed for the reference catalyst compared
to the Pt/MgAl2O4. The NOx storage amount under these dynamic
reaction conditions after 10 cycles (constant up to 50 cycles) was
78% for Pt/MgAl2O4, whereas the reference catalyst showed only
58% NOx storage (Fig. 2B). A similar result was obtained by carrying
out the experiment at 250 �C (not shown). During reduction, there
was huge formation of N2, accompanied by a very small evolution
of NH3 at the end of the rich span over both the catalysts (Supple-
mentary material, Fig. S2). However, over Pt/MgAl2O4, initially
there was a small amount of N2O formation, which was not ob-
served for the reference catalyst. It should be mentioned in this
context that we have also performed similar NSR cycling experi-
ments over a 1 wt.% Pt–Mg/Al2O3 catalyst prepared by depositing
MgO on Pt/Al2O3 (where no spinel phase was formed), which
showed only 40% of NOx storage after 10 cycles (Supplementary
material, Fig. S3). This comparative test clearly indicated that the
presence of the spinel phase is crucial for high catalytic perfor-
mance. The higher NOx storage efficiency of the spinel catalyst with
H2 as reductant at short reduction time is evidenced in Fig. 3. NSR
cycles were performed at 350 �C over the two catalysts using five
different rich time periods (10–120 s) (the lean period was kept
constant at 360 s). It can be observed that given a higher reduction
time, Ba-based catalyst outperformed the Pt/MgAl2O4. However,
when the rich periods were small (10, 20 and 30 s), the storage
over Pt/MgAl2O4 was better compared to the reference catalyst.

3.3. Storage capacity

The total NOx storage amount was determined gravimetrically
by saturating both Pt/MgAl2O4 and Pt–Ba/Al2O3 by NOx at 250 �C.
Desorption was carried out up to 1000 �C, and the NO MS traces
were calibrated by NO injections at 1000 �C. Interestingly, the thus
determined saturation uptake of the Ba-based catalyst was almost
four times higher than the one of Pt/MgAl2O4 (inset of Fig. 4). Fur-
thermore, the TPD profile of Pt–Ba/Al2O3 (Fig. 4) reflects more com-
plex features than that of Pt/MgAl2O4, which could be associated
with the formation of different nitrate/nitrite species and will be
discussed in the following section. In the TPD experiments, Pt/
MgAl2O4 showed a maximal rate of desorption at 437 �C, whereas
Pt–Ba/Al2O3 exhibited two broad maxima around ca. 413 and
486 �C. Thus, it can be concluded that Pt–Ba/Al2O3 has higher stor-
age capacity, and the phase containing stored NOx is thermally
more stable than that in Pt/MgAl2O4. However, during dynamic cy-
cling with more realistic short reduction periods, this apparent
advantage is not reflected in better NSR performance.

3.4. Nature of stored species

Fig. 5 shows the time-resolved DRIFT spectra of Pt–Ba/Al2O3 and
Pt/MgAl2O4, respectively. As reported previously, several bands as-
signed to nitrites and nitrates emerged for the Ba-based catalyst.
The initial band at 1240 cm�1 (which is assignable to the m3 vibra-
tion of Ba-nitrite [36]) shifted to 1300 cm�1 with time. The major
band at 1300 cm�1 is due to the formation of ionic Ba-nitrate with
time [36–39]. The sharp band at 1770 cm�1 is attributed to bulk



Fig. 2. (A) Concentration of NOx (ppm) at the reactor outlet during NSR cycling over
Pt/MgAl2O4 and the reference 1% Pt–Ba/Al2O3 standard catalyst, respectively. Lean
period was 360 s, and rich period was 20 s. The storage amount reached a stable
value after the 7th cycle, which was maintained during the test of up to 50 cycles.
Here, for clarity, the data are plotted only up to 10 cycles. (B) The percentage of NO
storage over the two catalysts with the consecutive cycles.

Fig. 3. The amount of NOx storage during NSR cycles at 350 �C over 1 wt.% Pt/
MgAl2O4 and the reference 1 wt.% Pt–Ba/Al2O3 catalyst pretreated with different
rich period using H2 as reductant. The NSR cycles were carried out with 360 s lean
and 10, 20, 30, 60 and 120 s rich spans. The storage amounts plotted are the values
obtained after 10 steady cycles.

Fig. 5. Time-resolved DRIFT spectra of NOx adsorption by flowing 1000 ppm of
NO + 6.6 vol.% O2/He over 1 wt.% Pt–Ba/Al2O3 and 1 wt.% Pt/MgAl2O4 at 250 �C.

Fig. 4. Temperature-programmed desorption (TPD) of catalysts previously satu-
rated with NOx by pulsing NO in 6 vol.% O2/He atmosphere at 250 �C. Integration of
the m/z = 30 areas showed that the 1 wt.% Pt–Ba/Al2O3 had a four times larger total
uptake under these conditions than the 1 wt.% Pt/MgAl2O4. The corresponding
sorption curves are shown in inset.
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Ba-nitrate [38]. The band at 1560 cm�1 is assigned to nitrate spe-
cies formed on Al2O3, and the two negative bands at 1650 and
1750 cm�1 are probably attributable to the decomposition of Ba-
carbonate during NOx adsorption [38,39]. The time-resolved vibra-
tional spectra of Pt/MgAl2O4 were significantly different from that
of Pt–Ba/Al2O3. The lower panel of Fig. 5 shows two major bands at
1285 and 1510 cm�1. These two bands are assigned to the surface-
bound chelating bidentate nitrate [39–42]. Unlike Pt–Ba/Al2O3, no
nitrite band was observed for spinel-based catalyst, indicating a
very fast NO oxidation. Some surface monodentate nitrates
(1360 cm�1) and bridging bidentate nitrates (1706 cm�1) were also
formed [39,41]. The other major band at 1765 cm�1 could be
attributed to adsorbed N2O4 (or NO+NO3

�) [40,43]. We can
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conclude from the time-resolved DRIFT study that (i) NO oxidation
over Pt/MgAl2O4 is faster than on Pt–Ba/Al2O3 and (ii) Pt–Ba/Al2O3

forms bulk Ba-nitrate, whereas the spinel-based catalyst predomi-
nantly forms surface nitrates. The formation of bulk Ba(NO3)2 over
Pt–Ba/Al2O3 was also confirmed by XRD analysis after exposure of
the catalysts to NO and O2 at 250 �C for 2 h (Fig. 1D). The XRD pro-
file of the NOx-treated Pt/MgAl2O4 in Fig. 1C does not show any
reflection of bulk Mg(NO3)2. Thus, in-situ time-resolved DRIFT
and XRD investigation indicated that bulk nitrate species were
formed on Pt–Ba/Al2O3, whereas on the spinel-based catalyst, only
evidence of surface species was found. The same conclusion also
emerged from ATR-IR measurements (see Supplementary material
Fig. S4). This different kind of adsorption over the two catalysts is
also reflected in the difference in the TPD profiles of the two cata-
lysts. The different thermal stability of the surface Ba-nitrite, ionic
Ba-nitrate and Al-nitrate lead to a complex TPD profile of Pt–Ba/
Al2O3 with broad and multiple maxima.

Apparently, there is a significantly different mode of adsorp-
tion of NOx on Pt/MgAl2O4 when compared to Pt–Ba/Al2O3, with
the latter producing a substantial amount of bulk-like species
after NO-adsorption. The presence of bulk nitrate species in NSR
usually results in poorer performance of the catalyst due to
limited diffusion of reductants into the bulk and semi-bulk spe-
cies [44–46]. Therefore, the lack of bulk nitrate species after
adsorption on Pt/MgAl2O4 could explain the better dynamic stor-
age-reduction performance. During storage-reduction cycles,
within a shorter regeneration span of 10 or 20 s, complete reduc-
tion of surface nitrates occurred over Pt/MgAl2O4, whereas over
the Ba-based catalyst, only the surface nitrates were reduced,
keeping the semi-bulk and bulk Ba(NO3)2 unaltered due to the
diffusion limitation mentioned above. Consequently, after a cer-
tain number of cycles, the bulk Ba species in the Pt–Ba/Al2O3 cat-
alyst remained inaccessible for storage resulting in a poorer
storage performance, whereas Pt/MgAl2O4 showed superior dy-
namic storage-reduction performance in short rich periods that
are normally used in technical applications.
3.5. Influence of type of reductant

To mimic the realistic gas mixture, many researchers have
used other reductants such as CO or hydrocarbons (HC) for Pt–
Ba/Al2O3 catalysts. Among these three reducing agents, H2 is by
far the best reductant, and the efficiency of reductant follows
H2 > CO > HC [47–49]. The effect of different reductants was
Fig. 6. Amount of NOx storage during NSR using different reductants. The NSR
cycles at 350 �C were carried out with 360 s lean and 20 s rich spans. The rich period
consisted of 5 vol.% H2/He, or 5 vol.% CO/He or 5 vol.% H2/He + CO/He or 5 vol.% C3H6

and the lean period of 1000 ppm of NO in 6.6 vol.% O2/He.
explored on the new spinel catalyst in terms of stored NOx.
Fig. 6 shows the amount of NOx storage by using H2, CO + H2,
CO and C3H6 as reductant. The reduction efficiency was
H2 > H2+CO > CO > C3H6 over both catalysts in accordance with lit-
erature. It is interesting to note that using H2 as a reductant, Pt/
MgAl2O4 showed better efficiency, whereas CO and C3H6 resulted
in similar NSR performance for both catalysts. CO is believed to
be adsorbed on Pt sites according to the following reaction:
CO + Pt ? CO–Pt and CO–Pt + Pt ? C–Pt + O–Pt and eventually
poisons the Pt sites by depositing C onto it. C3H6 can also poison
the Pt sites in a similar way. NO in the lean phase can remove the
deposited C on Pt sites by two ways: either by direct reaction, C–
Pt + NO ? CO + N–Pt followed by N–Pt + 2O ? NO2, or by oxida-
tion of NO to NO2 on Pt sites and reaction of the formed NO2 with
C, leading to the formation of CO2 and NO [50–52]. On the con-
trary, inhibition effect of CO on Pt sites is a well-known fact
[53]. CO poisons the precious metal sites by strong adsorption
and thereby inhibits not only NO oxidation and reduction, but
also nitrate decomposition. The exact elucidation of these pro-
cesses was out of the scope of this study, but it seems that CO
and C3H6 poison both catalysts in a similar fashion.
3.6. Effect of CO2

CO2, originating from fuel combustion, can influence the NO
storage behavior of NSR catalysts. Studies on Pt–Ba/Al2O3 revealed
Fig. 7. Concentration of NOx (ppm) at the reactor outlet during NSR cycling (with
360 s lean and 20 s rich span) at 350 �C over Pt/MgAl2O4 (upper panel) and the
reference standard catalyst (lower panel) in presence of CO2 (black line) and in
absence of CO2 (gray line).



Fig. 9. Poisoning with SO2 and subsequent NOx adsorption on 1 wt.% Pt–Ba/Al2O3

and 1 wt.% Pt/MgAl2O4, respectively. Note the different time scales of both
experiments. The amount of NOx adsorbed was not determined gravimetrically,
but by calibration of the amount of NO desorbed during heating to 900 �C. The
amounts of NOx and SOx stored on the catalysts are indicated in mg per gram of the
catalyst.
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that CO2 competes with NOx for the basic sites of metal oxides and
forms a large variety of carbonate species thus resulting in a detri-
mental effect on the storage efficiency of the catalyst [16–19].
Therefore, its influence on the storage behavior of Pt/MgAl2O4

and Pt–Ba/Al2O3 was investigated. Fig. 7 shows the different NOx

profile during NSR in the presence and in the absence of 5 vol.%
CO2 over Pt–Ba/Al2O3 and Pt/MgAl2O4. The storage efficiency of
Pt–Ba/Al2O3 diminished from 58% to 33%, while that of Pt/MgAl2O4

decreased from 78% to 56% in presence of CO2. The performances of
both catalysts were affected negatively by the presence of CO2 in
the gas-stream, but Pt/MgAl2O4 was relatively less affected, which
could be a significant advantage in technical applications.

3.7. Thermal stability

Another important issue regarding technical applications is the
thermal stability of the NSR material. To explore the thermal sta-
bility of the Pt/MgAl2O4, the NOx storage performance was evalu-
ated after catalyst pretreatment at elevated temperatures. Pt/
MgAl2O4 as well as the reference catalyst was pretreated at four
different temperatures (700, 800, 900, and 1000 �C) for 8 h, and
the NSR test cycles were performed with these catalysts (Supple-
mentary material, Fig. S5). Fig. 8 shows the amount of NOx stored
on both catalysts previously exposed to different temperatures.
The NOx storage amount over Pt/MgAl2O4 was almost similar up
to 800 �C and then deteriorated gradually. The storage perfor-
mance of the reference catalyst deteriorated drastically with
increasing pretreatment temperature. The XRD patterns of pre-
treated Pt/MgAl2O4 were almost unchanged, except that the spinel
reflections became sharper indicating larger spinel crystallites and
the appearance of distinct Pt reflections (Fig. 1E). The diminished
storage efficiency of high temperature pretreated Pt/MgAl2O4 can
be attributed to the loss of surface area due to heat pretreatment
(see the SSA in Fig. 8). The reference catalyst also lost its initial sur-
face area, but to a lower extent. However, it is known to form a
substantial amount of BaAl2O4 (Fig. 1F) under these conditions,
which lowers the NOx storage capacity [14,15].

3.8. Effect of sulfur poisoning

Next, we investigated the tolerance of both catalysts toward
sulfur poisoning. This was carried out by alternative injection of
Fig. 8. Amount of NOx stored during NSR cycles over 1 wt.% Pt/MgAl2O4 and the
reference 1 wt.% Pt–Ba/Al2O3 catalyst pretreated at different temperatures. NSR
cycles were carried out with 360 s lean and 20 s rich span. The rich period consisted
of 5 vol.% H2/He, and the lean period of 1000 ppm of NO in 6.6 vol.% O2/He. The
storage values were calculated after reaching a steady state. The BET surface area
(in m2 g�1) of 1 wt.% Pt/MgAl2O4 measured after NSR cycles is given in parentheses.
2 cc O2 and 2 cc 10% SO2/He at 250 �C. Subsequent to the poisoning,
the catalysts were exposed to alternative NO (2 cc) and O2 (2 cc)
injections. Fig. 9 shows the adsorption of SO2 and subsequent
adsorption of NOx on both catalysts. Pt/MgAl2O4 took up a some-
what higher amount of SO2 (6.7 mg g�1) when compared to the ref-
erence catalyst (5.6 mg g�1), which is not surprising in view of the
much larger surface area of this catalyst (226 compared to
128 m2 g�1). The amount of NOx adsorbed after saturating the
materials amounted to 14.5 mg g�1 for Pt/MgAl2O4 and 54.8 mg
g�1 for Pt–Ba/Al2O3. The latter was determined by calibration of
the integrated NO signal during desorption up to 900 �C. Thermo-
gravimetric analysis showed a NOx uptake of 25 mg g�1 for the
fresh Pt/MgAl2O4 catalyst, whereas Pt–Ba/Al2O3 showed 96 mg
NOx uptake per gram of the catalyst (see Fig. 4 inset). Interestingly,
the relative loss of stored NOx after SOx poisoning was similar for
both catalysts (41% for Pt/MgAl2O4 and 43% for the reference
catalyst).

TPD of SOx-saturated Pt/MgAl2O4 and Pt–Ba/Al2O3 revealed
striking differences in SO2 desorption behavior. Fig. 10 shows the
desorption behavior of SO2 from both samples (after saturating
Fig. 10. Temperature-programmed desorption from 1 wt.% Pt–Ba/Al2O3 and 1 wt.%
Pt/MgAl2O4 previously saturated with SOx by pulsing alternatively 2 cc O2 and 2 cc
10 %SO2/He mixture.
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the catalysts by alternative SO2 and O2 pulses) by monitoring the
m/z = 48 evolution by MS. The total uptake was 69.0 mg SOx for
Pt/MgAl2O4 and 55.9 mg for Pt–Ba/Al2O3. Pt/MgAl2O4 started
desorbing SO2 at 628 �C reaching a broad maximum at around
837 �C. Pt–Ba/Al2O3 on the other hand showed desorption starting
at 872 �C and reached a maximum at 1122 �C. This clearly indicates
that the sulfates formed on the Ba-based catalyst are thermally
much more stable and thus more difficult to decompose compared
to those formed on the spinel. Note that under the conditions ap-
plied in the sulfur poisoning experiment, Pt/MgAl2O4 adsorbed
more SOx than the conventional catalyst. XRD analysis of Pt/MgA-
l2O4 saturated by SOx showed no crystalline Mg sulfates (not
shown). Apparently, reaction of SOx with Pt/MgAl2O4 resulted in
an amorphous sulfur-containing phase, which could explain the
broad desorption peak of SO2 of this material.

4. Conclusions

Our comparative study of flame-derived Pt/MgAl2O4 and a Pt–
Ba/Al2O3 reference revealed a superior dynamic NOx storage-
reduction behavior at short regeneration times for Pt/MgAl2O4.
The spinel-based Pt/MgAl2O4 catalyst is free of any additional
conventional storage materials (Ba, K). It can be produced by a sin-
gle-step flame spray pyrolysis, which is easily scalable and repro-
ducible. Also, direct decomposition of flame-made materials on
ceramic foams has been demonstrated [54], rendering technical
application feasible. XRD and IR studies indicate the absence of
bulk NOx species after storage, suggesting that NOx are mainly
stored on the spinel surface. This seems to be a characteristic prop-
erty of Pt/MgAl2O4 and enables improved NSR efficiency at short
regeneration (reduction) times. However, this improved efficiency
was only observed with H2, while with other reductants such as CO
or HC, similar behavior at short regeneration times was observed
for both Pt/MgAl2O4 and the reference Pt–Ba/Al2O3 catalyst. Addi-
tion of CO2 to the feed-stream and high-temperature treatment re-
sulted in a decrease in the NSR capacity of the spinel-based Pt/
MgAl2O4, but this decrease was far less than that observed for
the reference Pt–Ba/Al2O3, suggesting that the Pt/MgAl2O4 is com-
petitive under demanding conditions. Preliminary sulfur poisoning
experiments showed a similar relative loss of NOx uptake for Pt/
MgAl2O4 and the reference catalyst. However, on Pt/MgAl2O4, the
formed sulfates showed strikingly lower thermal stability com-
pared to that on the reference catalyst. The spinel-based catalyst
also exhibited higher thermal stability up to 800 �C compared to
the reference Pt–Ba/Al2O3 catalyst.
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