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Abstract

In this study, we compared the NOx storage reduction characteristics of four systems: BaO/Al2O3 alone, a sequential system with Pt/SiO2 ahead
of the BaO/Al2O3, a combined system with the Pt/SiO2 and BaO/Al2O3 physically mixed, and BaO/Al2O3 with Pt deposited on it. We also inves-
tigated the isotopic exchange between 15NO and stored NOx under storage conditions for the latter two systems. The rate of exchange was more
than five times as fast for Pt/BaO/Al2O3 than for the combined Pt/SiO2 + BaO/Al2O3 system, demonstrating spillover of NOx species between
Pt and BaO in close proximity. Movement of NOx in this way can also explain why storage from NO/O2 reached completion much faster for
Pt/BaO/Al2O3 than for the sequential or combined systems, where the influence of Pt was confined to the oxidation of NO to NO2 with storage by
disproportionation to nitrate and NO alone. The initial product of the decomposition of stored NOx in He was NO2 with the sequential system and
NO with the combined system, where Pt in the same bed decomposed NO2. However, NO2 in excess of the NO2/NO equilibrium ratio was seen
during release of stored NOx from Pt/BaO/Al2O3, reflecting transfer back to the metal, which was deactivated for NO2 decomposition by high oxy-
gen coverage. A large fraction of the NOx stored on Pt/BaO/Al2O3 was immediately converted to N2 alone when exposed to H2, with formation of
NH3 evident only after H2 breakthrough. This is consistent with the reduction of stored NOx species as they transfer back to Pt particles. Reduction
in the combined system requires considerably higher temperature and forms NH3 as the major product. This is consistent with the decomposition of
stored NOx to gaseous NOx and subsequent reduction by a catalytic reaction on Pt particles located remotely from BaO. In the sequential system,
reduction was largely confined to the conversion of NO2 to NO. Measurement of the O:N ratio in the products formed by temperature-programmed
decomposition showed that NO was stored on BaO/Al2O3 in the presence of O2 as a species with the formula NO2. Similar measurements with
NO2, which is stored in much larger quantities, were consistent with conversion to nitrate, in agreement with existing knowledge.
© 2006 Elsevier Inc. All rights reserved.
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1. Introduction

The use of storage/reduction catalysts based on combina-
tions of Pt and BaO to mitigate NOx emissions from lean-burn,
direct-injection gasoline engines was first described in the tech-
nical literature in 1995 [1,2] and has since seen limited use on
vehicles sold in Japan and elsewhere. There is general agree-
ment as to the way in which the components work in unison.
During lean operation, the platinum oxidizes NO to a mixture
of NO and NO2 (NOx), which is stored on the barium com-
ponent as various NOx species (nitrate, nitrite, nitro). A short
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period of rich operation then leads to NOx mobilization and re-
duction, again on Pt or other platinum group metals, if present.
However, as described in the review by Epling et al. [3], there
is a diversity of opinion as to the details of both the storage
and reduction steps. In part, this diversity is due to the different
conditions adopted by researchers. Studies emulating vehicle
operation typically use complex mixtures and rapid cycling,
which can disguise the details of the chemistry. On the other
hand, much spectroscopic information has been gathered under
conditions (e.g., uptake at room temperature, followed by slow
stepwise reaction in different atmospheres at higher tempera-
tures) that may lead to the formation of species not necessarily
relevant to vehicle operation.

There is good evidence that BaO/Al2O3 free of Pt takes up
NO2 more readily than NO [4,5] and that NO2 storage is char-
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acterized by an initial period of complete uptake, followed by
a more prolonged period of partial uptake with liberation of
NO [6–11] as an accompaniment to the disproportionation of
NO2 to stored nitrate, that is,

3NO2 + O2− → 2NO−
3 + NO. (1)

The presence of Pt modifies this process, because the NO lib-
erated can be reoxidized to NO2. Oxidation of NO to NO2
plays a substantial role in NOx storage from NO/O2 mixtures
on Pt/BaO/Al2O3, but additional processes involving spillover
from the metal may be present [4,7,12].

The reduction cycle is generally described as desorption
of gaseous NOx , induced by temperature [13,14] and/or by
CO2 [15,16] and other compositional changes as oxidized
species are removed [3], followed by reduction of the NOx

to N2 and other products on Pt or other noble metal particles
[17–20]. However, it is difficult to decouple these steps [3], and
reduction by spillover routes have also been discussed [21,22].

Four recent studies have addressed the reduction question
in detail. In a follow-up to their earlier study of the Pt sys-
tem alone [20], Abdulhamid et al. [23] compared H2, CO,
C3H6, and C3H8 for reduction of NOx stored from NO2 alone
on BaO/Al2O3 containing Pt, Pd, or Rh. Their results showed
that H2 and CO are more efficient reductants than either hy-
drocarbon, especially for the Pt/BaO/Al2O3 system, in which
NH3 is a low-temperature product. Szailer et al. [24] investi-
gated H2, CO, and a mixture of the two as reductants of NOx

stored on Pt/Al2O3 and on Pt/BaO/Al2O3, again from NO2, us-
ing in situ FTIR and XRD measurements. Reduction by H2
was observed at temperatures as low as 420 K and explained
in terms of a complex temperature-dependent mechanism that
included removal of oxygen atoms from Pt, direct reduction of
stored NOx , and formation of NCO groups that underwent hy-
drolysis to NH3 and reaction with desorbing NOx . Nova et al.
[25,26] studied storage and H2 reduction on BaO/Al2O3 (from
NO2) on Pt/BaO/Al2O3 (from NO/O2) and on physical mix-
tures of Pt/Al2O3 and BaO/Al2O3 and concluded that reduction
of the nitrate formed on Pt/BaO/Al2O3 occurred not by liber-
ation of gaseous NOx and reduction elsewhere, but rather by
a Pt-catalyzed surface reaction involving one or more types of
spillover processes.

The present work is similar to that of Nova et al. [25,26]
in that we have investigated the importance of close contact
between Pt and BaO through comparison of catalyst systems
in which the two components are arranged differently. In our
case, we studied four arrangements and used Pt/SiO2 rather
than Pt/Al2O3 in physical mixtures to eliminate the known ad-
sorption of NOx on alumina [27]. We also investigated NOx

spillover directly through the determination of the rate of ex-
change between 15NO and stored 14NOx for two of the sys-
tems. The results confirm and extend the findings of Nova
et al. [25,26].

2. Experimental

Storage, release, and reduction measurements were carried
out with four sample arrangements. The first of these arrange-
ments comprised 50 mg of BaO/Al2O3 alone. The BaO con-
tent [i.e., BaO/(BaO + Al2O3)] was 15.5 wt%, equivalent to a
loading (i.e., BaO/Al2O3) of 18.3 wt%. The second arrange-
ment was a sequential bed arrangement with 50 mg of 1.1 wt%
Pt/SiO2 packed upstream of 50 mg of the same BaO/Al2O3
preparation. The third was a combined bed containing 50 mg
of the same Pt/SiO2 uniformly mixed with 50 mg of the
BaO/Al2O3. The fourth was 50 mg of 1 wt% Pt/BaO/Al2O3
made by impregnating the BaO/Al2O3 with platinum. Thus, all
four arrangements were identical in terms of BaO content, and
the three Pt-containing arrangements had similar weights of Pt.

The Pt/SiO2 was part of the batch designated as 40-SiO2-
PtCl-L in the series prepared and characterized by Uchijima
et al. [28]. It was made by impregnation of silica (Davison grade
62; 285 m2/g; particle size, 180–210 µm) with an aqueous so-
lution of H2PtCl6 and contained 1.1 wt% Pt with a dispersion of
40% after reduction at 300 ◦C, as determined by H2 chemisorp-
tion and XRD line broadening [28,29].

The BaO/Al2O3 samples were from a single batch prepared
as described previously [30] by three successive incipient wet-
ness impregnations of an industrial washcoat-grade alumina
(Condea; particle size, 4–10 µm; BET surface area, 140 m2/g;
pore size, ∼10 nm) using a barium acetate solution. Before and
after each impregnation, the preparation was dried at 100 ◦C
and calcined in flowing 10% O2/He at 400 ◦C. The resultant
fine powder was pressed, crushed, and sieved to a particle size
of 106–180 µm.

The platinum-containing variant was prepared by a further
incipient wetness impregnation with a solution of Pt(NH3)4-
(NO3)2 at a concentration set to produce a loading of 1.0 wt%.
The dispersion of platinum in the sample used for NOx ex-
periments, as estimated by H2 chemisorption after reduction
in 2500 ppm H2 in He on a ramp ending with 50 min at
550 ◦C, was ∼66%. The chemisorption was carried out at 45 ◦C
from a stream containing a rather low hydrogen concentration
(5000 ppm H2 in 500 ppm Ar/He) to minimize uptake on the
support. XRD measurements showed a very weak broad line
at 2Θ = 39.8◦, the position expected for the Pt(111) reflection.
The particle size, estimated from the apparent line width using
the Scherrer equation, was ∼9 nm, equivalent to a dispersion
of ∼12%, but the line shape could not be defined with suffi-
cient accuracy to exclude the presence of a high percentage of
smaller particles. The principal components of the XRD pattern
were broad lines attributable to the starting amorphous alumina
(largely δ-form) and sharper lines attributable to rather large
particles (20–30 nm) of the witherite phase of BaCO3.

Samples were tested in a flow system as described pre-
viously [8]. The system comprised a 4-mm-i.d. quartz reac-
tor with upstream and downstream switching values to enable
analysis of the product or bypass stream by three methods: mass
spectrometry (Balzers Thermostar model GSD 300T) every 4 s,
chemiluminescent analysis (Ecotech model 9841) for NO and
NO2 every 12 s, and gas chromatography (MTI model M200
with molecular sieve and Poraplot U columns) every 100 s. The
sensitivity was ∼1 ppm for all components except H2 on the
gas chromatograph, for which it was limited to ∼100 ppm. The
samples were packed between layers of quartz wool with an
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additional thin layer of the wool between the Pt/SiO2 and the
BaO/Al2O3 in the sequential-bed arrangement. Each sample
was freed of carbonaceous contaminants by one or more ex-
posures to 500 ppm NO2 in 3% O2/He at 360 ◦C, followed by
ramping to 600 ◦C in He. The total flow rate was set at 100 cm3

(STP)/min throughout, a GHSV of ∼100,000 h−1.
Processing of the mass spectrometer signal at m/z of 30 to

obtain NO concentrations required careful correction for frag-
mentation of NO2, which changed in response to large changes
in the concentrations of NO2 and O2. The procedure used was
to allow the correction factor to adjust exponentially after the
change to a new value based on normalization against the NO
reading from the chemiluminescent analyzer as soon as this
was stable. Such adjustment was not required during isotope
exchange determinations, because these were carried out us-
ing the standard steady-state isotope transient kinetic analysis
(SSITKA) procedure [31] with NO, NO2, and O2 concentra-
tions all constant after storage reached steady state. Exchange
was followed by monitoring signals with m/z of 30 (14NO),
31 (15NO), 46 (14NO2), and 47 (15NO2). The 15NO was ob-
tained from Isotec Inc. with a stated purity of 99.6% 15N, but
analysis showed ∼4% 14N16O and 3.3% 15N18O as impurities.
It was made up in a small cylinder as a 1% mixture in 1%
Ar/He and arranged so that this mixture could be switched back
and forth in place of the standard mixture of 1% 14NO in he-
lium using a low volume 1/16-inch four-ported valve (Valco,
Inc.). The resultant step rise in the Ar signal was complete
in <3 s.

3. Results and discussion

3.1. Storage of NO on BaO/Al2O3

Uptake of NO on the BaO/Al2O3 material when using a 600-
ppm NO in 3% O2/He feed proceeded as illustrated in Fig. 1A.
In this figure, and in Figs. 2–4, mass spectrometry analyses are
shown as lines; chemiluminescent analyses, by small open sym-
bols; and gas chromatography analyses, by larger open sym-
bols. The argon signal is normalized to the concentration of
NOx (NO + NO2) on bypass. As can be seen, a short period
(∼54 s) of complete NO uptake was followed by a steep rise
in NO concentration, with the bypass concentration reached
in less than 1000 s. Activity for the oxidation of NO to NO2

was negligible throughout. Similar curves for the uptake of NO
in O2/He on BaO/Al2O3 have been reported by Nova et al.
[5,32,33].

Subsequent temperature-programmed decomposition (TPD)
of the stored NOx (Fig. 1B) gave two maxima in NO produc-
tion. The first maxima (at ∼380 ◦C) was without concurrent
production of O2, and the second (at ∼560 ◦C) was accompa-
nied by O2 at approximately three-quarters of the NO concen-
tration. The overall molar ratio of O:N in all the material driven
off [i.e., (2O2 + NO + 2NO2)/(NO + NO2)] was ∼2. Thus, the
species stored corresponds, at least on average, to NO2 rather
than to NO. The release of NO in two regimes, one accompa-
nied by oxygen and the other not accompanied by oxygen, can
Fig. 1. Storage of NO followed by TPD decomposition of stored NOx on 50 mg
of BaO/Al2O3: (A) storage from 600 ppm NO in 3% O2/He at 360 ◦C followed
by (B) TPD on a ramp at 5 ◦C/min.

Fig. 2. Storage of NOx followed by TPD or TPR of stored NOx for the sequen-
tial bed comprising 50 mg of 1 wt% Pt/SiO2 followed by 50 mg of BaO/Al2O3:
(A) storage at 360 ◦C using a feed of 500 ppm NO in 3% O2/He, (B) TPD of
NOx stored using a feed of 500 ppm NO2 in 3% O2/He, (C) TPR of NOx stored
from NO/O2 as per (A) above in 2500 ppm H2/He.

be explained if a sorbed NO2 species decomposes in two stages,
initially by disproportionation to surface nitrate and NO,

3NO2 (a) + O2− → 2NO− + NO, (2)
3
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Fig. 3. Storage of NOx followed by TPD or TPR of stored NOx for a combined
bed comprising 50 mg of 1 wt% Pt/SiO2 mixed with 50 mg of BaO/Al2O3: (A)
storage at 360 ◦C using a feed of 500 ppm NO in 3% O2/He, (B) TPD of NOx

stored using a feed of 500 ppm NO2 in 3% O2/He, (C) TPR of NOx stored
from NO/O2 as per (A) above in 2500 ppm H2/He.

followed by decomposition of the surface nitrate according to

2NO−
3 → 2NO + 1.5O2 + O2−. (3)

Step (1) may be facilitated by generation of gaseous NO2,
which readsorbs on sites adjacent to other neighboring adsorbed
NO2 species downstream. We have observed a similar release
of NO in two stages in the ratio of 1:2 after storage of NO2
on BaO/Al2O3 at 300 ◦C, but only when TPD was started be-
fore the emergence of NOx [30]. If the storage was extended
beyond the breakthrough of NO2, then further uptake of NO2
was accompanied by oxidation via disproportionation to nitrate
and generation of NO. TPD of the resultant stored nitrate still
gave two peaks, but the first peak was no longer NO alone, but
rather NO2 and O2 at a ratio of 4:1. The sequential bed with Pt
present to oxidize NO to NO2 ahead of the BaO storage com-
ponent exhibited this behavior, as shown below.

Two types of experiments were carried out for each of the
three Pt-containing catalyst systems. One of these comprised
uptake at 360 ◦C from a feed containing NO2 in O2/He, fol-
lowed by isothermal desorption in He for 600 s and then TPD.
The second involved uptake from NO in O2/He at 360 ◦C and
isothermal desorption in He for 600 s, followed by TPR in
H2/He. Because the initial activity of the Pt in each system was
more than sufficient to equilibrate NO with NO2 to an equilib-
rium mixture of the two, similar uptakes are expected regardless
of the nitrogen oxide used. Figs. 2–4 show the storage data ob-
tained when using NO/O2 alone. As commented upon below,
Fig. 4. Storage of NOx followed by TPD or TPR of stored NOx for 50 mg
of Pt/BaO/Al2O3: (A) storage at 360 ◦C using a feed of 600 ppm NO in 3%
O2/He, (B) TPD of NOx stored using a feed of 500 ppm NO2 in 3% O2/He,
(C) TPR of NOx stored from NO/O2 as per (A) above in 2500 ppm H2/He.

small differences were apparent for some catalyst arrangements
due to deactivation of Pt when directly exposed to NO2.

3.2. Storage and reduction for the sequential bed system

Fig. 2A shows the storage uptake behavior using NO/O2

for the sequential catalyst system with Pt/SiO2 ahead of BaO/
Al2O3. With this arrangement, NO was oxidized to an equilib-
rium mixture of NO/NO2 before striking the BaO/Al2O3. The
period of complete uptake (∼105 s) was much longer than for
storage from NO in O2/He on BaO/Al2O3 alone in Fig. 1A.
Also, unlike that system, uptake from the NO/NO2 mixture con-
tinued over thousands of seconds, with the NO concentration
exceeding the final equilibrium concentration for some time af-
ter the initial breakthrough. As noted earlier, generation of NO
is characteristic of the storage of NO2 on BaO/Al2O3, which
occurs with disproportionation to surface nitrate according to
Eq. (1).

Storage of NO2/O2 on the sequential-bed arrangement (not
shown) was similar to that of NO, except that the direct expo-
sure of the Pt/SiO2 to NO2 led to a gradual loss of oxidation
activity. As a result, the final NO/NO2 ratio was considerably
less than the near 1:1 ratio shown in Fig. 2A. Continuous deac-
tivation of a Pt/Al2O3 catalyst for the decomposition of NO2

alone has been reported by Olsson and Fridell [34] and at-
tributed to the formation of platinum oxide on the basis of XPS
measurements. Very recent detailed kinetic studies of NO oxi-
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dation on Pt also document strong inhibition by NO2 and lower
rates when oxygen coverages are high [35].

TPD of the NOx stored from NO2 in O2/He (Fig. 2B) pro-
duced partially overlapping peaks of NO2 (and some O2) at
∼455 ◦C and then NO (accompanied by considerably more O2)
at ∼532 ◦C, consistent with the presence of two types of NOx

species, one of which decomposes with a stoichiometry of

2NO−
3 → 2NO2 + 0.5O2 + O2− (4)

and the other according to Eq. (3). The O:N ratio in the prod-
ucts, integrated over both peaks, was ∼2.5, as expected for the
decomposition of a metal nitrate to its oxide. These characteris-
tics are typical of those observed during decomposition of NOx

stored from NO2 on Pt-free BaO/Al2O3 systems [4,8,25,26,
36–39]. Szanyi et al. [38] presented evidence showing that the
species giving rise to NO2 are nitrates bound to a monolayer of
BaO and that bulk-like nitrates are producing NO. However, the
detailed modeling of NOx storage and TPD by Olsson et al. [7]
and extended by Scotti et al. [40] paints a more complex pic-
ture. According to the five-step reversible model used, NO2 is
liberated when barium nitrate decomposes, but NO is formed if
NO2 readsorbs on free BaO sites when they are created down-
stream and subsequently decomposes at a higher temperature.

Decomposition of NOx (stored from NO/O2) in the presence
of 2500 ppm H2 in He (Fig. 2C) gave mainly NO due to reduc-
tion of NO2,

NO2 + H2 → NO + H2O, (5)

as we reported previously for NOx stored from NO2 on BaO/
Al2O3 alone [37] and confirmed in recent work by Nova
et al. [25,26]. The concentrations of NO2 and O2 (not shown)
were negligible (<2 and <5 ppm, respectively). Some N2 and
NH3 was produced with maximum evolution rates at 539 and
550 ◦C (the end of the ramp), respectively. The peak shape for
NH3, with a sharp initial rise, was distorted by the presence of
some adsorption before breakthrough.

3.3. Storage and reduction for the combined-bed system

With the combined system (equal weights of Pt/SiO2 and
BaO/Al2O3 blended in the same bed), uptake from NO in
O2/He (Fig. 3A) was similar to that for the sequential system
in terms of the breakthrough time (∼116 s), the slow approach
of the total NOx concentration to the bypass value, and a fi-
nal NO/NO2 ratio near equilibrium. However, the initial over-
shoot in NO concentration during the partial uptake in Fig. 2A
was absent. Thus, although storage by disproportionation was
almost certainly the major process, one of its characteristic fea-
tures, NO release, was disguised by the continual conversion
of this NO to NO2 on the Pt/SiO2 within the bed. The data
of Nova et al. [25,26] for a physical mixture of Pt/Al2O3 and
BaO/Al2O3 are quite similar.

With the combined bed, uptake from NO2 in O2/He (not
shown) was identical to that from NO in O2. The only nitro-
gen oxide liberated during the subsequent TPD in He (Fig. 3B)
was NO, accompanied by three-quarters of its concentration of
O2 rather than NO2 first and then NO, as was observed for the
sequential bed (Fig 2B). The difference again can be attributed
to the presence of Pt/SiO2 in the bed, causing near-complete
decomposition of NO2 to NO,

2NO2 → 2NO + O2. (6)

Decomposition is favored thermodynamically because O2 con-
centrations during TPD are very low (<120 ppm, or 0.012%, vs
3% during uptake). The data of Nova et al. [25,26] for a phys-
ical mixture of Pt/Al2O3 and BaO/Al2O3 are quite similar but
show evolution of a small amount of NO2 and an O2/NO ratio
below the 0.75 expected for Eq. (3).

As shown in Fig. 3C, ammonia was the major product when
NOx , stored on the combined bed, was subjected to TPR in
H2/He. The concentrations of all nitrogen oxides, NO, NO2,
and N2O, were negligible (<2 ppm) after H2 was switched in.
Generation of NH3 probably commenced at the same tempera-
ture as H2 consumption (well below 400 ◦C), but its appearance
was delayed by adsorption of the initial amounts formed. Sub-
sequent desorption of this material is then the reason why the
NH3 concentration peaked at a temperature above that at which
the evolution of NO reached a maximum in Fig. 3B. The TPR
data of Nova et al. [25,26] for H2 reduction of NOx stored on
a physical mixture of Pt/Al2O3 and BaO/Al2O3 is quite similar
in terms of both NH3 and N2 production.

Ammonia formation is characteristic of the catalytic reaction
between NO and H2 over Pt catalysts under particular condi-
tions. Previous work with the same Pt/SiO2 used here [41,42]
has shown that the products of this reaction are almost entirely
N2 and N2O in approximately equal amounts at 360 ◦C when
the H2/NO ratio in the feed is low (e.g., 0.5), which is sufficient
only for completion of the reactions

2NO + 2H2 → N2 + 2H2O (7)

and

2NO + H2 → N2O + H2O. (8)

Under these conditions NH3 comprised <1% of the prod-
ucts; however, NH3 became dominant (∼96% of all nitrogen-
containing products) when the H2/NO ratio was sufficient (i.e.,
2.5) for the reaction

2NO + 5H2 → 2NH3 + 2H2O. (9)

Thus, the formation of NH3 during TPR is consistent with
decomposition of the NOx stored on BaO/Al2O3 particles to
gaseous NO and NO2, which diffuse to neighboring Pt/SiO2
particles, where they undergo reduction to NH3 under condi-
tions in which the H2/NO ratio is very high.

Steady-state experiments in which a low concentration of
NO was reacted over the combined bed in the presence of
2500 ppm H2 showed complete conversion of NO at 360 ◦C,
with formation of ∼84 ppm of NH3 and 5 ppm of N2 from
∼95 ppm of NO. Similarly, the reaction of ∼130 ppm of NO at
450 ◦C yielded ∼113 ppm of NH3 and ∼8 ppm of N2. Forma-
tion of N2O was negligible (<2 ppm) at both temperatures. The
ratio of N2 to NH3 during reduction of stored NOx stored on
Pt/BaO/Al2O3 was somewhat higher, with concentration max-
ima of 20 and 120 ppm, respectively (Fig. 3C). This may be
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due to the generation of locally high concentrations of NH3 in
the periphery of Pt/SiO2 particles, which can then react with
incoming NO molecules to form N2 by the SCR reaction

6NO + 4NH3 → 5N2 + 6H2O, (10)

for which the Pt/SiO2 used here gives complete conversions at
temperatures above 220 ◦C [43].

3.4. Storage and reduction for Pt/BaO/Al2O3

Storage of NOx from NO/O2 by the Pt/BaO/Al2O3 sample
differed from that by the sequential and combined systems in
two ways. First, the breakthrough time was almost twice as
long: ∼214 s in Fig. 4A vs 105 and 116 s in Figs. 2A and 3A,
respectively. Second, uptake, as judged by the approach of the
NOx concentration to the bypass concentration, did not con-
tinue indefinitely, but ceased after ∼1200 s. Thus, the rate of
storage on Pt/BaO/Al2O3 is faster, and full total storage ca-
pacity under the conditions used is attained more quickly. The
implication is that Pt, in close proximity to BaO, either allows
uptake of NO or NO2 in a way that is not feasible when Pt is
absent or enables conversion of NOx to nitrate as storage pro-
ceeds. Spillover of NO2 from Pt to BaO/Al2O3 is one way in
which the latter might occur. The data of Nova et al. [25,26] for
their Pt/BaO/Al2O3 (1:20:100) sample are similar.

Storage from NO2 in O2/He (not shown) proceeded similarly
as that of NO, except that the direct exposure of Pt/BaO/Al2O3
to NO2 at the front of the bed led to a gradual decline in the
activity for NO2 decomposition to a greater extent than was
apparent with the sequential- and combined-bed systems. As
a result, the NO/NO2 ratio when storage ceased was consider-
ably less than that shown in Fig. 4A, where loss of activity was
hardly noticeable. Some degree of deactivation for NO2 decom-
position was also apparent in the data of Nova et al. [32] for the
storage of NO2 alone on Pt/BaO/Al2O3. Much more rapid de-
activation was reported by Olsson and Fridell [34] for the same
system but using a catalyst with a very low Pt dispersion (∼0.01
by CO chemisorption). The deactivation of this Pt/BaO/Al2O3
was much faster than that of a comparison Pt/Al2O3 catalyst.

TPD of NOx stored from NO2 in O2/He gave the results
shown in Fig. 4B. As for the combined bed, NO evolution domi-
nated as the ramp proceeded, consistent with the decomposition
of NO2 on Pt. Nonetheless, and unlike the combined bed, NO2
evolved at concentrations higher than that of NO, much higher
than equilibrium, during the isothermal stage and the initial part
of the ramp. Thus, the activity of Pt was insufficient to decom-
pose NO2 completely, probably due to deactivation by the pres-
ence of high oxygen concentrations on its surface. Comparison
of Fig. 4B and Fig. 3B also shows that the temperature giving
the maximum rate of NO evolution for the Pt/BaO/Al2O3 sys-
tem was similar to that for the combined Pt/SiO2 + BaO/Al2O3
system. However, the peak NO concentration, and the fall-off
in NO concentration at temperatures above the peak, was much
steeper. Thus, close proximity between Pt and BaO facilitated
removal of stored NOx to some extent. The implication is re-
verse spillover of a NOx species from the BaO component to
Pt and desorption of NO or NO2 from there. The data of Nova
et al. [26] for decomposition of NOx stored on Pt/BaO/Al2O3
also show a tail under isothermal conditions and an overwhelm-
ing dominance by NO during the ramp.

As is apparent from Fig. 4C, TPR of NOx stored on Pt/BaO/
Al2O3 from NO/O2 proceeded very differently from that seen
with the sequential- and combined-bed systems. Hydrogen was
completely consumed for a considerable period after its intro-
duction with N2 as the nearly exclusive product. Evolution of
NO (not shown) was almost entirely absent except for a small
peak not exceeding 20 ppm after 25 s. The concentration of N2
produced during this period (∼470 ppm) is close to the 500 ppm
expected for complete consumption of the ∼2500 ppm H2 in
the feed through reduction of nitrate,

2NO−
3 + 5H2 → N2 + O−

2 + 2H2O. (11)

If the surface NOx species were nitrite or NO2, then the ex-
pected concentrations would be 833 and 625 ppm, respectively,
assuming that the following stoichiometries were applicable:

2NO−
2 + 3H2 → N2 + 3H2O + O2− (12)

and

2NO2 + 4H2 → N2 + 4H2O. (13)

The rapid conversion of stored NOx to N2 on Pt/BaO/Al2O3,
alone among the systems studied here, can be explained in
terms of rapid spillover of two possible types. One type is dis-
sociation of H2 on Pt with spillover of hydrogen atoms to react
with NOx bound to BaO. The alternative is that a NOx species
undergoes reverse spillover from the support to Pt and reacts
with hydrogen atoms as they are formed by dissociation. In that
situation, N2 should be formed preferably to NH3 if the ratio
of H atoms to NOx is low on the Pt surface. Removal of oxy-
gen atoms from the Pt by reaction with hydrogen is a potential
driving force for reverse spillover.

The data in Fig. 4C show a steep rise in ammonia produc-
tion after unreacted H2 appeared and the concentration of N2
dropped to zero. Ammonia production exhibited a sharp peak
with a prolonged tail that persisted during the subsequent tem-
perature ramp. The likely explanation for this is that NH3 was
formed when NOx , liberated from BaO too remote from Pt par-
ticles to benefit from spillover, reached Pt by diffusion through
the gas phase and then reacted with H2 according to reaction (9)
in the same way as for the combined-bed system.

It may be noted here that although the H2 concentration
used in the present work was low, the reduction rate with
Pt/BaO/Al2O3 was so fast that some increase in temperature
due to the exothermicity of the reaction was feasible. This
would increase the generation of gaseous NOx to some extent
and hence increase the rate of any remotely catalyzed compo-
nent of the reaction. However, Nova et al. [25,26], in exper-
iments under similar conditions, demonstrated that reduction
started below 100 ◦C, when the heat release could not possibly
produce a temperature high enough to decompose stored NOx .
On this basis, they argued strongly that reduction of NOx stored
on Pt/BaO/Al2O3 involves either NOx spillover, as we favor
here, or some other Pt-catalyzed process present only when the
metal and oxide are in contact.
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Table 1
NOx released and stored (in mmol/g) at 360 ◦C

System TPD after uptake from NO2/O2
a Uptake from NO/O2

NO2 NO To breakthroughb When completec

Sequential 0.17 0.29 0.08 ∼0.35
Combined <0.01 0.41 0.10 ∼0.40
Pt/BaO/Al2O3 – – 0.20 ∼0.40

a Estimated by integration of NO and NO2 peaks in Figs. 2B and 3B.
b Amount stored until the exit NOx concentration exceeded 2% of the input concentration.
c Total amount taken up when exposure to NO/O2 was terminated in Figs. 2A, 3A, and 4A.
Table 1 summarizes the amounts of NOx stored from NO/O2
and released during TPD in the immediately previous up-
take from NO2/O2 when that was measured for the three Pt-
containing systems. The total amounts stored on prolonged ex-
posure were similar for each system, but the amount taken up
by the Pt/BaO/Al2O3 system to the point of NOx breakthrough
was twice or more that for the sequential and combined sys-
tems. The NOx /Ba ratios corresponding to total uptake were
in the range 0.35–0.40, which is 18–20% of the theoretical ca-
pacity if full conversion to Ba(NO3)2 was possible. It was not
possible to assess the amounts of N2 and NH3 formed during
TPR with good accuracy, due to limitations associated with cal-
ibration of the mass spectrometer for NH3 and in integrating
product formation at low concentration (<10 ppm) over thou-
sands of seconds.

3.5. Exchange between 15NO and stored NOx

Several of the foregoing findings point to the existence
of forward and reverse spillover of NOx species between Pt
and BaO. This process was probed directly by measuring the
rate of exchange between 15NO and stored 14NOx for the
Pt/BaO/Al2O3 and combined systems, as shown in Fig. 5.
The experiments were carried out as per the standard SSITKA
method [31] with the catalysts exposed to 14NO/O2 until uptake
was close to complete (3600 s) before the switch from 14NO to
15NO was made. Because the conditions were steady state and
isothermal, with total NO, NO2, and O2 concentrations all con-
stant, restrictions due to heat and mass transfer restraints of a
chemical nature can be completely excluded.

With the combined system (Fig. 5A), the concentrations of
14NO and 14NO2 immediately dropped and then slowly trended
to zero. Correspondingly, 15NO and 15NO2 first rose rapidly
and then slowly plateaued. Thus, the pool of immediately ex-
changeable material was small, and exchange was spread over
thousands of seconds.

The behavior of the Pt/BaO/Al2O3 catalyst (Fig. 5B) was
quite different, with a delay before the 14N species began
to decline and the 15N species appeared. The subsequent
changeover between the species was fast, with steady-state con-
centrations reached in ∼1000 s. Exchange was clearly much
more rapid than in the combined system.

TPD of the combined system at the end of exchange gave
the results shown in Fig. 6A. The amount of 15NO driven off
was somewhat greater than that of 14NO. The concentrations of
both 15NO2 and 14NO2 were low, reflecting near-complete de-
Fig. 5. 14N/15N exchange during storage at 360 ◦C using a NO/O2/He feed:
(A) for the combined bed comprising 50 mg of 1 wt% Pt/SiO2 mixed with
50 mg of BaO/Al2O3 using a feed containing 500 ppm NO in 3% O2/He, (B)
for 50 mg of Pt/BaO/Al2O3 using a feed containing 600 ppm NO in 2% O2/He.

composition to NO on the Pt, as shown in Fig. 3B. Based on
the relative amounts of 15N and 14N species evolved, the frac-
tional extent of exchange was 0.59. It is interesting to note that
the concentration of 15NO reached a maximum at a tempera-
ture somewhat lower than that for 14NO. This indicates some
heterogeneity in the stored NOx (e.g., surface and bulk), with
the latter exchanging after the former.

The dominant product during TPD of the exchanged Pt/BaO/
Al2O3 catalyst (Fig. 6B) was 15NO. However, 15NO2 was also
significant in the initial stages. As noted previously in conjunc-
tion with Fig. 4B, it appears that in this system, Pt had lim-
ited activity for the decomposition of NO2, presumably due to
the presence of high concentrations of oxygen adatoms created
during uptake when Pt and BaO were in contact. The concen-
trations of both 14N species were very low, with an overall
15N/(14N + 15N) ratio equal to 0.96. This was close to com-
plete exchange given that the 15NO used contained ∼4% 14NO
as an impurity.

The isotope-exchange data were further processed on the
simple premise that exchange was first-order in the distance
from complete exchange, that is,

(14)ln(1 − Z) = −kt,
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Fig. 6. TPD of stored NOx at the conclusion of 14N/15N exchange at 360 ◦C
as per Fig. 5: (A) for the combined bed comprising 50 mg of 1 wt% Pt/SiO2
mixed with 50 mg of BaO/Al2O3 using a feed containing 500 ppm NO in 3%
O2/He: (B) for 50 mg of Pt/BaO/Al2O3 using a feed containing 600 ppm NO
in 2% O2/He.

Fig. 7. First-order exchange plots as per Eq. (14) for 14N/15N exchange dur-
ing storage at 360 ◦C as per Fig. 5: (a) for the combined bed comprising 50 mg
of 1 wt% Pt/SiO2 mixed with 50 mg of BaO/Al2O3 using a feed containing
500 ppm NO in 3% O2/He, (b) for 50 mg of Pt/BaO/Al2O3 using a feed con-
taining 600 ppm NO in 2% O2/He.

where Z is the fraction of the total pool that has exchanged at
time t . Fig. 7 shows plots of this type for the two systems stud-
ied here. For each of the four species, the fraction exchanged
at any time was calculated from the data in Fig. 5 by cumu-
lative sum of the quantities released into the feed stream (for
14N species) or removed from it (for 15N species) in the in-
tervals between successive mass spectrometric analyses. These
sums were then normalized based on the sum of that evolved (or
removed) when the exchange was terminated and the known
fractional conversion of stored 14NOx to 15NOx at that time
(from the TPD results in Fig. 6). The plots in Fig. 7 show only
every fifteenth point, to avoid overlapping of symbols.
As can be seen, the points (which cover the first 80% of the
observed exchange) show good linearity, with reasonable agree-
ment between the four species. The data for 14NO2 should be
the most reliable. That for the two 15N species was less ac-
curate, because the calculations require exact values for the
final concentrations of 15NO and 15NO2, which are somewhat
uncertain, because uptake still continued to a small extent. De-
termination of 14NO (at m/z = 30) was less accurate than that
of 14NO2 (at m/z = 46) because of the uncertainty inherent in
the rather large correction for 14NO2 fragmentation.

The half-lives for exchange, based on the 14NO2 data, are
∼320 s for Pt/BaO/Al2O3 and ∼1690 s for the combined sys-
tem of Pt/SiO2 and BaO/Al2O3. Thus, close proximity between
Pt and BaO increased the apparent rate of exchange by a fac-
tor of ∼5.3. This provides clear evidence in favor of migration
of surface NOx between Pt particles and BaO when they are
co-located. In principle, it should be possible to improve the
accuracy of the rate ratio through direct modeling of the indi-
vidual steps involved; however, this is beyond the scope of the
present study, given the complexity of the model needed to ex-
plain NOx storage and TPD results [7,40] and the possibility
that the exchange data for Pt/BaO/Al2O3 in Fig. 5B may be in-
fluenced by chromatographic effects in the initial stages [31].

Finally, it may be noted that there was no conflict between
the rather rapid exchange evident with Pt/BaO/Al2O3 at 360 ◦C
and the relative stability of NOx species when TPD commenced
at the same temperature as in Fig. 4B. Isotope exchange as in-
vestigated here is a measure of the steady-state rates of NOx

adsorption and desorption when all sites are occupied and
NOx concentrations are constant. In contrast, decomposition
of stored NOx into helium during TPD creates vacant sites on
which gaseous NOx can readsorb. Desorption/readsorption re-
peated many times is responsible for the apparent stability, as
demonstrated by modeling of Gorte [44,45] and others.

4. Conclusion

Spillover of species between Pt and BaO appears to play an
important role in several aspects of the operation of NOx stor-
age reduction catalysts. Forward and reverse spillover of NOx

species is most obvious during exchange between gaseous and
stored NOx , which is five times faster when Pt and BaO are co-
located. Forward spillover is also apparent during NOx uptake
on Pt/BaO/Al2O3. This is much faster than in systems where the
Pt is placed separately from BaO and serves solely to oxidize
NO to NO2, which is taken up by BaO through a slower dispro-
portionation process. Reverse spillover can be inferred during
the initial stages of desorption from Pt/BaO/Al2O3 when the
NO2/NO ratio is much greater than equilibrium, but deactiva-
tion of Pt for decomposition of NO2 is also a factor here. The
reduction of stored NOx is much faster for Pt/BaO/Al2O3 than
for a physical mixture in which the Pt and BaO are separated.
The form of spillover here is not so certain. It may involve
spillover of hydrogen atoms from metal to BaO, but reverse
spillover of NOx to the metal and reaction to form N2 appears
to be more likely. The major product when NOx generated by
decomposition of stored NOx is reduced on remotely located Pt
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is NH3, as would be expected from data for the H2 + NO cat-
alytic reaction when H2 is in excess, rather than N2. The present
work also shows that NO, which is stored to a minor extent on
BaO/Al2O3, is present as a species corresponding to NO2 based
on a O:N ratio of 2 in the products of decomposition. NO2 is
stored to a much larger extent and as nitrate based on an O:N
ratio of 2.5 in the products of decomposition.
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