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Abstract

A systematic mechanistic study of NO storage and reduction over Pt/Al,O; and Pt/BaO/Al,O; is carried out using Temporal Analysis of
Products (TAP). NO pulse and NO/H, pump-probe experiments at 350 °C on pre-reduced, pre-oxidized, and pre-nitrated catalysts reveal the
complex interplay between storage and reduction chemistries and the importance of the Pt/Ba coupling. NO pulsing experiments on both catalysts
show that NO decomposes to major product N, on clean Pt but the rate declines as oxygen accumulates on the Pt. The storage of NO over Pt/BaO/
Al,O5 is an order of magnitude higher than on Pt/Al,O3 showing participation of Ba in the storage even in the absence of gas phase O,. Either
oxygen spillover or transient NO oxidation to NO, is postulated as the first steps for NO storage on Pt/BaO/Al,0;. The storage on Pt/Ba/Al,0O;
commences as soon as Pt—O species are formed. Post-storage H, reduction provides evidence that a fraction of NO is not stored in close proximity
to Pt and is more difficult to reduce. A closely coupled Pt/Ba interfacial process is corroborated by NO/H, pump-probe experiments. NO
conversion to N, by decomposition is sustained on clean Pt using excess H, pump-probe feeds. With excess NO pump-probe feeds NO is converted
to N, and N, O via the sequence of barium nitrate and NO decomposition. Pump-probe experiments with pre-oxidized or pre-nitrated catalyst show
that N, production occurs by the decomposition of NO supplied in a NO pulse or from the decomposition of NOx stored on the Ba. The transient

evolution of the two pathways depends on the extent of pre-nitration and the NO/H, feed ratio.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Lean-burn vehicles afford reduced fuel consumption com-
pared to stoichiometric gasoline vehicles. But their exhaust has
more O,, making it difficult to reduce NOx by conventional three
way catalysis. NOx storage and reduction (NSR), first conceived
by Toyota [1-3], is a promising technology for reducing the NOx
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emissions in such vehicles. NSR itself is operated by an
alternating protocol, involving a lean period of 30-90 s duration
in which exhaust NOXx is stored on the catalyst, followed by an
abbreviated, 3-5 s rich pulse which reduces the stored NOx. The
desired products are N,, CO, and H,0, although undesired
formation of byproducts like N,O and NHj are encountered.
Typical NSR catalysts consist of a precious metal component (Pt,
Pd, Rh) and a storage component from the family of alkali earth
metals (Ba, K, Sr, Ca).

The NSR storage and reduction chemistry is highly complex
due in part to its inherently transient operation, multi-functional
catalysts, and coupled reaction and transport processes [4-9].
Recent studies suggest that both storage and reduction occur in
close proximity to the Pt/Ba interface [10,11]. A spillover
mechanism involving oxygen from Pt to Ba and reverse spillover
of NOx from the stored nitrite/nitrate to Pt have been postulated
to occur for the storage and reduction steps, respectively [11-13].
Nova et al. [14] have shown that the NOx storage and reduction is
improved when the Pt is in closer proximity to the Ba [14].
Sakamoto et al. [13] have demonstrated using a spatially resolved
spectroscopic technique that NOx storage and reduction occurs
at the Pt—Ba interface.
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Most previous studies of NSR have been carried out using
conventional atmospheric pressure flow reactors containing
model powder or monolith catalysts. The complicating effects
of transport limitations and nonisothermal effects together
with the multiple overall reactions makes the interpretation of
NSR data a challenge. Considerable progress has been made
in complementary kinetic and reactor modeling [15-18].
Studies are needed to decouple the primary reactions and to
minimize transport effects in order to extract intrinsic kinetic
and mechanistic information. Temporal Analysis of Products
(TAP) is one such approach that avoids the disadvantages of
traditional flow and integral reactors [19,20]. TAP affords the
ability to conduct transient experiments under constant
catalyst state conditions. This provides crucial kinetic
data on the highly complex NSR process. To this end, the
inherent transient operation of TAP makes it a suitable tool to
study the NSR catalytic process. In the current study, we
perform systematic TAP experiments of NOx storage and
reduction using a combination of pulse and pump-probe
experiments on model Pt/Al,O3 and Pt/BaO/Al,O; catalysts.
The experiments help to elucidate the important effects of
oxygen inhibition, the formation of byproducts N,, N,O and
NHj3;, and the coupling between Pt and Ba functions. It also
provide a basis for mechanism development and kinetic
parameter estimation, for which the current experimental
study is a first step.

2. Experimental

Two catalyst powders provided by Engelhard Inc. were used
for this study: 1.52 wt.% Pt/Al,O; (A) and 1.27 wt.% Pt/
16.5 wt.% BaO/Al,0O; (B). Detailed characteristics of the
catalysts are provided in Table 1. About 90 mg of undiluted
catalyst was positioned between two zones containing quartz
beads. For the given Pt loading and dispersion, this
corresponded to about 1.3 x 10'® exposed Pt atoms for catalyst
A and 1.2 x 10"® atoms for catalyst B.

The TAP™ Generation-1 reactor system used in this study is
described in more detail elsewhere [5]. Both pulse and pump-
probe experiments were conducted. The amount of pulsed gas
was determined by monitoring the pressure loss in the feed
bulb. A quadrupole mass spectrometer was used to quantify the
molecular flow rates of the product gases. Species measured
included NO (m/e = 30), N, (m/e = 28), N,O (m/e = 44.4), NH;
(mle = 16.9), and H,O (m/e = 17.9). Both storage and storage/
reduction experiments were conducted as follows.

Table 1

Properties of the two catalyst samples used in the TAP reactor

Sample Pt/Al,O3 Pt/BaO/Al,0O5
Pt (wt%) 1.52 1.27

BaO (wt%) 0 16.5

Pt dispersion (%) 30.4 33.0

Pt area (m%/g) 1.14 1.04

Pt particle size (nm) 3.72 3.43
Estimated no. of Pt sites exposed 127 x 10'8 1.16 x 10'8

in 90 mg of catalyst

2.1. NO storage and reduction

Prior to NO storage, the catalysts were pre-reduced in H, at
400-450 °C for 2—4 h. NO was then pulsed over catalysts A and
B at 350 °C for a prescribed period. The series of NO pulses were
separated by 4 s intervals, which exceeds the estimated charac-
teristic diffusion time of 2 s over an inert bed. The amount of NO
introduced varied from 1 x 10'® to 4 x 10'® molecules/pulse,
which is considerably less than the number of exposed Pt atoms.
The amount of N stored was determined by the difference in the
amount of NO pulsed and the amount of N in the product species.
After storage, the catalyst was exposed to a series of H, pulses at
the same temperature to study the reduction of stored NO,
maintaining the isothermal conditions.

2.2. NO pump-probe

A similar catalyst pretreatment was conducted prior to NO/H,
pump-probe experiments. The pump-probe involved feeding
alternating pulses of NO and H,. Each pulse of NO and H, were
separated by 4-6 s. The opening time for each pulse ranged from
200 to 600 s depending on the desired NO:H, feed ratio. Three
types of pump-probe experiments were carried out. In the pre-
reduced pump-probe experiments the catalyst surface was
cleaned of adsorbed species by a reduction at 400 °C with H, for
2h. In the pre-oxidized pump-probe experiments, the pre-
reduced catalyst was exposed to sequential pulses of O, at450 °C
for 2 h, with each pulse separated by 4 s. In the pre-nitrated
pump-probe experiments, the pre-reduced catalyst was exposed
to 2000 pulses of NO. All pump-probe experiments were con-
ducted at 350 °C; previous studies have shown that NOx storage
on Pt/Ba catalysts is highest in the 300-350 °C temperature range
[5,7]. Moreover, diesel engine exhaust temperatures are typically
in the 200400 °C range after startup.

3. Results

NO storage results over Pt/Al,O3 (catalyst A) and Pt/BaO/
Al,Oj5 (catalyst B) are shown in Fig. 1a and b, respectively. The
average pulse size over catalyst A was 1.40 x 10'® molecules/
pulse and 1.83 x 10'® molecules/pulse for catalyst B. The pulse
intensity decreased with pulse number because of the reduced
NO feed pressure in the inlet system (fixed valve opening time).
Species measured included N,, N,O as well as untrapped/
unconverted NO. The data enable an estimate of the fraction of
NO fed that is converted to N, and N,O and the fraction that is
stored or consumed. The stored amount is obtained by
subtracting the total measured N out [(NO)yye + 2(N2)ou + 2(-
N>0),u] from the total NO fed. For both catalysts, the first few
NO pulses resulted in the formation of N, a comparatively much
smaller amount of N,O, but no NO. NO breakthrough was
observed at about the 55th pulse for catalyst A and about the 30th
pulse for catalyst B. The increase of NO just after breakthrough
was sharper for Pt/Al,O5; than for Pt/BaO/Al,0;. While the
output NO for both catalysts increased towards the feed value, the
rate of increase for B was much more gradual than for A.
Moreover, the total N approached more closely to the feed value
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Fig. 1. (a) NO storage over Pt/Al,O3 at 350 °C, (b) NO storage over Pt/BaO/
Al,O3 at 350 °C.

for catalyst A than for catalyst B, indicating more storage for B
than A. The N, formation decreased monotonically with pulse
number after the maximum, which occured at the first pulse for
catalysts A and B. In our previous work [5], we have shown for a
much smaller pulse size (~1 x 10" molecules/pulse) that N,
formation exhibits a maximum at an intermediate pulse number.
A sharp increase in the N,O formation was observed at the point
of breakthrough of NO. The N,O achieved a maximum and then
decreased. The decrease in N,O was rather sharp for catalyst A,
whereas for catalyst B the N,O exhibited only a slight drop and
was sustained at a nonzero value throughout the remainder of the
experiment.

Table 2
NO storage over Pt/Al,0; and Pt/BaO/Al,O5 as calculated from the data in
Fig. 1a and b (storage) and Fig. 2 (reduction)

Catalyst Pt/Al,O3 Pt/BaO/Al,03
N storage during NO pulse (mol N/g cat) 30x107°  1.5x 107
Storage estimated from N, out (mol N/g cat) 3.6 x 107 42x107°
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Fig. 2. Nitrogen and hydrogen effluent flow profiles during reduction of pre-
nitrated Pt/Al,05 and Pt/BaO/Al,Os5.

The post-storage reduction provides additional information
about the extent of storage and of the reduction chemistry. Fig. 2
shows the results of the post-storage reduction of each catalyst
after 2100 pulses of NO. The reduction temperature was 350 °C
and each H, pulse comprised about 8.1 x 10'® molecules. For
catalyst A, negligible production of N, was observed compared
to the more pronounced N, production for catalyst B, indicating
again the higher storage on Pt/BaO/Al,O5; compared to Pt/Al,03
(Table 2). A complete scan of the effluent revealed the production
of ammonia and water (Fig. 3). Nitrogen was the dominant
product during the first few pulses but dropped to the detection
limit by the 100th pulse. The amount of N, released during
reduction corresponded to a storage of 2.1 x 10> mol/g cat. The
breakthrough of H, occured during the drop in N,. Within the
cross-over region of the N/H, a maximum in NH; formation was
observed. The late appearance of ammonia and water may be a
result of slow desorption from the porous catalyst or adsorption to
the walls of the apparatus.
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Fig. 3. Nitrogen, hydrogen, ammonia, and water effluent profiles during
reduction of pre-nitrated Pt/BaO/Al,Os.
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The results of the pump-probe experiments on the pre-
reduced Pt/BaO/Al,O5; catalyst are shown in Fig. 4a—c
corresponding to three different NO:H, feed ratios; specifically,
NO:H, = 1:3.8 (Fig. 4a), 1:0.50 (Fig. 4b), 1:0.34 (Fig. 4c).
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Fig.4. (a) NO-H, pump-probe on pre-reduced Pt/BaO/Al,O; for NO:H, = 1:3.8.
(b) NO-H, pump-probe over pre-reduced Pt/BaO/Al,O; for NO:H, = 1:0.5. (c)
Effluent molecular flow profiles for NO:H, = 1:0.34.

When H, was in excess of NO (Fig. 4a; average feed
values: NO = 1.71 x 10" molecules/pulse, H, = 6.50 x 10'°
molecules/pulse), there was little change in the results over the
course of the 300 pump-probe pair experiment. The first NO
pulse produced was about half the amount of N,, and was
maintained at a nearly constant level with subsequent NO
pulses. This shows that the H, pulse is effective in returning the
Pt to its initial reduced state. The excess H, that remained from
the reaction is seen during the H, pulse. The production of
negligible N, (below detection level) during the H, pulse
indicates that little N was adsorbed on Pt or stored on the
barium phase for additional N, production. Subsequent pump-
probe pairs led to the same result; i.e., the NO pulse produced
N, equivalent to the previous pump-probe cycle.

If less H, was pulsed than NO (NO:H, = 1:0.50 in Fig. 4b;
average feed values: NO =2.50 x 1016, H,=1.27 x 1016),
the results were much different over the course of the
experiment. The first NO pulse produced N, on the pre-
reduced Pt surface. This feature is similar to the excess H,
pump-probe experiment. However, the first H, pulse also
produced N,, albeit a much smaller amount. Subsequent
pump-probe pairs resulted in an apparent H, reduction of NO
stored on the barium phase (i.e., during NO pulse). While N,
continued to be generated during the NO pulse, the amount
decreased with pulse number while the amount of N,
generated during the H, pulse increased with pulse number.
The results also reveal the breakthrough of NO concurrent
with the decrease in N, production during the NO pulse. An
indication that there is insufficient H, is its absence in the
product during the H, pulse. Apparently H, was completely
consumed during the reduction process and it is this
imbalance that led to the continued decrease (increase) in
N, production during the NO (H,) pulse. An experiment with
even less H, was conducted, the results of which are shown in
Fig. 4c (NO:H, = 1:0.34; average feed values: NO =2.64 x
10'° molecules/pulse, H, =8.90 x 10" molecules/pulse). A
more pronounced decrease in the N, production with pulse
number was observed during the NO pulse. The production of
N, during the H, pulse increased more sharply to a constant
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Fig. 5. Ammonia production for four NO:H, feed ratios.



230 V. Medhekar et al./Catalysis Today 121 (2007) 226-236

level by the 200th pulse. In addition, the breakthrough of
unreacted/untrapped NO occured much earlier and was more
significant. The amount of N, generated during the H, pulse is
clearly a function of the amount of H, introduced relative to
NO and is close to 0.5 at pseudo-steady state.

The production of byproduct ammonia was observed during
the pump-probe experiments. Fig. 5 shows the production of NH;
as a function of pulse number for several different NO:H; ratios.
As the H, feed with respect to NO was increased, the NHj
production increased. While the data showed the production of
ammonia during both the NO and H;, pulses, we cannot rule out a
slow ammonia release.

In order to understand the effect of an oxidized surface on
the storage and reduction process, we carried out a set of pump-
probe experiments on pre-oxidized Pt/BaO/Al,O; catalyst
with excess H, (NO:H,=1:2.4; average feed values:
NO = 2.40 x 10" molecules/pulse, H, =5.84 x 10'® mole-
cules/pulse). Fig. 6a shows the overall trend of products formed
during both the NO and H, pulses. As seen clearly in Fig. 6b,
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Fig. 6. (a) NO-H, pump-probe for NO:H, = 1:2.5 over pre-oxidized catalyst.
(b) Expanded view of data from (a).

negligible formation of N, was observed during the first ca. 15
NO pulses. With the excess H, the Pt surface was cleaned during
the subsequent H; pulse, freeing Pt sites for NO decomposition.
During the first few pulses of H, (Fig. 6b), production of N, was
observed but declined in intensity. The N, produced decreased to
zero on further reduction with simultaneous breakthrough of H,.
After the first ca. 30 pulses, the results resembled those for excess
H, on the pre-reduced catalyst (Fig. 4a).

In order to further our understanding of the reduction
process, pump-probe experiments were carried out on a pre-
nitrated Pt/BaO/Al,Oj3 catalyst. In this experiment the catalyst
was exposed to about 2100 pulses of NO before switching to a
NO/H, pump-probe protocol. The pretreatment created a Pt/
BaO/Al,0; catalyst with a prescribed amount of stored
nitrogen (approximately 1.6 x 10~* mol N/g cat).

The excess H, pump-probe exposed the pre-nitrated Pt/BaO/
Al,Oj5 catalyst to a net reducing cycle (Fig. 7a and b). The first
NO pulse led to NO breakthrough with negligible N, production.
The following H, pulse led to significant production of N,

1 —— N, (NO puise)
64 ——N, (H, pulse)

1 —2— NO(NO pulse)
59 —>—H, (H, pulse)

H, input

NO input

Molecules/Pulse (x10°'%)

ot
o0
AAAAAA......AA..AA..\AAA...AAAAAAAAAAAAAA

B ol o Ao e B e o ek L

- L l v L
0 200 400 600 800 1000 1200 1400 1600 1800 2000
(a) Pulse No.

4 H, input
| —— N, (NO puise)
—<&— N, (H, pulse)
54 —2— NO (NO puise)
| —>—H, (H, pulse)

Molecules/Pulse (x1 0'16)

(|- SN s SN DO OE 6.6’V V.S SIS
120 150 180 210 240 270 300
(b) Pulse No.

Fig. 7. (a) Effluent species profiles for NO:H, = 1:3.14 pump-probe experiment
for a pre-nitrated catalyst. (b) Expanded view of data from (a).
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Fig. 8. NO-H, pump-probe over Pt/BaO/Al,O3 in excess of NO.

presumably of N pre-stored on the catalyst. Subsequent pump-
probe pairs led to an increased production of N, during the NO
pulse and reduced N, production during the H, pulse, as the
overall cycle was net-reducing. Eventually the results resembled
those of the pre-reduced catalyst exposed to the excess H, pump-
probe (Fig. 4a). By the 200th pulse a pseudo-steady state was
reached in which N, was produced primarily during the NO
pulse, with a negligible amount formed during the H, pulse. H;
breakthrough occured at the time when overall N stored over
catalyst was reduced, similar to the results obtained during the
reduction process shown in Fig. 2.

The excess NO pump-probe experiments on the pre-nitrated
Pt/Ba0O/Al,O; catalyst lead to a different set of results (Fig. 8).
There was a similar initial breakthrough of NO during the NO
pulse as in the previous excess H, case, indicating the inability
of the pre-nitrated catalyst to effectively store NO. In
subsequent pump-probe pairs, the NO breakthrough decreased,
but not to zero in this case. Rather, the N, produced during the
H, pulse increased to a sustained level while negligible N, was
produced during the NO pulsing. The N,O production was
more pronounced in this case. By the 500th pulse a pseudo-
steady state was reached in which N, was produced during the
H, pulse.

4. Discussion

The TAP storage and reduction data provide the basis for
building an understanding of the mechanism and for
constructing predictive microkinetic models. While our
ultimate goal is to estimate kinetic parameters, here we outline
such a model that is consistent with the data that builds on
recent results from the literature.

4.1. Storage

The exposure of NO to the Pt/Al,03 and Pt/BaO/Al,O3
reveals a combination of both NO decomposition and
adsorption/storage. The following mechanism for NO decom-

position on Pt is proposed:

NO + Pt < NO—Pt (S1)
NO—Pt + Pt «+» N—Pt + O—Pt (S2)
2N—Pt « N, + 2Pt (S3)
2NO—Pt < N,O + Pt + O—Pt (S4)
NO—Pt + N—Pt < N,O + 2Pt (S5)
NO—Pt + O—Pt «» NO, + 2Pt (S6)
O—Pt + O—Pt «» O, + 2Pt (S7)

This mechanism is consistent with NO pulse data for both Pt/
Al,0O3 and Pt/BaO/Al,O; (Fig. la and b) and follows from
developments in our previous study [5]. A key feature of this
mechanism is the inhibition by accumulating oxygen adatoms
which do not readily desorb because of the high binding energy
of oxygen on Pt (200-240 kJ/mol); i.e., the rate of forward
reaction (S7) is negligible at temperatures below 400 °C. As
NO is pulsed over the catalyst, the oxygen accumulation
reduces the availability of vacant sites on Pt for NO adsorption
(S1), NO bond scission (S2), and N adatom recombination (S3).
On the initially clean Pt surface the first few pulses of NO
produce a near-stoichiometric amount of N, (2NO produce
IN,). On Pt/Al,05 the N, production and NO breakthrough
occur more sharply than on Pt/BaO/Al,Os. As we discuss later,
oxygen adatoms on Pt in the vicinity of the Pt—-BaO interface
may participate in the storage of NO. This frees up additional Pt
sites, enabling the storage process to continue. As oxygen
builds up on Pt, this leads to fewer vacant sites. As a result,
the rate of NO bond scission decreases and fewer N adspecies
are produced. On this more crowded surface N,O formation
occurs via steps (S4) or (S5), both of which generate vacant
sites, enabling additional NO to adsorb and react. At the point in
which few vacant Pt sites are available for NO adsorption, NO
breakthrough occurs. This occurs about the same point in which
the N,O production reaches a maximum.

A comparison of the Pt/Al,O5; and Pt/BaO/Al,O5 catalysts
reveal some differences. The uptake of NO, being less on Pt/
Al,O5 than on Pt/Ba0/Al, O3, is an expected result because of the
known capability of BaO to store NO even without gas phase O,
[21]. Simultaneous decomposition and storage of NO occur on
the Pt/BaO/Al,0s, leading to a more gradual breakthrough of
NO. The N production is sustained for a longer sequence of NO
pulses for Pt/BaO/Al,O;, as is the N,O production.

Following our recent work and that of others, two storage
pathways are consistent with the data. The first involves close
coupling between the Pt and BaO [5,10,22]:

O—-Pt + BaO < BaO, + Pt (S8)
BaO, + NO(—Pt) < BaO—NO, + (Pt) (S9)
BaO—NO, + NO(—Pt) < Ba(NO,), + (Pt) (S10)
Ba(NO,), +20—Pt < Ba(NO3), + 2Pt (S11)
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In the absence of gas phase O,, this pathway infers the spillover
of oxygen adatoms from the Pt to Ba phase, producing BaO,.
This O, spillover pathway is speculative since the energy
barrier for the oxygen spillover and oxidation of BaO has
not been determined. The BaO, then undergoes deeper nitration
by reaction with either gas phase NO or adsorbed NO which
diffuses from the Pt crystallites. The barium nitrite can be
further oxidized by additional surface oxygen, forming barium
nitrate. The oxygen spillover processes ((S8) and (S11)) free up
Pt sites for further NO adsorption and decomposition. Since
oxygen is supplied by the dissociating NO, this helps to explain
the slow breakthrough of NO with sustained production of N,
as well as the sustained production of N,O; i.e., Pt sites are
made available for a longer period in the case of Pt/BaO/Al,O5
compared to Pt/Al,03. N,O formation results in the generation
of new vacant Pt sites which can result in further NO adsorption
and decomposition. The constant, nonzero level of N,O pro-
duction beyond the maximum indicates that sufficient NO is
stored that a pseudo steady state can be established. It may also
suggest that some storage of NO on the support occurs.

A second potential pathway involves NO, as the stored
species, transported along the surface or through the gas phase:

NO,(—Pt) + BaO < BaO—NO, + (Pt) (S12)
BaO—NO, + (Pt) < BaO, + NO(—P) (S13)
BaO, + NO,(—Pt) < BaO—NOs + (Pt) (S14)
BaO—NO; + NO,(—Pt) < Ba(NOs), + (Pt) (S15)

Note that the Pt shown in parenthesis indicates its possible, but
not essential, role. This pathway requires the formation of NO,
from NO in the absence of gas phase O, (reaction step (S6)).
Consider the two overall reactions of NO decomposition and
NO oxidation:

NO < 0.5N; +0.50, (1)

NO + 0.50; < NO, 2)
The sum of these two reactions is NO disproportionation:
2NO < NO; +0.5N; 3)

As we know, the catalytic decomposition of NO (1), while
thermodynamically feasible, is kinetically hindered by oxygen
inhibition. Moreover, NO oxidation is kinetically unfavorable
below ca. 250 °C and encounters thermodynamic limitations
for temperatures exceeding 400 °C. Thus, one would not expect
significant production of NO, from NO in the absence of O, in
the feed. However, under transient conditions in which accu-
mulation of O occurs on the Pt surface, the pathway may
become more significant. Similar to the oxygen spillover
mechanism, storage of NO on BaO will result in the freeing
up of Pt sites which in turn allow further adsorption and
decomposition of NO, consistent with the data. Also, NO,
formed on Pt may desorb from the Pt to react with BaO sites
removed from the Pt sites.

In summary, NO storage may occur on Ba sites near Pt by the
spillover mechanism and away from Pt sites by the NO,

formation mechanism. Kinetic modeling currently underway in
our group will help to resolve some of these questions.

After the 2000th pulse in case of Pt/Al,05 the consumption
of NO indicates about 15% is not accounted for in terms of
output NO (Fig. 1a). For Pt/Ba/Al,05 this amount is about 25%.
This indicates that storage is still occurring even after 2000 NO
pulses in the case of Pt/Ba/Al,Os. In the absence of BaO, we
suspect that NO oxidation over Pt with adsorbed O to form NO,
or adsorption on the alumina support may play a minor role in
the unaccounted NO [23].

4.2. Reduction

The post-storage reduction data reveal the production of N,
and NHj as well as the breakthrough of H, (Figs. 2 and 3). The
reduction of Pt/BaO/Al,0; produces more N, (4.2 x 107°
mol N/g cat) as compared to Pt/Al,O5 (3.6 X 107° mol N/ g cat)
confirming that the BaO provides a storage function in the
absence of oxygen. Two observations warrant discussion. First,
the amount of generated N, is less than the amount of N that has
stored over Pt/Ba/Al,O; (1.5 x 10~* mol N/g cat); i.e., about
28% of the amount stored. Some of the discrepancy is attributed
to the co-generation of ammonia, which is not quantified in the
N balance. Another factor, which we elaborate on below, has to
do with the accessibility of stored NOx to the Pt. Second, for Pt/
BaO/Al,O5 the ratio of the moles of H, consumed to the moles
N; produced is about 5 over the course of the reduction (Fig. 2).
This ratio is consistent with the stoichiometry of barium nitrate
reduction:

Ba(NO;), + 5H, < BaO + N, + 5H,0 4)

This lends credence to the aforementioned storage pathways
that involve the formation of barium nitrate during exposure of
NO. We speculate that the oxygen spillover and NO oxidation
to NO, occur simultaneously during NO storage over Pt/Ba,
although sufficient adsorbed O must be available for the latter
to occur. On Pt/Al,O;, the storage as estimated by N, produc-
tion during reduction is an order of magnitude lower, about
3.6 x 107° mol N/g cat compared to 3.0 x 10~> mol N/g cat
stored during NO pulsing.

4.3. Storage and reduction

The pump-probe data provide detailed insight into the
surface chemistry. The products include N,, H,O, NH; and
N,O. In most of the experiments N, is the major N—containing
product while byproduct N,O appears only after sufficient
oxygen has accumulated. NH; appears only under reducing
conditions. The pump-probe data shows that the main role of H,
is to react with oxygen adatoms by the overall reaction:

H, +0.50, < H,0 %)
Hydrogen oxidation cleans the surface for subsequent NO

decomposition (1). The oxygen required for water formation
is supplied during the NO decomposition ((S1)-(S3)), which
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when combined with (5) yields the following overall reaction:
NO + H, < 0.5N, + H,O. (6)

Adsorbed N species or NO may directly react with adsorbed H
to form NH;3. The evidence for the former is present in Fig. 3.
We observe that NH; production achieves a maximum when H,
breakthrough occurs. At H, breakthrough, the effluent compo-
sition has a large excess of H, compared to NO. This suggests
that the surface has a corresponding high H/N ratio. Such a
condition would provide the route for NH; formation by the
overall reaction:

Note that the selective reduction of NO with H, (6) is the linear
combination of NO decomposition (1) and hydrogen oxidation
(5), although this says nothing about the mechanistic pathway,
which we examine in more detail below.

Knowledge of the source of NO is important in understanding
the transient reduction process. Certainly NO from the gas phase
may adsorb on Pt and decompose. However, in the current study
NO is not present during the H, pulse, so it must originate as
accumulated NO on Pt from a previous pulse or as a
decomposition product from the barium storage component.
The former is less likely; otherwise the results from the reduction
of the Pt catalyst would bear more resemblance to the Pt/Ba
catalyst, after NO storage; more recent experiments with Pt/
AlL,O3 shows negligible N storage over Pt at 350 °C.
Furthermore, Nova et al. [24] have shown that the direct reaction
between H, and barium nitrate is slow in the absence of Pt. On the
other hand, while in the presence of Pt, the reduction is much
faster. In keeping with the role of H, as a scavenger of adsorbed
O, consider that the reverse of the storage steps leading to barium
nitrate occur during reduction (i.e., (S11)—-(S10)—(S9) or (S15)-
(S14)—(S13)—(S12)). The first group of steps (S11)—(S10)-(S9)
when combined give the overall reaction

Ba(NO3), 4 4Pt — BaO, +20—Pt + 2NO(—Pt) 8)

This “catalytic” decomposition of Ba(NOs), produces
adsorbed O, which reacts further with adsorbed H to form
H,0. Moreover, the NO product may decompose on the clean
Pt or react with adsorbed H, forming N, or NH;. The second
group (S15)—(S14)—(S13)—(S12) when combined gives the
overall reaction:

Ba(NO3), + NO(—Pt) + 2(Pt) < BaO + 3NO»(—Pt)  (9)

The NO, formed may decompose to NO and O,, both of which
can react with hydrogen. The overall reaction (9) requires the
presence of NO during reduction to form N,. Since reduction is
carried out with pure H,, reduction is more likely to occur via
route (8) than (9).

With this overall mechanistic picture as a backdrop, the
more specific features of the Pt/BaO/Al,O5 catalyst in the
pump-probe experiments are now examined. The key factors
determining the reaction pathways are the initial state of the
catalyst (pre-reduced, pre-oxidized, pre-nitrated), the relative
intensities of the NO and H, pulses (NO:H, feed ratio), and the
composition and relative amounts of products formed during

each pulse. Regarding the relative intensities of NO to H,, we
consider NO/H, =1 to be the balance point corresponding to
the stoichiometry of NO reduction by H, (6).

On a pre-reduced surface, with excess Hy (NO:H, = 1:3.8,
Fig. 4a), the first pulse of NO produces a stoichiometric amount
of N, (NO pulse intensity is about 1.7 x 10'® molecules/pulse
for the duration of the experiment). The subsequent pulse of H,
(6.5 x 10'° molecules/pulse), which is in stoichiometric excess,
reacts with surface oxygen to form water, cleaning the surface.
The excess H, conditions are effective in maintaining a clean Pt
surface whereby little NO is stored on the barium storage
component. No other species are observed to form on the surface,
except a minor amount of ammonia. The fact that NO is not
observed during the NO pulse (not shown) indicates that all the
NO is consumed and forms N,. The amount of H, consumed is
about 1.16 times higher than NO consumed, which is close to the
1:1 ratio and within experimental error. This indicates the
reduction of NO over Pt surface occurs via reaction (6). Since NO
is first exposed to a reduced Pt surface, it decomposes to form N,
(seen by its immediate and stoichiometric amount), leaving
adsorbed O adatoms. The reaction sequence is essentially
decomposition of NO over Pt surface followed by O-Pt reaction
with two H adatoms to water (Eq. (1) and (5)). This is consistent
with the study of Burch et al. [20] who have shown that NO
reduction by H, does not occur by direct reaction between NO
and H; but essentially occurs sequentially with NO decomposi-
tion followed by reduction of adsorbed oxygen by H,.

When NO is in excess (NO:H, = 1:0.5, Fig. 4b; NO:H, =
1:0.34, Fig. 4c) there is a rapid falloff in the N, production
during the NO pulse. These data suggest that there is
insufficient H, to react away all of the surface oxygen, leaving
residual oxygen for the next NO pulse. On the other hand, the
emergence of N, production during the H, pulse signals the
onset of the participation of NO that accumulates on the Pt or
stores on the barium phase, as discussed above in connection
with the NO pulse experiments (Fig. 1b). In the absence of gas
phase O,, NO storage may be initiated by the accumulating
surface oxygen that reacts with BaO to form barium peroxide
(S8) at the Pt—Ba interface. This is followed by the addition of
gas phase or surface NO ((S9)—(S10)). Alternatively, NO,
produced by reaction of adsorbed NO and the accumulating
surface oxygen may migrate via the surface or through the gas
phase to barium storage sites. During a subsequent H, pulse, Pt
sites are freed up via hydrogen oxidation, initiating the catalytic
decomposition of the nitrate (S11)—(S10)—(S9) or (S14)—(S13)-
(S12), which supplies NO on Pt where decomposition and/or
reduction occur. This interfacial mechanism between Pt—Ba is
supported by the observed rapid increase in N, during the H,
pulses. Eventually the N, produced during the H, pulse reaches
a steady level which depends on the amount of H, fed. A
separate more recent study on Pt/Al,O; (to be published
elsewhere) does not show significant storage of NO on Pt at
350 °C. Also, from the reduction of Pt/Al,O5 (Fig. 2), the
amount of N, produced is significantly lower than that on Pt/Ba/
AlL,O. Hence, the large production of N, during H, pulse in
excess NO pump-probe experiment is an indication of NO
coming from the storage component, viz., BaO. One important
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observation is that NO storage occurs almost instantaneously
after the first NO/H, cycle with N, production rapidly
decreasing during the NO pulse. Since Pt sites are in large
excess to the number of NO molecules fed during a pulse, the
N, production should be sustained at a steady level until all of
the Pt sites are occupied by oxygen. This clearly indicates that
the process of NO storage is occurring on the Pt/Ba catalyst as
soon as Pt-O is formed. Indeed, separate pump-probe
experiments with Pt/Al,O3 in excess NO (not shown here)
show a constant N, formation before it drops down.

When NO molecules are in excess some interesting trends
are observed. For example, during the NO:H,=1:0.50
experiment the N, production (during NO pulse) is equal to
that of the N, production (during H, pulse) at essentially the
point of NO breakthrough (specifically pulse number 407 in
Fig. 4b). In this experiment H; is fed at approximately twice the
level that N, is produced during the NO and H, pulses
(1.27 x 10"® molecules Ho/pulse versus 6.1 x 10" Ny/pulse).
NO breakthrough occurs when there are insufficient Pt sites to
adsorb the input NO. In other words, when the NO fed exceeds
a critical Pt site concentration, excess NO appears in the
product. If we compare the total N, produced during the H,
pulse to the amount of NO stored during the NO pulse, it is
about 0.45, which is very close to stoichiometric amount of 0.5
(reaction (6)). The overall N, produced during both the NO and
H, pulses approaches approximately 0.47 of the total NO fed
during NO pulse. In essence, the N, production is by NO
decomposition on Pt with the generated O—Pt consumed by Ho.
The small difference of ~0.05 represents the stored NO on the
surface. When less H, is fed (Fig. 4c) the same ratio of N,
produced to NO fed is obtained. In this case, the cross-over of
N occurs in the region of NO breakthrough. Again, the amount
of N, (5.2 x 10" molecules/pulse) is roughly half the H, feed
pulse intensity (9 x 10> molecules/pulse). After the cross-over
point, the production of N, during H, pulse reaches a steady
value which indicates that there is insufficient H, fed to clean
the Pt and to generate vacant sites. Another point to note is that
N, production during the NO pulse continues to decrease,
indicating that sites for NO adsorption and decomposition
during the NO pulse are different than the sites for N, formation
during H, pulse, lending credence to the picture of an
interfacial reaction. The overall NO stored per pulse is higher in
this case as compared to NO:H, ratio of 1:0.5, which is
expected because of the reduced H, supply.

Ammonia formation was observed during all of the pump-
probe experiments. The generation of ammonia during the
pump-probe experiments conveys the interplay of several
competing reactions. In an excess of H, (NO/H, = 1/1.8),
ammonia formation is not observed until the 60th pulse while
no such lag is observed at reduced H, feed rates (NO/H, = 1/
0.5, Fig. 4b; 1/0.34, Fig. 4c). This suggests that the large excess
of H, is effective in maintaining a clean Pt surface for NO
decomposition during the NO pulse. The eventual appearance
of NH; suggests that a gradual accumulation of NO on the
barium phase which provides NO later in the experiment via the
barium nitrate decomposition. This is in contrast to the lower
H, feed rate experiments which show an immediate generation

of NH;3. In those experiments, the accumulation of surface
oxygen leads to a larger fraction of NO storing on the barium
phase. As a result, subsequent pulses of H, produce ammonia.
After a large number of pulses (>500) a pseudo steady state is
achieved in which the ammonia formation rate is an increasing
function of the feed H, concentration (or decreasing function of
NO/H,). This trend is not surprising since the stoichiometric
requirement for ammonia production is NO/H, = 1/2.5 (reac-
tion (7)). The catalyst approaches a constant state when the
supply of N from NO is balanced by the supply of H from H,.
Another point that is worth noting is that NH; forms even under
H, starved conditions, albeit to a lesser extent. Studies are
currently being pursued to better understand the NH; formation
mechanism.

On a pre-oxidized catalyst the effect of oxygen adatom
inhibition is apparent during an initial number of pump-probe
pairs of NO/H, (NO = 2.40 x 10'® molecules/pulse, H, = 5.84
x 10" molecules/pulse). Initially little N, is formed during the
NO pulse (Fig. 6b). It is also noted that there is no breakthrough
of NO. These data confirm that NO does not decompose on the
oxidized Pt surface but that it will accumulate, most likely by
storage on the barium phase. With the excess H, feed most of the
initial N, is produced exclusively during the H, pulse, and must
originate from NO supplied from the storage component. H, is
not evolved during its first few pulses since it is consumed in its
reaction with the surface oxygen, both from the pre oxidation and
oxygen produced from NO decomposition. By the 20th pulse the
formation of N, is observed exclusively during the NO pulse,
with corresponding N, during H, pulse reducing to a negligible
level, indicating no more storage is possible since enough Pt sites
are available for NO to decompose. The excess H, is then seen in
the effluent (ca. 40th pulse). It is observed that N, production
during the NO pulse quickly reaches a steady level which
indicates the effectiveness of H, in cleaning Pt of oxygen,
creating empty sites for NO decomposition/reduction.

The pre-nitrated catalyst exhibits behavior similar to the pre-
oxidized Pt (storage =1.61 x 10~*mol NO/g of catalyst).
Under conditions of excess H, (NO=2.2 x 10'® molecules/
pulse, H, =6.92 x 106 molecules/pulse, NO:H, = 3.14) most
of the N, is produced during the H, pulse during the initial stage
(Fig. 7a). This indicates that the Pt is covered with oxygen,
inhibiting NO decomposition during the NO pulse. However, the
NO does not break through or decompose, indicating that it
stores, assisted by the surface oxygen through one of the two
mechanisms described earlier. On the other hand, during the H,
pulse N, production is observed, which is likely a result of
catalytic decomposition of the nitrite/nitrate at vacant Pt sites
created by hydrogen oxidation, followed by NO spillover and
decomposition. With the excess H, there is arapid recovery of the
catalyst such that N, generated during the NO pulse reaches a
constant level by the ca. 30th pulse. It is interesting that N,
continues to be formed during the H, pulse for about 100 pump-
probe cycles, which is reduction of NO that has stored on the
catalyst. The amount of nitrate pre-stored on the catalyst and the
hydrogen pulse intensity determine the duration of this transient.

A more detailed analysis of the data (Fig. 7b) suggests that NO
decomposition occurs on reduced Pt sites whereas the reduction
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of stored NO essentially occurs at the Pt—Ba interface. During the
first NO pulse a small but measurable amount of NO is observed,
while there is almost no production of N, indicating that storage
is occurring. The storage may be facilitated by the oxygen
occupying the Pt sites from the pre-nitration. The subsequent H,
pulse produces N, but there is no detectable H,, indicating that all
of the H, is consumed. As the Pt sites are cleaned of adsorbed
oxygen, pulsed NO eventually finds sites to decompose and form
N, as revealed by the increasing N, intensity. At about the 30th
pulse N, produced during the NO pulse is about half the amount
of NO fed. This indicates that when a critical fraction of Ptsites is
reduced by H,, NO will adsorb and decompose. This pathway
competes with the storage pathway. Even under conditions in
which most of the NO decomposes during the NO pulse, N,
continues to be produced during the H, pulse, the N source of
which is the Ba storage phase. The decomposition of stored NOx
(overall reaction (8)) produces NO, which spills over from the Ba
phase to the Pt and decomposes, producing O adatoms. The Pt—O
react with H during the subsequent H, pulse which is completely
consumed as evidenced by the lack of H, in the effluent. When
the amount of stored NO drops below a critical level, no more
surface oxygen is provided, and H, breakthrough occurs during
the H, pulse. At that point the process follows the typical pump-
probe on a reduced catalyst surface (Fig. 4a). This explains the
late breakthrough of H, even though N, production occurring
during the NO pulse attains the stoichiometric value indicative of
decomposition (the difference between NO in and N, out is
considered within experimental error in light of data from other
pump-probe experiments in excess of H,). It is noted that the total
N, generated beyond the 30th pulse is 2.65 x 10~ mol N/g cat,
which is close to the value obtained for the reduction experiment
in Fig. 2. This supports the speculation that N, produced during
the H, pulse essentially comes from the storage component and
occurs at the Pt—Ba interface.

In pump-probe experiments on the pre-nitrated catalyst
involving an excess of NO (NO = 2.60 x 10'° molecules/pulse,
H, =9.0 x 10" molecules/pulse) there is a break-in period
with an approach to a pseudo steady state. Initially there is no
N, produced during the NO pulse indicating that NO stores to
some extent, forms N,O as a secondary product with the
remainder appearing in the effluent. The next H, pulse cleans
the surface to produce N, from the stored N. The amount of H,
observed during the H; pulse is at the detection limit. As NO
stores, the production of N,O increases. This suggests that
reduction with H, makes available Pt sites for NO to
decompose to form N, and N,O, which increase to steady
levels. Most of the nitrogen is produced during the H, pulse
over the entire 2250 pulse experiment. Comparatively little N,
is produced during the NO pulse which indicates that
insufficient H, is fed to react away the surface oxygen. N,O
formation is more pronounced under these conditions,
indicating the selectivity is higher in an excess of NO. The
production of NHj; is also higher in these experiments
compared to other pump-probe experiments (data not shown
here) indicating that most of the N stored on the surface
participates via this route. In essence, additional NO stores and
forms NH; during the H, pulse, an observation consistent with

previous pump-probe experiments and experiments involving
storage where the catalyst is nearing saturation (Fig. 1b).

5. Conclusions

We have conducted a systematic TAP study of the transient
NO storage and reduction on model Pt and Pt/Ba supported
catalysts under near isothermal conditions. Our study shows a
complex interplay between the storage and reduction processes
involving several overall reactions. Our findings are consistent
with the picture of a precious metal/storage component
interface-driven process during NO storage and reduction.

NO pulsing experiments in the absence of gas phase O,
reveal that NO will either decompose on Pt or store through the
active participation of accumulating oxygen adatoms which
spill over and oxidize BaO, or react with NO to form NO,,
which subsequently stores on BaO. Either route leads to stored
nitrite/nitrate which provides a source of NO during subsequent
reduction. On a clean Pt surface NO decomposition occurs
readily, forming mostly N, and adsorbed O species. NO
decomposition can be sustained if sufficient reductant H, is
supplied to maintain a clean Pt surface.

NO/H, pump-probe experiments show how the catalyst
responds to different initial states and NO/H, feed ratios. During
exposure to H, under the isothermal low pressure conditions of
the TAP, the NOx stored at the Pt/Ba interface is reduced by
reverse spillover of NO from the Ba compound to Pt crystallites,
while reduction of NOx stored further from the interface is
apparently more difficult [24]. The reduction takes place at the
Pt—Ba interface and since the conditions are isothermal, there is
no thermal decomposition of Ba nitrite/nitrate to supply NO from
gas phase. This is supported by the production of N, during the
H; pulse in NO-H, pump-probe experiments on clean Pt (Fig. 4b
and c) and on pre-nitrated Pt (Fig. 7a and b).

The role of the barium storage component is to supply NO to
the Pt during the reduction step. Pump-probe experiments show
minimal storage of NO in excess H, because of the
effectiveness of the clean Pt in catalyzing the NO decomposi-
tion. The N, produced during NO decomposition (NO pulse) is
maintained at a steady level indicating that the Pt surface is
regenerated continuously during the intermittent H, pulse. In an
excess of NO a steady decrease in the N, production occurs
during the NO pulse because of the inhibition by the adsorbed O
species and its participation in the storage of NO. As O
accumulates the storage of NO becomes more significant, made
evident by the increased N, production during the H, pulse. The
immediate decrease in N, during the NO pulse and generation
of N, during the H, pulse indicates that storage is a fast process
and occurs as soon as O accumulates on the Pt. The N,
production reaches a steady level depending upon the amount
of H, introduced during the H, pulse.

The pump-probe data also suggest that NO conversion to N,
occurs at two different sites. The first site is the bulk Pt surface
that is readily cleaned by H, which leads to immediate
formation of N, from NO during the NO pulse. The second site
is in the close proximity of the Pt/Ba interface and is involved in
the sequential hydrogen oxidation, nitrate decomposition, and
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NO decomposition/reduction. On a pre-nitrated surface, we
observe that N, production during the NO pulse reaches a
steady value quickly. N, is also produced at a constant rate
during the subsequent H, pulse. Once these sites are depleted of
adsorbed NO, NO stored as nitrite/nitrate spills over to form N,
by NO decomposition. H, breakthrough occurs only when the
stored NOx on Ba cannot be further reduced. This picture is
consistent with the recent spectroscopic study by Sakamoto
et al. [13] who showed for model Pt/BaO catalysts that the
storage and reduction of NOx occurs at the Pt/BaO interface.

The exhaust of lean-burn and diesel vehicles produces a
large surplus of gas phase O,. In this study oxygen was supplied
by the NO or by pre-treatment by O, or NO. The role of gas
phase O, is the subject of ongoing TAP studies and will be
reported elsewhere.

Finally, complementary modeling is needed to discriminate
between alternate mechanistic pathways and to estimate kinetic
parameters. This work is ongoing and will be presented
elsewhere.
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