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Lean NOy trap (LNT) catalysts represent a promising approach to meet increasingly stringent NO, emis-
sion regulations on diesel and other lean-burn engines. Pt material properties, including dispersion and
particle size, are known to be important factors in determining NO, uptake performance, since Pt pro-
vides active sites for NO oxidation to NO, necessary for storing NOy as nitrates, and for the reduction
of nitrates to N,. In this work, the physicochemical properties of Pt in Pt-BaO/Al, 03 LNT catalysts, such
as the Pt accessible surface area and particle size, were investigated by using various tools, such as irre-
versible volumetric H, chemisorption, high resolution transmission electron microscopy (HRTEM), and
X-ray diffraction (XRD), following successive reductive treatments at elevated temperatures. NOy uptake
activities were also measured to establish a relationship between the properties of Pt and NO, storage
following identical high-temperature reductive treatments. We find that the reductive treatments of
Pt-BaO/Al, 053 lean NOy trap catalysts at temperatures up to 500 °C promote a significant increase in NOy
uptake explained, in part, by an induced close interaction between Pt and BaO phases in the catalyst, thus
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enabling facilitation of the NO, storage process.

© 2011 Published by Elsevier B.V.

1. Introduction

The lean NOy trap (LNT) technology [1,2] is considered as one
of the after-treatment solutions to reduce NOy emissions from lean
burn or diesel engines, those that operate under highly oxidizing
conditions. Typically, LNT catalysts (also known as NOy storage
reduction (NSR) catalysts or NOy adsorbers) usually consisting of
precious metals (e.g. Pt and Rh), a storage element (BaO) and a high
surface area support material (e.g. Al,03), operate under transient
conditions that include lean and rich phases [3]. With continu-
ing research regarding NOy storage and regeneration steps, the
overall mechanism over LNT catalyst is relatively well understood
[4-10].

Platinum plays critical roles in various steps of the NOyx stor-
age and reduction process. First, Pt catalyzes the oxidation of NO
to NO,, which is subsequently stored as nitrates by barium compo-
nents during lean conditions. In addition, Pt is actively involved in
the reduction of the released NOy under rich conditions [11]. Ols-
son and Fridell [12] reported that NO oxidation rates decrease with
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increasing Pt dispersion, attributed to the formation of less active
PtO for small Pt particles, although the highest NOx uptakes were
obtained for samples with the highest Pt dispersions [13].

With regard to the specific NOy storage mechanism during com-
plete uptake, Epling et al. [14,15] suggest the presence of two
different Ba sites depending on their proximity to Pt, such that the
Ba sites close to Pt store NO, more readily during a full NO, uptake
period, while the Ba sites far from Pt store NO, via a disproportion-
ation mechanism. Furthermore, in NOyx uptake experiments with
varying NO concentrations [10], it was found that the efficiency of
barium in storing NO, was proportional to NO concentration, which
led to the proposal that the primary route for NOy storage is a ‘spill-
over’ of NO, from Pt to neighboring barium sites. Buchel et al. [16]
also reported on a beneficial role for close interactions between
Pt and Ba during the NOy storage step. These results underline the
importance of neighboring barium sites adjacent to Pt sites; in other
words, intimate interaction between Pt and barium.

Thus, a next question arises about how to enhance interac-
tions between Pt and barium. In this study, promotion of such
interactions between Pt and barium to improve the NOy uptake
performance, via conditions known to lead to so-called strong
metal-support interactions (SMSI), was explored [17,18]. Tauster
etal.[19] the first described such SMSI phenomena for Pt/TiO, cata-
lysts, where the amount of CO or H, chemisorbed on Pt significantly
decreased as a result of a high-temperature reduction step with
H,. The decrease in the amount of chemisorbed H; on is the Pt
was explained by decreased reduced accessible metal surface area
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Fig. 1. Reaction protocol used for the NOy uptake measurements performed in this study.

resulting from encapsulation of the Pt particles by a thin sub-oxide
layer from the support, thus promoting interactions between the
Pt and the TiO, support material. This induced interaction changes
the performance of these catalysts [20].

In this contribution, we explore the possibility that similar high-
temperature reduction treatments can lead to enhancements in the
interactions between Pt and Ba, and investigate the relationship
between Pt behavior and the NOy uptake performance as a func-
tion of reduction temperatures. In particular, the behavior of Pt,
including Pt accessibility and Pt particle size, is studied by means
of irreversible volumetric H, chemisorption, high-resolution trans-
mission electron microscopy (TEM), and X-ray diffraction (XRD)
techniques.

2. Experimental
2.1. Materials

An LNT catalyst sample of Pt (1.5wt%)-BaO (16%)/Al,03 in
a powder form was supplied by the Johnson Matthey Company
(Wayne, PA). The sample was first calcined with a 10% O,/He gas
mixture at 500 °C for 2 h, and then treated in H; for 2 h at various
temperatures prior to the H/Pt and NOy uptake measurements.

2.2. H/Pt measurements

Platinum accessibility was evaluated via the irreversible H,
chemisorption method in order to estimate the number of hydro-
gen atoms per Pt (H/Pt). These measurements were performed in
a static mode at room temperature using a conventional volumet-
ric apparatus. Typically, 0.5 g of catalyst was dried and used. Before
the H, chemisorption measurements, the catalyst was first reduced
in Hy (30sccm) at 300°C for 2 h with subsequent evacuation at
400°C for an additional 2 h. Then, the sample was cooled down
under vacuum to 20 °C. Two hydrogen adsorption isotherm curves
were obtained, followed by expansion coefficient measurements
and evacuation. After the first isotherm, the catalyst was evacu-
ated again for 1h. The amount of total and reversible hydrogen
uptakes were then estimated by extrapolating the quasi-linear por-
tions of the isotherm to zero pressure. The difference between these
two values gave the amount of irreversible hydrogen uptake, from
which the number of accessible metallic atoms (designated as H/Pt)
was calculated assuming a stoichiometry of 1 hydrogen atom per
surface metal atom [21]. Using the same sample, H/Pts were then

consecutively obtained following high-temperature (400, 500, 600,
700, 800°C) reduction using the same protocol as above. After fin-
ishing the H/Pt measurement for the sample reduced at 800 °C, the
sample was oxidized in dry air at 400°C for 1 h and re-reduced at
300°C, and then H/Pt was measured protocol final time.

2.3. High-resolution TEM and XRD

The morphology of the samples after various treatments was
characterized with high resolution TEM. The TEM specimens were
prepared by dispersing fine catalyst powder particles onto a carbon
film coated 200 mesh copper TEM grid. TEM analysis was carried
out on a JEOL JEM 2010 microscope with a specified point-to-point
resolution of 0.194 nm. The operating voltage of the microscope
was 200 keV. All images were digitally recorded with a slow scan
CCD camera (image size 1024 x 1024 pixels), and image processing
was carried out using a Digital Micrograph (Gatan). The compo-
sition of the particles was analyzed by energy-dispersive X-ray
spectroscopy (EDS). The EDS spectrometer is an Oxford Link system
attached onto the transmission electron microscope.

X-ray diffraction patterns of the samples after the reduction at
800°C were collected with a Philips X'Pert MPD system. The X-ray
source is a long-fine-focus, ceramic X-ray tube with a Cu anode.
Normal operating power is 40 kV and 50 mA (2.0 kW).

2.4. NOy uptake measurements

LNT performance was evaluated in a fixed bed quartz reac-
tor operated under continuous lean-rich cycling using 0.117 g of
catalyst. NOx concentrations in the inlet and outlet gases were mea-
sured with a chemiluminescence NOy analyzer (Thermo Electron,
42C). NOx uptake (%) was defined as the ratio of the amount of
adsorbed NOy to the amount of inlet NOy integrated over 30 min.
Reactants consisted of a continuous flow of 200 ppm NO, 10% CO,
and 10% H,0 balanced with He, with either a rich (1330 ppm C3Hg,
4% CO and 1.33% H,) or lean (12% O, ) gas mixture added. All of the
gases were controlled by mass flow controllers (Brooks), and NOy
storage performance was measured at 350 °C. The reaction protocol
for these NOx uptake measurements is illustrated in Fig. 1. Initially,
four sequences of 1 min rich and 4 min lean cycles were introduced
at 350°C, and NOy uptake was measured during a lean period for
30min after 4th pulse (first descending vertical arrow in Fig. 1).
Very similar to the H/Pt measurements, successive reducing treat-
ments at elevated temperatures (from 500 to 800°C) were then
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Fig. 2. H/Ptratios obtained from H, chemisorption measurements for Pt-BaO/Al, 03
samples after reduction at elevated temperatures from 300 to 800°C.

applied to the samples, with NO, uptake measurements after each
reduction treatment (second and third descending vertical arrows
in Fig. 1). A 5% Hy/He gas mixture was applied for 1 h at the desired
temperature during the reducing treatments.

3. Results and discussion

H/Pt values determined from H, chemisorption measurements
are regarded as the accessible surface area of Pt in supported Pt cat-
alysts. Fig. 2 shows the change of H/Pt values acquired for the LNT
sample used here after successive reducing treatments at each tem-
perature. There is an apparent trend that the H/Pt ratio decreases
monotonically with increasing reduction temperature.

Initially, we focused on the behavior of Pt at two reduction tem-
peratures, marked as 1 and 2 in Fig. 2, with large differences in H/Pt
values representing LNT model catalysts after reduction at 300 and
800°C, respectively. Based on the calculation that assumes spher-
ical Pt particles [22], the estimated sizes of Pt particles at 1 and 2
are 4nm and 26 nm, respectively, as also listed in the third column
in Table 1. Clearly, these H, chemisorption results suggest that Pt
particles grow significantly in size during reduction up to 800°C.
Such a change might be explained by sintering at 800°C, since it
is widely known that Pt species can become mobile above 600°C
to form larger particles [23]. However, it must be pointed out that
the estimated Pt size of 26 nm is much larger than that observed
for a reduced Pt-BaO/Al,03 sample at 990°C for 5h, which gave
rise to an XRD- and TEM-estimated growth of Pt up to just 10 nm
[24].

To compare estimated Pt size by H, chemisorption with other
techniques, we applied XRD to the reduced sample at 800 °C (point
2).As shown in Fig. 3, the XRD pattern of this sample clearly demon-
strates the formation of a BaAl,04 phase, commonly observed for
Pt-BaO/Al, 03 LNT catalysts after high temperature reduction [25],
in addition to the support y-Al,03 phase. However, no sharp Pt
peak at 26 of 39.6° is present, implying that the actual crystalline
particle size of Pt should actually be less than 10 nm, the detection

Table 1
H/Pt ratios and Pt particle sizes estimated from the H/Pt ratios, and from the TEM
results for data points 1, 2 and 3 in Fig. 2.

Data points H/Pt Particle size Particle size from
from H/Pt (nm) TEM (nm)

1 0.31 4 2-5

2 0.05 26 5-10

3 0.18 7 5-10

@ :BaAL0,
H -AQ,

Fig. 3. XRD pattern for the Pt-BaO/Al, 03 sample after reduction at 800°C.

limit of XRD. Thus, there is a significant discrepancy in the Pt par-
ticle size estimates for the sample reduced at 800 °C between the
H, chemisorptions and XRD measurements.

To reconcile this discrepancy, high-resolution TEM images for
the two samples (points 1 and 2) were obtained and are shown
in Fig. 4(a) and (b), respectively. The Pt particle sizes after these
various treatments did not vary significantly unlike the estimates
from the H/Pt values. The Pt particle sizes, estimated from these
TEM images (listed in the last column in Table 1) for samples 1 and
2 are 2-5nm and 5-10 nm, respectively, which is consistent with
the XRD results. Thus, both XRD and TEM results give Pt particle
sizes of 5-10 nm, while estimates from H/Pt measurements suggest
much larger values of 26 nm for the sample reduced at 800 °C.

On the basis of these results and in analogy with prior con-
clusions about SMSI-like phenomena [26], we suggest that the
decrease in H/Pt arises primarily from the covering of Pt surfaces
with Ba species, induced by the reduction step, and not from Pt
sintering due to the thermal aging. Due to such an encapsulation
process, with increasing the reduction temperature the accessible
Pt area for H, chemisorption monotonically decreases, while the
average Pt size grows only marginally from 2-5nm to 5-10 nm. In
other words, the reduction treatments lead to mobile Ba species
that migrate to the surface of Pt, resulting in a more intimate inter-
action between Pt and Ba.

In support of this proposal about the migration of Ba species to
the surface of Pt, subsequent oxidation of the 800 °C reduced sam-
ple induces a significant increase in the H/Pt ratios (from 0.05 to
0.18), as evidenced by point 3 in Fig. 2, obtained following sub-
sequent O, treatment at 400°C. Note that a H/Pt ratio of 0.18
corresponds to a Pt particle size of 8-10 nm according to the Shere
equation [22]. As demonstrated in the TEM images in Fig. 4(b) and
(c), there is not much difference in Pt particle size; both images
before and after oxidation demonstrate the Pt particles ranging
from 5 to 10nm. Thus, this change in H/Pt ratios induced by
subsequent O, treatment can be understood as arising from the
reversible transfer of barium species from Pt surface and, again,
not due to Pt particle size change.

It can be summarized that the reductive treatment up to 800°C
gives rise to a very modest growth of Pt particles (from 2-5nm
to 5-10nm by TEM) and formation of a BaAl,04 phase (by XRD).
However, the large decrease in Pt accessible area, measured by Hy
chemisorption, does not originate from the sintering of Pt, but pri-
marily from partial covering of the Pt surface with Ba. The location
of mobile barium is reversible depending on the gas environment;
H, reduction induces the partial encapsulation of Pt by Ba while
oxidation by O, results in Ba migration away from Pt surface. In
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Fig. 4. TEM images for Pt-BaO/Al,0s3: (a) after reduction at 300 °C; (b) after reduction at 800 °C; and (c) after re-oxidation at 400 °C following reduction at 800°C.

view of these conclusions, we next considered whether the close
interaction induced by Ba migration affected the NOx uptake per-
formance. In order to address this critical question for the LNT
material, we measured NOy uptake activity over the Pt/Ba-Al,03
catalyst following reduction with 10% H,/He for 1h at different
temperatures; essentially the same procedure performed prior to
the H/Pt measurements.

NOy uptakes were measured sequentially for samples reduced
at 500, 600, 700 and 800°C, in addition to a fresh Pt-Ba/Al,03
sample without reduction. Note that an experimental difference
between H/Pt and NOy uptake measurements is that, in the latter,
samples are exposed to lean conditions at NO, uptake performance
temperature of 350 °C following reduction at desired temperature
(see Fig. 1). Fig. 5 displays the original NOy uptake curves after a
1 min rich pulse of the 4th lean/rich cycle for (lean NOx uptake
begins around 980s). Most interesting is the significant increase
in overall NOy uptake relative to a fresh sample after reduction at
500 °C; especially note the longer complete NOy uptake period. The
activity results demonstrate that the reducing treatment has sig-
nificantly promoted the NOy uptake process. On the other hand,
further increases in the reduction temperature from 500 to 800°C
results in a decrease in NOy uptakes. Note, however, that, except
for the sample reduced at 800°C, NOy uptakes for reduced sam-
ples are still larger than those of the fresh sample. This observation
is more clearly demonstrated in Fig. 6 which plots (dashed lines)
NOy uptakes (%) determined after 30 min lean uptake. In this figure,
point a represents the NO uptake (%) from the fresh sample with-
out a prior reduction treatment, while point b is from the sample
reduced at 350 °C (original curve not shown in Fig. 5). By comparing
these two points, it is clear that the sample reduced at 350°C has a
much larger NOy uptake relative to the fresh one. This result again
suggests a possible importance for close interaction between Pt and
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Fig. 5. NOy uptake curves after for a fresh sample, and for samples after reducing
treatment at various temperatures.

Ba in the LNT materials, created even at a relatively low reduction
temperature.

In order to better define the possible relationship between Pt/Ba
interactions and the performance of the LNTs, we plot both the NOyx
uptake and the H/Pt values with respect to the reduction tempera-
ture in Fig. 6. There it can be clearly seen that, while the NOy uptake
has a maximum value after 500 °C reduction, H/Pt values monoton-
ically decreased with the increase in the reduction temperature as
described earlier. We discuss these comparative results in two dif-
ferent regions (A and B) as marked in Fig. 6. In region A, NOy uptake
actually increases, in contrast to the decreasing accessible Pt surface
area. In particular, increases in the reduction temperature from 350
to 500°C give rise to NOy uptakes that are significantly larger (by
about 25%) while Pt accessible surface area decreases by as much
as 40%. As suggested earlier, a possible explanation for this result
may be that an enhanced Pt-Ba interaction, induced after reduc-
tion at 500 °C, could make BaO more reactive for NOy uptake than
those BaO species in the sample reduced at 350 °C. In particular, the
reduction treatment might result in a redistribution of Ba species
towards Pt such that the intrinsic NOy uptake of the Ba species is
enhanced through more efficient use of Ba in the catalyst. Such an
explanation is consistent with previous studies [16] that identi-
fied enhanced proximity between Pt and BaO via synthesis using
a two-nozzle flame spray pyrolysis method. Catalysts prepared in
this way gave rise to higher NO, uptakes than those prepared by
conventional impregnation.

In the highlighted region B in Fig. 6, where reduction tem-
peratures exceed 600°C, there are possibly multiple factors that
contribute to the observed decrease in the NO, uptakes. Within this
temperature range, Pt particle sizes slightly increase to 5-10 nm
range from a 2-5 nm range, and a significant amount of BaAl;0y4 is
formed. Such thermal aging processes are known to have a negative
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Fig. 6. Changes of H/Pt ratios and NOy uptakes (%) as a function of reduction tem-
perature.
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effect on the NOy uptakes. Such processes, however, are non-linear,
becoming especially problematic above a threshold temperature
[27]. As such, Pt size growth and Ba phase changes cannot explain
the somewhat monotonic decrease in NOy uptakes above 500°C
reduction temperatures. Instead, we suggest that, while Ba migra-
tion that enhances Pt/Ba interactions is beneficial, an increasing
loss of accessible Pt surface area (as evidenced by the continuous
drop in H/Pt ratios) eventually overrides the positive effects of this
migration.

In support of these conclusions, recall the H, chemisorp-
tion results in Fig. 2 which showed that H/Pt ratios significantly
increased after an oxidation treatment of the high-temperature
(800°C) reduced sample. Consistent with prior understanding of
SMSI effects [26], higher H/Pt values after re-oxidation of a high-
temperature reduced catalyst represents a re-opening of accessible
Pt surface area. Thus, the aggregate of the H, chemisorption, XRD
and TEM results indicate a migration of barium species towards
and away from Pt during elevated temperature reduction and oxi-
dation. These processes can induce a beneficial enhancement of
Pt/Ba interactions but also a decrease in accessible Pt surface area
that can be detrimental to the LNT catalyst performance.

4. Conclusions

We investigated the physicochemical properties of Pt species,
such as the Pt accessible area and Pt particle size, in Pt/BaO-Al,03
catalysts and correlated these with measured NOy uptakes after the
successive reductive treatments at elevated temperatures. We find
that reductive treatments of Pt-BaO/Al,03 lean NOy trap catalysts
at temperatures up to 500 °C promote a significant increase in NOy
uptake, explained, in part, by an induced close interaction between
Pt and BaO phases in the catalyst, thus improving the efficient use of
barium species in the NOy storage process. However, the reducing
treatment at higher temperature than 500 °C had a negative effect
on NOy storage partly due to loss of accessible Pt surface area and,
at the highest reduction temperatures, Pt sintering and BaAl,04
formation.
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