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a  b  s  t  r  a  c  t

Influence  of ceria on the  NOx storage  and  reduction  behavior  of NSR  catalysts  was  investigated  in  a
systematic  manner  over  �-Al2O3, Ba/Al,  Ce/Al,  Ba/Ce/Al,  Pt/Al,  Pt/Ce/Al  and  Ba/Pt/Ce/Al  systems  using BET,
XRD,  Raman  spectroscopy  and  in situ  FTIR.  Although  ceria  promotion  does  not  seem  to  have  a  substantial
influence  on  the overall  NOx storage  capacity,  it does  have  a clearly  positive  effect  on  the  NOx reduction
via  H2(g)  during  catalytic  regeneration  under  rich  conditions  which  is  associated  with  the  enhancement
in  the  total  amount  of  activated  hydrogen  on the  catalyst  surface  and lowering  of the  thermal  threshold
for  hydrogen  activation.  A  strong  metal  support  interaction  (SMSI)  between  Pt sites  and  the  BaOx/CeOx

domains  leads  to  a complex  redox  interplay  including  oxidation  of  the  precious  metal  sites, reduction  of
ceria, formation  of BaO2 species  as  well  as  the  formation  of Pt–O–Ce interfacial  sites  on the  Ba/Pt/Ce/Al
SR. surface.  Ceria  domains  also  act  as anchoring  sites  for Pt species,  limit  their  surface  diffusion,  enhance
dispersion  and  hinder  sintering  at elevated  temperatures.  On the Ba/Pt/Ce/Al  catalyst  surface,  reduction
of the  stored  nitrates  under  relatively  mild  conditions  via  H2(g)  initially  leads  to  the formation  of surface
–OH  and  –NHx species  and  gas  phase  N2O,  as  well  as  the destruction  of  surface  nitrate  species,  leaving
bulk  nitrates  mostly  intact.  Reduction  proceeds  with  the  conversion  of  N2O(g)  into  N2(g) along  with  the

 and
partial  loss  of  surface  –OH

. Introduction

NOx emissions from mobile sources have seriously destructive
ffects on the atmosphere, global ecosystem and especially on
he human health. Due to the rigorous environmental regulations,
utomotive industry is compelled to search for new technologies
o minimize the exhaust emissions. Three-way catalysts (TWC) are
ommonly used for the reduction of toxic gases in conventional
asoline engines which operate with an air to fuel ratios (A/F) close
o 14.5. For a better fuel economy, diesel and lean burn gasoline
ngines have been considered as attractive alternatives that can
perate at higher A/F. For lean burn engines, a promising after
reatment method for the catalytic NOx reduction is the NOx stor-
ge/reduction (NSR) catalyst technology [1,2]. NSR catalysts consist
f three main components. These are the NOx storage component
ased on alkaline and alkaline earth oxides (e.g. K, Ba, Sr), precious
etal sites (e.g. Pt, Pd, Rh) which are responsible for the oxidation

nd reduction, and the high surface area support material (e.g. �-

l2O3) [3]. �-Al2O3 is the most commonly used oxide support in
SR formulations due to its porous structure, high surface area as
ell as its distinct chemical, mechanical and thermal properties

∗ Corresponding author. Tel.: +90 3122902121.
E-mail address: ozensoy@fen.bilkent.edu.tr (E. Ozensoy).
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 –NHx groups,  dehydration  and  the  loss  of  bulk  nitrates.
© 2013 Elsevier B.V. All rights reserved.

[4,5]. Former studies have shown that CeO2 can be used either as a
promoter [6] or as a support material [7] in TWC  and NSR systems.
The primary function of ceria stems from its favorable redox prop-
erties as well its high oxygen storage and transport capacity, which
is associated with the facile transition between the two different
Ce oxidation states (i.e. Ce3+ ↔ Ce4+) and the presence of oxygen
vacancies in its lattice structure. Ceria is also a very efficient pro-
moter in the water-gas shift (WGS) and steam reforming reactions
that are also relevant for exhaust emission control systems [8–11].
In addition, ceria has been reported to enhance the precious metal
dispersion [12].

The primary aim of the current work is to study ceria-promoted
NSR catalysts in order to elucidate the influence of ceria on the NOx

storage and reduction pathways at the molecular level. In order to
achieve this goal, we focus our attention on the Ba/Pt/Ce/Al NSR
catalysts and elucidate the structure and the catalytic behavior of
this complex system by systematically analyzing its structural sub-
components, such as �-Al2O3, Ba/Al, Ce/Al, Ba/Ce/Al, Pt/Al, Pt/Ce/Al.

2. Experimental
2.1. Catalyst synthesis

Binary CeO2/Al2O3(Ce/Al) materials were synthesized by incip-
ient wetness impregnation of �-Al2O3 (PURALOX, 200 m2/g, SASOL

dx.doi.org/10.1016/j.apcatb.2013.04.075
http://www.sciencedirect.com/science/journal/09263373
http://www.elsevier.com/locate/apcatb
http://crossmark.dyndns.org/dialog/?doi=10.1016/j.apcatb.2013.04.075&domain=pdf
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mbH, Germany) with Ce(NO3)3·6H2O (>99.0%, Fluka, France) fol-
owed by calcination at 823 K for 2 h in air. Ce/Al material (denoted
s 20Ce/Al) was prepared with a 20 wt% CeO2 loading.

The BaO/CeO2/Al2O3 (Ba/Ce/Al) ternary oxides with 8 and
0 wt% BaO loading were synthesized by the further impregna-
ion of the 20Ce/Al samples (which were initially calcined at 823 K
or 2 h in air) with aqueous solutions of barium nitrate (Ba(NO3)2,
CS Reagent, ≥99%, Riedel-de Häen, Germany). Next, resulting
a/Ce/Al materials were annealed in Ar(g) flow at various tem-
eratures within 323–1273 K as described in the text. For the
ynthesis of 1 wt% Pt-containing Pt/Al and Pt/20Ce/Al materials,
-Al2O3 (as is) or 20Ce/Al (which was initially calcined at 823 K

or 2 h in air) was  impregnated with a solution of Pt(NH3)2(NO2)2
Aldrich, diamminedinitritoplatinum(II), 3.4 wt.% solution in dilute
H3(aq)). After impregnation, Pt/Al and Pt/20Ce/Al samples were
nnealed in Ar(g) flow at various temperatures within 323–1273 K.

BaO/Pt/Al2O3 (20Ba/Pt/Al) samples with 20 wt% BaO loading
as synthesized by the impregnation of the Pt/Al samples (which
ere initially calcined at 823 K for 2 hr in air) with a Ba(NO3)2 solu-

ion followed by annealing in Ar(g) flow at various temperatures
ithin 323–1273 K.

Similarly, BaO/Pt/CeO2/Al2O3 (Ba/Pt/20Ce/Al) samples with 8 or
0 wt% BaO loading were synthesized by the impregnation of the
t/20Ce/Al samples (which were initially calcined at 823 K for 2 h
n air) with a Ba(NO3)2 solution followed by annealing in Ar(g) flow
t various temperatures within 323–1273 K.

.2. Instrumentation

The XRD patterns were recorded using a Rigaku Miniflex diffrac-
ometer, equipped with a Miniflex goniometer and an X-ray source
ith Cu K� radiation (� = 1.54 Å, 30 kV, 15 mA). The powder sam-
les were pressed and affixed onto standard-sized glass slides
nd scanned within the 10–80◦, 2� range with a scan rate of
.01◦ s−1. Diffraction patterns were assigned using Joint Commit-
ee on Powder Diffraction Standards (JCPDS) cards supplied by the
nternational Centre for Diffraction Database (ICDD).

The Raman spectra were recorded under ambient conditions
sing a HORIBA Jobin Yvon LabRam HR 800 instrument, equipped
ith a confocal Raman BX41 microscope, spectrograph with an

00 mm focal length and a CCD detector. The Raman spectrome-
er was equipped with a Nd: YAG laser (� = 532.1 nm). While the
aman experiments were conducted, the laser power was  tuned
o 20 mW.  All of the powder samples were mechanically dispersed
nto a single-crystal Si holder. The incident light source was  dis-
ersed by a holographic grating with 600 grooves/mm and focused
nto the sample using a ×50 objective. The confocal hole and slit
ntrance were set at 1100 and 200 �m,  respectively. The spectrom-
ter was regularly calibrated by adjusting the zero-order position of
he grating and comparing the measured Si Raman band frequency
ith the typical reference value of 520.7 cm−1. All Raman spectra
ere acquired within 100–4000 cm−1 with an acquisition time of

13 s and a spectral resolution of 4 cm−1.
BET specific surface area (SSA) data were recorded usinga

icromeritics Tristar 3000 surface area and pore size analyzer via
2(g) adsorption at 77 K. Prior to the BET measurements, materials
ere outgassed in vacuum at 623 K for 2 h.

FTIR spectroscopic measurements were carried out in trans-
ission mode, in a batch-type catalytic reactor coupled to a FTIR

pectrometer (Bruker Tensor 27). All of the FTIR spectra were col-
ected at 323 K. Before the FTIR experiments, all of the samples

ere activated in the IR cell by exposing the sample surfaces to

 Torr NO2(g) for 5 min  at 323 K followed by annealing in vacuum
<10−3 Torr) at 973 K. NO2 adsorption on the synthesized mate-
ials was carried out typically by dosing 5.0 Torr NO2(g) over the
ample surface for 10 min  at relevant temperatures (i.e. 323, 473,
ental 142– 143 (2013) 89– 100

523, 573 or 623 K). After the NO2 exposure, the reactor was evac-
uated and the sample was cooled to 323 K. For the NOx reduction
experiments via H2(g) (Linde GmbH, Germany,>99.9%), 15.0 Torr of
H2(g) was introduced into the reactor at 323 K and the sample was
heated using a constant heating rate of 12 K/min until the desired
temperature was reached. Next, samples were kept in H2(g) at this
temperature for 30 min  in order to let the reduction proceed.

NO2(g) used in the experiments were prepared by mixing NO(g)
(Air Products, 99.9%) and O2(g) (Linde GmbH, Germany, 99.999%)
followed by multiple freeze-pump-thaw cycles for further purifi-
cation.

Temperature programmed reduction (TPR) experiments were
performed at General Motors Technical Center (Warren, MI)  using a
Micromeritics Autochem II 2920 analyzer equipped with a thermal
conductivity detector (TCD). Prior to the TPR measurements, each
catalyst sample (c.a. 100 mg)  was  pretreated in 10% O2 in He for
1 h at 400 ◦C. The gas mixture for TPR was  comprised of 10% of H2
balanced with Ar, and the gas flow rate was  fixed at 50 ml/min. The
temperature was increased from room temperature to 600 ◦C with
a heating rate of 10 ◦C/min and the effluent stream was monitored
using a TCD.

3. Results and discussion

3.1. Structural characterization of the synthesized samples via
BET, Raman spectroscopy and XRD

Fig. 1 shows BET specific surface area (SSA) values of the samples
after calcination at various temperatures. It is visible in Fig. 1a that
incorporation of �-Al2O3 (having a typical SSA of 210 m2/g) with
CeO2 and/or BaO decreases the SSA. Calcination of the synthesized
samples at higher temperatures monotonically decreases the SSA
which can be associated with ordering of the surface domains and
sintering. It is apparent in Fig. 1b that SSA of Pt/Al sample reveals a
relatively higher thermal stability with respect to all other samples
that contain BaO and/or CeO2. Comparison of the SSA values of the
20Ba/Pt/Al sample with that of the 20Ba/Pt/20Ce/Al samples sug-
gests that ceria promotion leads to a noticeable decrease in the SSAs
of the NSR catalysts after calcination at elevated temperatures.

Fig. 2 illustrates the ex situ Raman spectra acquired after
the calcination of the synthesized 20Ce/Al, Pt/20Ce/Al and
20Ba/Pt/20Ce/Al samples at various temperatures in order to follow
the structural evolution of these materials as a result of composi-
tional variations and thermal effects. The most dominant Raman
band observed in Fig. 2 appears at 460–465 cm−1. This character-
istic band has also been previously observed for pure CeO2 and
assigned to the Raman active F2g mode of the CeO2 fluorite struc-
ture [13]. It is also worth mentioning that the main CeO2 Raman
signal also displays an asymmetry toward low frequencies revea-
ling a shoulder at c.a. 400 cm−1 which can be attributed to defects
[14]. On the other hand, very weak second order (A1g + Eg + F2g)
Raman scattering features of CeO2 are barely visible at 594 and
1170 cm−1 for the 20Ce/Al sample (Fig. 2a). Raman signals located
at 740 and ∼1050 cm−1 in Fig. 2a and c correspond to the bending
and the symmetric stretching modes of NO3

− species originating
from the metal nitrate precursors (Ce(NO3)3·6H2O and Ba(NO3)2
used in the synthesis, respectively [15]. These nitrate bands grad-
ually disappear after elevated temperature treatments as a result
of the decomposition of metal nitrates yielding peroxide (O2

2−)
species with a characteristic Raman signal at c.a. 830 cm−1 [16].
Comparison of the 623 K spectra in Fig. 2a–c reveals that in the

absence of Pt and Ba, nitrates on the Ce/Al sample have moderate
stability and only partially decompose at 623 K. On the other hand,
on the Pt/20Ce/Al sample (Fig. 2b), presence of Pt sites facilitate
the nitrate decomposition where all of the nitrate species on the
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ig. 1. BET specific surface area values for the analyzed samples upon annealing in A
0Ba/Pt/Al (blue) and 20Ba/Pt/20Ce/Al (red). (For interpretation of the references to

t/20Ce/Al surface can be completely destroyed at 623 K. Mean-
hile, upon Ba(NO3)2 incorporation to the system (Fig. 2c), due to

he higher thermal stability of barium nitrates, even in the presence
f Pt, completion of the nitrate decomposition process requires
emperatures greater than 1073 K. Decomposition behavior of the

etal nitrate precursors observed via current Raman experiments
s in excellent agreement with the XRD data given in Fig. 3, where
he decomposition of the ordered Ba(NO3)2 phase and the for-

ation of an amorphous BaO/BaO2 phase on the 20Ba/Pt/20Ce/Al
urface (Fig. 3d) is clearly visible [17–19]. It is worth mentioning
hat although XRD data suggest that all of the nitrate species on the

0Ba/Pt/20Ce/Al surface seem to be decomposed at 873 K (Fig. 3d),
wing to the higher sensitivity of the Raman spectroscopy, corre-
ponding Raman data (Fig. 2c) reveals the existence of nitrates at

 ≤ 1073 K.
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Probably, the most important set of Raman features observed in
Fig. 2 are the bands that arise after the addition of Pt to the syn-
thesized materials. It is seen in Fig. 2b and c that the addition of
Pt followed by annealing in Ar(g) flow at moderate temperatures
(T ≤ 873 K) leads to the appearance of a broad and a convoluted
set of bands located within 500–700 cm−1. These features become
relatively sharper after elevated temperature treatments yield-
ing signals at 205, 544, 582, and 689 cm−1. Based on the former
Raman spectroscopic studies on �-PtO2 [20], 205 cm−1 feature can
be assigned to the Raman active Ag(�1) mode of PtOx and/or PtO2.
Similarly, in the light of the previous studies on Pt/CeO2 [21], 544

−1
and 689 cm features can be attributed to the Pt–O–Ce species
(located at the Pt/CeOx interface) and a Pt–O signal associated with
surface PtOx/PtO2 species, respectively. The remaining 582 cm−1

feature can be tentatively assigned to Pt–O–Ce species and/or the
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econd order (A1g + Eg + F2g) Raman scattering features of CeO2. It is
orth mentioning that metallic Pt is not Raman active [21]. Thus,
etallic Pt species were not detected in the current Raman spectro-

copic measurements; although presence of such species are shown
n complimentary XRD measurements given in Fig. 3.

Current Raman spectroscopic results clearly point out a strong
nteraction between the precious metal (Pt) sites and the underly-

ng reducible metal oxide support (CeO2), evident by the existence
f Pt–O–Ce species which are formed due to the strong metal sup-
ort interaction (SMSI) [22–28]. SMSI is known to be triggered
y the partial reduction of the reducible oxide support (i.e. CeO2)
(d) 20Ba/Pt/20Ce/Al samples upon annealing in Ar(g) flow within 623–1273 K.

which is initiated by the action of a precious metal (i.e. Pt) [29].
This leads to the formation of a partially reduced overlayer of the
support material, demonstrating an unusually high affinity toward
the precious metal. As a result, partially reduced metal oxide layer
binds strongly to the precious metal sites and can even migrate
over these sites to cover them [8–10,30]. SMSI can have contrasting
implications on the catalytic performance [29]. In the case where

the precious metal sites are completely covered and buried by the
metal oxide overlayer, catalytic activity of the overall system can
be lost in a significant manner [8]. Such a loss in the catalytic activ-
ity also renders itself as a drastic decrease in the typical CO(g) and
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2(g) adsorption capacities of the corresponding catalyst surfaces.
lternatively, if the reduced metal oxide overlayer only partially
overs the precious metal sites, new active sites can be generated
t the metal/metal oxide boundary. These newly formed interfacial
ites can radically boost the catalytic activity of the system [8], as
n the case of the water-gas shift (WGS) reaction where the forma-
ion of such sites has been recently reported to increase the WGS
erformance by up to 20 folds [9] as a result of the unusual activity
f the Pt/CeOx interfacial system toward H2O dissociation accom-
anied by the stabilization of the dissociation products. Clearly,
urrently investigated Pt/20Ce/Al and 20BaPt/Ce/Al systems do also
eveal potent Pt–O–Ce sites that may  present important catalytic
mplications on the NOx storage and NOx reduction via H2(g).

In a recent Raman and Infrared spectroscopic study on the
t/CeO2 system [21], it has been shown that in the presence of
2(g), PtOx/PtO2 sites are reduced faster than CeO2 (where CeO2

eduction has been indirectly followed by monitoring the loss of
he –OH (Type-I) vibrations at 3695 cm−1 in FTIR), leading to the
ormation of reduced Pt sites which can further trigger CeO2 reduc-
ion by activation of hydrogen and hydrogen spill-over. The same
tudy has also elegantly demonstrated that during the reoxidation
f the initially reduced Pt/CeO2 system with 18O2(g), oxidation of
he ceria support precedes the oxidation of the supported Pt phase.
hus, subsequent oxidation of the supported Pt phase is achieved
y the 16O species of the ceria lattice and not directly by 18O2(g). In
ther words, the primary function of the O2(g) during the oxidation
rocess was suggested to be healing of the oxygen vacancies in the
eOx/CeO2 lattice.

In the light of these findings, ex situ Raman spectroscopic data
orresponding to Pt/20Ce/Al (Fig. 2b) and 20Ba/Pt/20Ce/Al (Fig. 2c)
amples can be analyzed in a comparative manner in order to gain
urther insight regarding the interaction between different metal
xide domains on the surface. It is apparent that the incorporation
f BaOx domains into the Pt/20Ce/Al system (for instance, compare
23 K spectra in Fig. 2b and 2c) results in the strengthening of the
t–O–Ce (544 cm−1) and Pt–O (692 cm−1) signals. It is likely that
he peroxide species that are formed during the decomposition of
he metal nitrate precursors [16,31] can assist the oxidation of the
t sites. This can also be accompanied by other additional oxidation
outes, in which ceria can act as an oxygen reservoir and oxidize Pt
ites. Alternatively, nitrates can also directly take part in the Pt oxi-
ation during the thermal nitrate decomposition. In overall, current
aman data indicate the presence of various surface species such
s PtOx, Pt–O–Ce, CeOx and O2

2− which can directly take part in
Ox surface chemistry and are rather elusive to detect by other
xperimental techniques.

Fig. 3 shows ex situ XRD data for the Pt/Al (a), Pt/20Ce/Al
b), 20Ba/Pt/Al (c) and 20Ba/Pt/20Ce/Al (d) samples obtained after
hermal treatment steps at different temperatures. XRD patterns
n Fig. 3 show diffraction signals corresponding to the �-Al2O3
JCPDS 001-1303), CeO2 (JCPDS 001-0800), Ba(NO3)2 (JCPDS 24-
053), BaAl2O4 (JCPDS 017-0306) and metallic Pt (JCPDS 001-1190)
hases. It is important to note that although �-Al2O3 → �-Al2O3
corundum JCPDS 001-1296) phase transition can be observed at
273 K for other binary mixed oxides of alumina such as TiO2–Al2O3
17,18] or Fe2O3–Al2O3 [19], corundum phase was not observed
n the presence of ceria (Fig. 3). In a similar fashion, XRD signals
orresponding to the oxidic phases of Pt such as PtO2 (e.g. JCPDS
21-0613) was  not visible in the current measurements.

Comparison of Fig. 3a and b indicates that the presence of ceria
inders the precious metal sintering and facilitates the dispersion
f the Pt sites, as the major XRD signal of metallic Pt (2�  = 39.65◦)

pecies is broader and weaker on Pt/20Ce/Al with respect to that
f Pt/Al. The same observation is also valid for the Ba-containing
amples (Fig. 3c and 3d). For Ba-containing samples, a crys-
alline Ba(NO3)2 phase was detected at lower temperatures which
ental 142– 143 (2013) 89– 100 93

decomposes into amorphous BaO/BaO2 at T ≥ 873 K [16]. Stabiliza-
tion or immobilization of the Pt particles by a ceria substrate has
been reported in former studies in the literature [23], where such
an observation has been attributed to a strong Pt–CeO2 interaction,
anchoring the Pt sites on the ceria surface and preventing their sin-
tering. For the Ba-containing samples in Fig. 3c and d, formation of
a BaAl2O4 is also observed at elevated temperatures, which is one
of the characteristic indicators associated with the thermal aging
of conventional NSR catalysts at elevated temperatures [17–19].

3.2. Reduction of adsorbed NOx species on Pt-free ceria promoted
NSR materials via H2(g)

The low-temperature NOx uptake (via NO2(g) adsorption) and
the subsequent NOx reduction behavior (via H2(g)) of the prepared
Pt-free NSR materials were investigated by in situ FTIR. In order
to demonstrate the direct effect of the ceria domains on the NOx

reduction, in the absence of Pt and BaO sites, �-Al2O3 and 20Ce/Al
surfaces were investigated. Fig. 4 shows the FTIR spectra after the
saturation of the �-Al2O3 and 20Ce/Al surfaces with 5 Torr NO2(g)
for 10 min  (black spectra) at 473 K, 523 K and 573 K as well as their
subsequent reduction with H2(g) at 473 K, 523 K and 573 K (red
spectra). NOx adsorption (black) spectra were acquired in vacuum
while H2 reduction (red) spectra were acquired in the presence of
15.0 Torr H2(g). IR bands observed after saturation of the �-Al2O3
with NO2(g) have been discussed in previous reports [17,32–34]
and can be assigned to various types of nitrates such as bridg-
ing (1650, 1620 and 1257 cm−1), bidentate (1595 and 1290 cm−1)
and monodentate (1565 and 1298 cm−1) nitrates. Line shapes of
the FTIR spectra corresponding to NO2-saturated 20Ce/Al surface
(Fig. 4b) demonstrate a significant resemblance to that of the �-
Al2O3 surface (Fig. 4a). Reduction of the stored nitrates on �-Al2O3
by H2(g) at 473 K results in a minor decrease in the nitrate signals,
while a more noticeable decrease was observed for 20Ce/Al under
identical conditions. After reduction at 523 K, loss in the nitrate sig-
nals become pronounced for the �-Al2O3 surface, while reduction
still seems to occur at a much larger extent on 20Ce/Al. Reduction at
573 K leads to the complete loss of the nitrate species on the 20Ce/Al
surface whereas nitrate bands are not completely eliminated for �-
Al2O3. Thus, Fig. 4 demonstrates that CeO2 domains can directly
facilitate NOx reduction via H2(g) on the 20Ce/Al system through
the formation of oxygen vacancies [35]. Further insight regarding
this point can be obtained by investigating the–OH/–NH stretching
region of the corresponding FTIR spectra (Fig. 5).

–OH/–NH stretching region of the FTIR spectra corresponding
to the �-Al2O3 and 20Ce/Al samples upon NOx saturation and
subsequent reduction with H2(g) is given in Fig. 5. These spectra
present a complex set of convoluted IR features which are located
at three different frequency windows namely, 3789–3695 cm−1,
3695–3510 cm−1 and 3510–3000 cm−1. Upon NO2 adsorption on
�-Al2O3 and 20Ce/Al samples at 473–573 K, a group of character-
istically sharp and negative IR signals were detected within the
first frequency window at 3789, 3755, 3742, and 3695 cm−1. These
features reveal relatively invariant vibrational frequencies for both
samples within 473–573 K and can be readily assigned to the so
called Type I and Type II isolated hydroxyl groups [34,36]. In par-
ticular, 3695 cm−1 feature deserves special attention as the loss of
this particular IR feature (i.e. observation of a negative peak at this
frequency) was  reported to be an indication of the reduction of the
ceria domains [21]. However care should be taken regarding the
analysis of this particular vibrational feature, since �-Al2O3 sur-
face also has isolated –OH species revealing an IR signature at this

frequency. Thus, we  analyzed �-Al2O3 and 20Ce/Al samples in a
comparative fashion in order to monitor the evolution of this par-
ticular band. Within the second frequency window in Fig. 5, very
broad and convoluted IR features can be noticed (e.g. 3649 and
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2(g), 30 min, red spectra) at various temperatures on (a) �-Al2O3 and (b) 20Ce/Al 

acuum  while red spectra were obtained in H2(g). (For interpretation of the referen

558 cm−1). These poorly defined features can be attributed to H-
onded hydroxyl species [34,36]. Finally within the third frequency
indow, additional poorly resolved and broad features can also

e discerned at 3384 and 3266 cm−1 which can be assigned to H-
onded hydroxyl species as well as –NH modes associated with
NH2, –NH3, –OH· · ·NHx or –OH· · ·NOx species [37,38].

It is visible in Fig. 5a that reduction of the �-Al2O3 surface with
2 at 473 K leads only to minor recovery of the isolated–OH species

ocated at 3789, 3755 and 3742 cm−1. On the other hand, in addition
o the partial recovery of the isolated–OH species, onset of the–NH
tretching signals (at 3384 and 3264 cm−1) is also visible on the
0Ce/Al sample upon reduction at 473 K (Fig. 5d). This observation

s in agreement with the FTIR data presented in Fig. 4, suggesting
hat ceria domains start to facilitate NOx reduction even under mild
eduction conditions. Reduction at higher temperatures results in

 further increase in the –NH signals (at 3384 and 3264 cm−1) for
oth samples. In addition, reduction of the 20Ce/Al sample (Fig. 5e
nd f) at higher temperatures also leads to the progressive growth
f the negative bands at 3695–3711 and 3662 cm−1 which can be
ttributed to the reduction of the ceria lattice and the formation of
xygen vacancies. It can be argued that during the reduction of the
O2-saturated �-Al2O3 and 20Ce/Al surfaces, H2 activation occurs
ore readily on the ceria promoted surface. During the initial stages

f the reduction process, it is likely that basic surface sites (i.e.
2−) are protonated forming isolated –OH species. This is accom-
anied by the interaction of surface –OH species with the adsorbed
itrates to yield surface species having –NHx stretchings. Further-
ore, hydrogen exposure at elevated temperatures also results in

he partial reduction of the ceria lattice and the formation of oxygen
acancies on the 20Ce/Al sample.

As the next step, the structural complexity of the investigated
ystems is increased further by the incorporation of NOx storage
omains. Along these lines, NOx adsorption and subsequent
eduction via H2(g) were investigated on Ba-containing samples
i.e. 20Ba/Al, 20Ba/20Ce/Al and 8Ba/20Ce/Al) in the absence of Pt

Fig. 6). These particular set of samples were analyzed in order to
hed light on the influence of the ceria promotion on Pt-free NSR
ystems as a function of Ba-loading. FTIR spectra corresponding to
he NO2(g) adsorption on BaO/Al2O3 surface has been thoroughly
(g), 10 min, black spectra) followed by subsequent reduction with H2(g) (15.0 Torr
, 523 and 573 K. All spectra were acquired at 373 K. Black spectra were acquired in

 color in this figure legend, the reader is referred to the web version of this article.)

analyzed in the literature [39–45]. In the light of these former stud-
ies, NO2 adsorption signals (upon 5.0 Torr NO2 exposure for 10 min
at 473, 523, 573 or 623 K and subsequent evacuation at 323 K)
in the FTIR experiments (Fig. 6a) corresponding to the 20Ba/Al
sample can be assigned to bulk (ionic) Ba-nitrates (∼1320, ∼1440
and ∼1480 cm−1) and surface (bidentate) Ba-nitrate features
(1585, 1565, 1300 cm−1). Remaining nitrate bands at 1583 and
∼1630 cm−1 are associated with bidentate and bridged nitrates,
respectively.

Incorporation of ceria to the 20Ba/Al system (Fig. 6a and 6b) does
not significantly alter the general line shapes of the FTIR spectra
corresponding to the NO2 adsorption at 473, 523 and 623 K. Upon
reduction with H2(g) (5.0 Torr, 30 min  exposure for each reduction
step) at 473 K and 523 K the most prominently observed change
is the attenuation of the surface nitrate features. At T ≤ 523 K (i.e.
under mild reduction conditions), reduction occurs mostly on the
surface of the NOx storage domains, leaving bulk storage domains
rather intact. These observations suggest that under these condi-
tions, where the promotional effect of ceria is not operational in its
full extent, relatively similar nitrate reduction pathways seem to be
underway for the 20Ba/Al and 20Ba/20Ce/Al surfaces. On  the other
hand, reduction at 623 K reveals a different behavior (Fig. 6a and
b). Although most of the adsorbed NOx signals in the FTIR spectrum
are lost for the 20Ba/20Ce/Al sample at 673 K, a noticeably larger
NOx signal is visible for the 20Ba/Al sample. Thus, upon activation
of the ceria domains, NOx reduction process is significantly facili-
tated. Activation of the ceria domains at elevated temperatures on
the 20Ba/20Ce/Al surface is likely to be associated with the forma-
tion of oxygen vacancies in the ceria lattice as discussed earlier for
the 20Ce/Al surface (Fig. 5f).

Influence of the Ba-loading on the NOx storage and reduction on
Pt-free Ba/Ce/Al ternary oxide systems can be discussed by com-
paring Fig. 6b and c. It is clear that a lower Ba loading results in
weaker bulk-nitrate bands and stronger surface nitrate signals, con-
sistent with the presumably smaller particle size of the Ba domains

on the 8Ba/20Ce/Al surface. Surface Ba-nitrates are known to have
lower stability with respect to that of the bulk Ba-nitrate species
[18]. Along these lines, Fig. 6c clearly demonstrates that on the
8Ba/20Ce/Al surface, all of the nitrate species can be reduced almost



Z. Say et al. / Applied Catalysis B: Environmental 142– 143 (2013) 89– 100 95

4000 3800 3600 3400 3200 3000 4000 3800 3600 3400 3200 3000 4000 3800 3600 3400 3200 3000

4000 380 0 360 0 340 0 320 0 300 0 4000 380 0 360 0 340 0 320 0 300 0 4000 380 0 360 0 340 0 320 0 300 0

3789

3731

35753649

3256

Al2O3

473K

Al2O3Al2O3

523K 573K

3789

3739

3789

3742

3649

3558

3384
3266

3658

3517
3379

3260

473K 523K
573K

20Ce/Al 20 Ce/Al 20 Ce/Al

3784

3739

3695

3654

3586
3452

3388
3264

3784

3739

3580

3711

3257

3385

3784

3739

3711

3662

3619

3512

3385

3260

Wavenumber (cm-1) Wavenumber (cm-1) Wavenumber (cm-1)

Wavenumber (cm-1) Wavenumber (cm-1) Wavenumber (cm-1)

A
b
s
o
rb

a
n
c
e
 (

a
rb

. 
u
.)

A
b
s
o
rb

a
n
c
e
 (

a
rb

. 
u
.)

A
b
s
o
rb

a
n
c
e
 (

a
rb

. 
u
.)

A
b

s
o

rb
a

n
c
e

 (
a

rb
. 
u

.)

A
b

s
o

rb
a

n
c
e

 (
a

rb
. 
u

.)

A
b

s
o

rb
a

n
c
e

 (
a

rb
. 
u

.)

a b c

d e f

0.05

0.05

0.05

0.05
0.05

0.05

Fig. 5. –OH/–NH stretching region of the in situ FTIR spectra corresponding to NO2 adsorption and saturation (5.0 Torr NO2(g), 10 min, black spectra) followed by subsequent
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his  article.)

ully with H2 at 573 K, while on the 20Ba/20Ce/Al surface, some of
he bulk nitrate species survive even at 623 K. This observation can
e attributed to the larger NOx storage capacity and the greater sta-
ility of nitrate species on the 20Ba/20Ce/Al surface, as well as the
uppression of the promotional ceria sites due to high Ba surface
oncentration.

.3. Reduction of adsorbed NOx species on Pt-containing ceria

romoted NSR materials via H2(g)

Having investigated the influence of the ceria domains on the
Ox adsorption and subsequent reduction via H2(g) over binary
23 K, (c) 573 K and on 20Ce/Al at (d) 473 K, (e) 523 K, (f) 573 K. Black spectra were
eferences to color in this figure legend, the reader is referred to the web version of

(Ce/Al and Ba/Al) and ternary (Ba/Ce/Al) oxide systems, we focused
our attention on Pt-containing ceria promoted NSR systems.
Rather than directly tackling with the complex 20Ba/Pt/20Ce/Al
system, we performed initial benchmark studies on Pt/Al and
Pt/20Ce/Al samples in order to gain systematic insight regarding
the catalytic sub-components of the system of interest. Our
preliminary NOx saturation and reduction experiments on Pt/Al
and Pt/20Ce/Al at T ≥ 473 K (data not shown) revealed that nitrate

reduction with 15 Torr H2(g) is extremely fastover Pt/Al and
Pt/20Ce/Al surfaces, readily removing nitrates from these sur-
faces and rendering their comparison rather difficult. Thus, in
order to decelerate the reduction kinetics and demonstrate the
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ifferences between the relative reduction performances of Pt/Al
nd Pt/20Ce/Al surfaces, NO2 adsorption and subsequent H2 reduc-
ion experiments were performed at a lower temperature (i.e. at
23 K) and the reduction process was monitored as a function of
ime.

Fig. 7 illustrates the FTIR spectra obtained during these experi-
ents. Black spectra in Fig. 7a and 7b were acquired immediately

fter the NO2 adsorption on fresh Pt/Al and Pt/20Ce/Al surfaces
t 323 K, respectively. After the saturation of the surfaces with
O2(g), reduction process was initiated by the introduction of
5.0 Torr H2(g) at 323 K and the time-dependent (red) FTIR spec-
ra were acquired over the course of 4 hr. Blue spectra represent
he final conditions at the end of the 4 hr period. Black spectrum
or the Pt/Al sample in Fig. 7a is characterized by nitrate signals
ocated at 1630 and 1255 cm−1 (bridging nitrates) and 1570 and
300 cm−1 (monodentate nitrates). It is interesting that imme-
iately after the introduction of H2(g), a noticeable alteration in
he adsorption geometry of the surface nitrate species is observed
here bridging nitrates are partially converted into monodentate
itrates. Corresponding –OH/–NH stretching region (Fig. 7c) clearly
hows that the transformation in the nitrate adsorption geome-
ry is accompanied by the recovery of the isolated –OH species
3789, 3737 and 3696 cm−1) and the growth of the H-bonded
OH (3531 cm−1) and –NH (3450, 3384, 3282 cm−1) species. This
bservation is consistent with the competition for the available
urface adsorption sites between the adsorbed bridging nitrate
pecies (requiring two vacant adsorption sites per adsorbate) and
he reduction species that are produced after the introduction of
2(g) enforcing adsorbed nitrates geometry change from bridging

o monodentate configuration. It is also worth mentioning that the
road shoulder at 1500 cm−1 appearing in the presence of H2 can be
ttributed to nitrite species which is formed as an intermediate dur-
ng the nitrate reduction [46] while the feature at 1410 cm−1 can be
ssigned to bulk nitrates [32,46]. Increase in the bulk nitrate signal
an be associated with the conversion of surface nitrates into bulk
itrates, induced by –OH/–NH species formed during the reduction

rocess. Such a transformation has also been observed in former
tudies upon reduction or hydration of nitrated surfaces [42,46,47].
ig. 7a and c shows that after 4 h reduction at 323 K, signals associ-
ted with H-bonded–OH species and the –NH signals continuously
erpretation of the references to color in this figure legend, the reader is referred to

grow in intensity while nitrate signals attenuate. Clearly, these
observations are consistent with the reduction of adsorbed NOx

species via H2. It is apparent that under these mild reduction con-
ditions, only a certain portion of the isolated hydroxyl species is
recovered on the Pt/Al surface. Similarly, adsorbed nitrates are only
partially reduced.

On the other hand, identical set of experiments performed on
the Pt/20Ce/Al sample presents noteworthy differences (Fig. 7b and
d). Although a similar set of vibrational features associated with
NOx species are observed on the Pt/20Ce/Al surface (Fig. 7b), time-
dependent evolution of the intensities of these features are quite
different. In overall, it is apparent that nitrate signals attenuate
much faster on the Pt/20Ce/Al surface revealing the promotional
effect of ceria in the NOx reduction. Also Fig. 7c and d shows that the
negative 3695 cm−1 feature which is associated with the reduced
ceria domains, is more pronounced for the Pt/20Ce/Al surface than
the Pt/Al sample. This suggests that the promotional effect of ceria
can be associated with the oxygen vacancy formation in the par-
tially reduced ceria domains.

As discussed above, our preliminary NOx storage and reduction
experiments on the �-Al2O3, 20Ba/Al, 20Ba/20Ce/Al, 8Ba/20Ce/Al,
Pt/Al, 20Ce/Al and Pt/20Ce/Al surfaces (Figs. 4-7) provide a valu-
able insight regarding the catalytic behavior of the key components
constituting the complex 20Ba/Pt/Al and 20Ba/Pt/20Ce/Al systems.
In the light of these preliminary experiments, NOx storage and
reduction phenomena on the 20Ba/Pt/20Ce/Al system can now be
elucidated in detail.

Fig. 8 presents NO2 adsorption (5.0 Torr NO2(g) exposure for
10 min  at 323 K, followed by evacuation) and reduction (15 Torr
H2(g) exposure for 4 hr at 323 K) experiments on the 20Ba/Pt/Al and
20Ba/Pt/20Ce/Al surfaces. Fig. 8a and 8b indicates that after NO2
adsorption, nitrate features are detected at 1620 and 1260 cm−1

(bridging surface nitrates), 1560 and 1330 cm−1 (bidentate and/or
monodentate surface nitrates) and 1420 cm−1 (bulk nitrates)
[42,46,47]. Time-dependent FTIR spectra obtained after the intro-
duction of H2(g) on the 20Ba/Pt/Al and 20Ba/Pt/20Ce/Al surfaces

at 323 K demonstrate an immediate change in the relative intensi-
ties of the surface and bulk nitrates, where surface nitrate signals
decrease and the bulk nitrate signals increase. This observation is in
agreement with the former experiments performed on ceria-free
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Fig. 7. Time-dependent in situ FTIR spectra corresponding to NO2 saturation (5.0 Torr NO2(g), 10 min, black spectra) followed by subsequent reduction with H2(g) (15.0 Torr
H 23 K.
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ed  and blue spectra were acquired in H2(g). (For interpretation of the references to

SR catalysts suggesting aggregation of the Ba domains [32,46].
fter the initial minor spectral changes occurring in the first 60 min
f reduction, the intensities of surface and bulk nitrate species on
0Ba/Pt/Al surface remain practically invariant until the end of
40 min  reduction process. Meanwhile the intensity of surface and
ulk nitrates on ceria-containing material monotonically decreases
ver the course of the 240 min  reduction period at 323 K. Further-
ore, the intensities of the nitrate related features substantially

ecrease after heating both materials at 473 K however the ceria
romoted 20Ba/Pt/20Ce/Al material demonstrates a significantly
tronger attenuation in nitrate features. After heating in hydrogen
t 573 K the nitrates are almost completely eliminated from both
aterials. The presented data clearly point out that ceria promotion

nhances the nitrate reduction performance of the conventional
SR catalyst.

–OH/–NH region of the corresponding FTIR spectra given in
ig. 8b and 8c also indicate that during the reduction, isolated –OH

pecies are slightly recovered. Concomitant to this observation,
ntensities of the H-bonded –OH species as well as –NH species also
ncrease during the reduction period. After these reduction exper-
ments under mild conditions (i.e. at 323 K), surface temperature
 Blue spectra were obtained at the end of the 240 min  reduction period. Panels (a)
. All spectra were acquired at 373 K. Black spectra were acquired in vacuum while

 in this figure legend, the reader is referred to the web  version of this article.)

of the catalyst was  increased to 473 K and subsequently to 573 K in
the presence of H2(g) in order to monitor the reduction phenomena
under strongly reducing conditions (see blue spectra in Fig. 8). It is
clearly visible in Fig. 8a that after reduction at 473 K, almost all
of the surface nitrate signals disappear and the bulk nitrate sig-
nals attenuate significantly, indicating the facile elimination of the
stored nitrates. –OH/–NH region of the corresponding FTIR spectra
reveal a significant loss of –OH, –NH signals indicating the removal
of the reduction intermediates/products and dehydroxylation. This
is accompanied by the growth of a negative signal at 3695 cm−1

suggesting the reduction of the ceria domains. It is worth men-
tioning that a much weaker, yet visible negative feature was  also
observed in analogous experiments performed on 20Ba/Pt/Ba/Al
catalyst (data not shown) indicating that the 3695 cm−1 feature in
Fig. 8 is associated with both alumina and reduced ceria domains.
However noticeably stronger negative 3695 cm−1 feature for the
20Ba/Pt/20Ce/Al surface indicates that this feature can still be used

to monitor the extent of ceria reduction in a qualitative manner.
After the H2 reduction at 573 K, almost all of the nitrate signals van-
ish (Fig. 8a), along with further dehydroxylation and ceria reduction
(Fig. 8c).
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.4. Direct evidence for the enhancement of H2 activation upon
eria promotion: H2-TPR analysis

In order to provide a direct evidence for the enhancement of

he H2 activation by ceria promoted NSR catalysts under flow con-
itions, we also performed H2 TPR experiments on 20Ba/Pt/Ba/Al
nd 20Ba/Pt/20Ce/Al samples in a comparative manner (Fig. 9).
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2 balanced with Ar while the temperature was  raised from 323 K to 873 K at a rate
f  10 K/min. (For interpretation of the references to color in this figure legend, the
eader is referred to the web version of this article.)
 region of 20Ba/Pt/20Ce/Al. All spectra were acquired at 373 K. Black spectra were
n of the references to color in this figure legend, the reader is referred to the web

Ceria is known to have two  characteristic TPR features at
673 and 973 K. While the former TPR feature is attributed to
reduction of surface oxygen, latter feature is related to reduc-
tion of the lattice oxygen [48–50]. Ceria-promoted NSR catalyst
(i.e. BaO/Pt/20CeO2/Al2O3) in Fig. 9 reveals three main TPR sig-
nals at 423, 496 and 661 K. The 423 K signal can be attributed to
the reduction of PtOx species on ceria and the reduction of ceria
in the close proximity of the Pt sites [51,52]. The low tempera-
ture shoulder at <393 K can be associated with the reduction of
PtOx located on alumina surface. The 496 K signals are tentatively
assigned to the reduction of bridging oxygen (Pt–O–Ce) sites in
the Pt/CeOx heterojunctions. Furthermore, the TPR signal for the
BaO/Pt/20CeO2/Al2O3 sample located at 661 K can be assigned to
the reduction of ceria domains on the surface which are not in direct
contact with the Pt sites. The presence of intense TPR features for
this sample at T < 550 K is consistent with a high Pt dispersion on
the ceria promoted sample.

TPR trace for the conventional NSR catalyst (i.e. BaO/Pt/Al2O3)
in Fig. 9, displays two  weak features at 393 and 465 K as well as
a stronger feature at 709 K. TPR signals at 393 and 465 K can be
attributed to the reduction of oxidized Pt species. On the other hand,
the high temperature signal at 709 K can be associated with reduc-
tion of BaO2 species and/or decomposition of BaCO3, where CO2
evolving from carbonate decomposition can consume hydrogen via
the reverse water-gas shift reaction catalyzed by Pt [52].

Comparison of the total H2 consumption during the TPR exper-
iments for the 20Ba/Pt/Ba/Al and 20Ba/Pt/20Ce/Al samples reveals
that while the conventional NSR catalyst consumed 4.31 cc/g H2

during the TPR, ceria-promoted NSR catalyst consumed 6.13 cc/g.
These results are in perfect agreement with the previously dis-
cussed structural characterization and in situ spectroscopic data
suggesting that ceria-promoted NSR catalysts reveal novel catalytic
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Fig. 10. Time-dependent in situ gas phase FTIR spectra corresponding to NO2 adsorption and saturation (5.0 Torr NO2(g), 10 min, black spectra) followed by subsequent
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eduction with H2(g) (15.0 Torr H2(g), red spectra) on (a) Pt/20Ce/Al and (b) 20Ba/P
eriod by increasing the sample temperature to 573 K in H2(g). All spectra were ac
cquired in H2(g). (For interpretation of the references to color in this figure legend

ites which do not only boost the total amount of activated hydro-
en on the surface but also decrease the thermal threshold for
itrate reduction.

.5. Monitoring reduction products via gas phase FTIR
pectroscopy

Finally, time dependent evolution of the gas phase products dur-
ng the reduction of NOx-saturated (and subsequently evacuated)
t/20Ce/Al and 20Ba/Pt/20Ce/Al via H2(g) was also monitored by
sing gas phase FTIR spectroscopy at 323 K (Fig. 10a and b, respec-
ively). During these experiments, catalyst samples inside the FTIR
eactor was moved above the IR beam, preventing the detection
f surface IR signals originating from the catalyst samples. It is
een in Fig. 10a that N2O(g) (i.e. 2225 cm−1 feature) immediately
ecomes visible as the only detectable gas phase reaction prod-
ct via FTIR over the Pt/20Ce/Al sample in the first 3 min  of the
eduction period. N2O(g) signal continues to increase in the first
0 min  of the reduction period and then starts to decrease. It is

ikely that the attenuation of the N2O(g) signal is accompanied by
he further reduction of N2O(g) to N2(g), a species which is invis-
ble in gas phase FTIR. This observation is in agreement with the
orresponding surface FTIR data presented in Fig. 7b, showing that
fter the 4 hr reduction period at 323 K on the Pt/20Ce/Al sample,

 large portion of the stored NOx species are eliminated. Thus, it
s apparent that the eliminated nitrate species from the Pt/20Ce/Al
urface at 323 K are first converted into N2O(g) and then to N2(g).

n addition, formation of H2O(g) (1620 cm−1) is also visible in the
TIR spectra acquired between 10–240 min  of the reduction period
Fig. 10a). Besides these features, other spectral artifacts are also
bserved in Fig. 10a, namely the progressively growing negative
e/Al at 323 K. Blue spectrum in panel (b) was obtained after the 240 min  reduction
 at 373 K. Black spectra were acquired in vacuum while red and blue spectra were
eader is referred to the web version of this article.)

features located at 1530, 1265 and 1000 cm−1 which are associated
with the elimination of the monodentate nitrates chemisorbed on
the IR-transparent BaF2 windows of the FTIR reactor during the
reduction process.

Fig. 10b reveals that N2O(g) and H2O(g) are the only detectable
reduction products during the reduction of the NOx-saturated
20Ba/Pt/20Ce/Al NSR catalyst at 323 K via H2(g). It is also visi-
ble in Fig. 10b that even after a 4 h reduction period, N2O(g) still
exists in the reactor and not completely converted into N2. This
observation is in good accordance with the surface FTIR data given
in Fig. 8a revealing that after the 4 h reduction period at 323 K,
a significantly large portion of the nitrate species are present on
the 20Ba/Pt/20Ce/Al surface which can constantly supply N2O(g)
into the reactor. Thus, for a complete removal/reduction of the
N2O(g) species, stronger reduction conditions are required. This
was also accomplished by increasing the 20Ba/Pt/20Ce/Al sample
temperature quickly to 573 K in the presence of H2(g) after the 4
hr reduction period (topmost spectrum in Fig. 10b). Clearly, these
strongly reducing conditions can readily eliminate all of the N2O(g)
signal by presumably producing N2(g). Note that the sharp spectral
artifact located at 1350 cm−1 in Fig. 10b, which is formed immedi-
ately after increasing the sample temperature to 573 K is due to the
formation of bulk nitrates on the BaF2 windows of the FTIR reac-
tor as a result of the rapid NOx desorption/breakthrough from the
catalyst surface.

4. Conclusions
In the current work, NOx storage and the subsequent reduc-
tion of the stored NOx species via H2(g) were investigated over
ceria-promoted NSR catalysts (i.e. 20Ba/Pt/20Ce/Al). A systematic
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pproach was followed in order to elucidate the catalytic function of
he individual structural components constituting the catalyst for-

ulation by investigating �-Al2O3, 20Ba/Al, 20Ce/Al, 20Ba/20Ce/Al,
Ba/20Ce/Al, Pt/Al, Pt/20Ce/Al, 20Ba/Pt/Al and 20Ba/Pt/20Ce/Al
amples in a comparative manner.

SMSI between Pt sites and the BaO/BaO2/CeOx/CeO2 domains
ere observed leading to a complex redox interplay including the

xidation of the precious metal sites, reduction of ceria, formation
f BaO2 species as well as the formation of Pt–O–Ce interfacial sites
n the 20Ba/Pt/20Ce/Al surface which seem to have a vital role in
he NOx storage and reduction chemistry. Ceria domains also act as
nchoring sites for Pt species, limit their surface diffusion, enhance
ispersion and hinder sintering at elevated temperatures.

On the Ba/Pt/Ce/Al catalyst surface, reduction of the stored
itrates under relatively mild conditions via H2(g) initially leads
o formation of surface nitrites, –OH and –NHx surface species and
as phase N2O, as well as the destruction of surface nitrate species,
eaving bulk nitrates mostly intact. Reduction proceeds with the
onversion of N2O(g) into N2(g) along with the partial loss of surface
OH and –NHx groups, dehydration and the loss of bulk nitrates.

Formation of oxygen vacancies in the ceria lattice accompan-
es the NOx reduction process. Although ceria promotion does not
eem to have a substantial influence on the overall NOx storage
apacity, it does have a clearly positive impact on the NOx reduc-
ion which is associated with enhancement in the total amount
f activated hydrogen on the catalyst surface and lowering of the
hermal threshold for hydrogen activation.
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