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A comparative study of Pt/Ba/Al2O3, Co/Ba/Al2O3, Pt/Co/Al2O3 and Pt/Co/Ba/Al2O3 was performed in
regards to their NOx storage capacities and NO oxidation abilities as a function of temperature. The nitrate
stability and dynamic behaviors of NOx storage reduction during lean/rich fuel cycles using hydrogen as
a reductant were also investigated over these catalysts. It was found that Pt/Co/Ba/Al2O3 possessed the
largest NOx storage capacity within the temperature range of 200–350 ◦C. The existence of Co not only
improved the oxidation of NO to NO2 under lean conditions, but also enhanced the release and reduction
Ox storage reduction
Ox storage capacity
Ox removal efficiency
t/Ba/Al2O3

o/Ba/Al2O3

t/Co/Ba/Al2O3

of NOx during the rich phase. The Pt and Co co-supported catalysts showed better NOx storage reduction
activity and higher N2 selectivity than Pt supported Ba/Al2O3 catalysts within the tested temperature
range. As for Pt/Co/Ba/Al2O3, high conversion was obtained at either a low reductant concentration with
long duration time or a high reductant concentration with short duration time during the rich phase.
In situ FTIR studies showed that NOx adsorption over Co-containing catalysts takes “nitrite route” as an
important pathway. The intimate contact of Co and Ba/Al could accelerate nitrite/nitrate formation and

t and
t/Co/Al2O3 the synergistic effect of P

. Introduction

Due to its efficient fuel economy and low greenhouse gas CO2
missions, the lean-burn engine is considered as one of the promis-
ng candidates for meeting the world’s growing energy crisis and
ontributing to the prevention of climate change [1]. However, its
roblem of exhaust abatement is yet to be resolved. Unlike gaso-

ine engines, which operate on a stoichiometric air/fuel ratio, the
ean-burn engine exhaust usually contains an excess of oxygen,

hich results in the well-accepted three-way catalysts failing to
educe NOx [2]. Developing new catalysts has, therefore, attracted
uch attention around the world. Currently, several catalytic NOx

emoval technologies, such as direct NOx decomposition, selec-
ive catalytic reduction of NOx using ammonia or hydrocarbons as
eductants, and NOx storage and reduction (NSR, also noted as lean
Ox traps, LNT) [3], are under research.

The NSR technology, first developed by Toyota in the 1990s
4], was designed for use on diesel or lean-burn gasoline engines.
he applied operation is a cyclic mode with the lean fuel and rich

uel conditions alternating periodically. A typical NSR catalyst usu-
lly consists of noble metals, alkali, or alkaline earth metals and
high surface area support. A well known multi-component cata-

yst is the Pt/Ba/Al2O3 system, which functions according to several

∗ Corresponding author at: P.O. Box 2871, 18 Shuangqing Road, Haidian District,
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Co could accelerate NOx reduction.
© 2010 Elsevier B.V. All rights reserved.

sequential steps. Firstly, NO is oxidized to NO2 over Pt sites and
subsequently stored as nitrites and/or nitrates on the catalyst sur-
face during lean operation. When the engine is switched to a short
rich period, the nitrites/nitrates decompose and the released NOx

is then reduced by reducing agents such as H2, CO, and HC on the
surface of the precious metal. In this way, the catalyst is regener-
ated before going through another lean–rich cycle. This successive
cycling operation can provide high NOx removal efficiency [5,6].

Most of previous studies have focused on catalyst compositions
and operating conditions that have a great impact on the per-
formance of NOx storage and reduction [7–13]. For Ba-containing
catalysts, noble metal species and their dispersion can lead to dif-
ferent NO oxidation activity during the lean phase [8,14,15] thus
directly influencing subsequent adsorption on Ba sites. Addition-
ally, as a result of different preparation methods and reaction
conditions, Ba can be present in the form of BaO, Ba(OH)2, or BaCO3,
with NOx adsorption ability showing a decreased order [9]. Fur-
thermore, Ba sites located in proximity to Pt play an important role
during the trap process. A spill-over mechanism has been proposed
to explain the effective adsorption, which suggests that both oxy-
gen and NO/NO2 could easily migrate from a Pt site to a nearby Ba
site, thus improving the adsorption efficiency [16,17]. Recent stud-
ies [18] have also demonstrated that the impregnation procedure

of Pt or Ba influenced NSR performance, which is both interesting
and effective in the optimization of catalyst preparation meth-
ods. In the present study, Pt addition after Ba impregnation was
applied to facilitate comparison with previous research [8,16]. As
referred to the catalytic performance of catalysts in reduction stage,

dx.doi.org/10.1016/j.apcatb.2010.07.001
http://www.sciencedirect.com/science/journal/09263373
http://www.elsevier.com/locate/apcatb
mailto:honghe@rcees.ac.cn
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he effects of different precious metals and reducing agents have
een studied extensively by either in situ FTIR or by flow reactors
19–21]. Most recently, people place more emphases on the mech-
nism study of NOx storage and reduction. Several kinetic models
ere developed to predict evolution of the effluent gases as well as

urface species either in trapping processes or in lean/rich cycles
22–26]. Considering the complexities of catalyst components and

ulti-step reactions of this system, many aspects of Pt/Ba/Al2O3
till require improvement and clarification, including NOx storage
apacity, reduction efficiency, and low temperature performances.

Vijay et al. found that Co exhibits a similar ability as Pt to oxidize
O during the lean phase [27,28], which clarifies the application
f easy obtain and low-cost transition metals. Park et al. further
onfirmed by XAFS measurement that the active phase of Co was
s Co3O4 [29]. Both of these studies concentrated on the storage
hase of the catalysts, however, the effect of Co in the rich phase is
till unclear. Furthermore, temperature impact in the NSR process
as not been clarified. Their work inspires us to give a thorough

nvestigation on this meaningful system. In this paper, Pt/Ba/Al2O3
atalysts and Co-containing catalysts were carefully studied in
egard to their storage ability, nitrate stability, and dynamic cat-
lytic performance using H2 as a reductant. Temperature impact,
s well as reductant concentration and duration time, were also
onsidered. Our aim was to further confirm the specific role of Co
n both lean and rich phases during catalytic tests, and determine
he appropriate operating conditions for this system.

. Experimental

.1. Catalysts preparation

The �-Al2O3 supports were obtained by calcinations of com-
ercial boehmite at 500 ◦C in air for 3 h. The Ba/Al2O3 catalysts
ere synthesized by an impregnation method. Firstly, the �-Al2O3

upport was impregnated in a Ba(CH3COO)2 solution. The sam-
les were then dried at 120 ◦C for overnight and calcined at 500 ◦C
or 3 h in air. The nominal Ba loading was 20 wt%. The Pt or Co
as subsequently added to Ba/Al2O3 or �-Al2O3 by the same

mpregnation method using PtCl4 or Co(CH3COO)2 as precursors,
espectively, followed by drying at 120 ◦C and calcining at 500 ◦C
n air for 3 h. Nominal Pt and Co loading was 1 wt% and 5 wt%.
he Pt/Co/Ba/Al2O3 and Pt/Co/Al2O3 catalysts were prepared by
dding a calculated amount of PtCl4 (1 wt% loading) solution into
s-prepared Co/BaO/Al2O3 and Co/Al2O3 materials, respectively.
ll catalysts were sieved to 20–40 mesh before catalytic measure-
ents.

.2. Catalysts characterization

X-ray diffraction (XRD) patterns for all powder catalysts were
ollected (Bruker D8 Discover, 60 kV, 50 mA) with a scan speed
f 4◦/min at 10◦ < 2� < 90◦, the average crystal size of BaCO3 was
alculated according to the Scherrer equation.

Surface area and pore volume were determined by nitrogen
dsorption–desorption isotherms at −196 ◦C over the whole range
f relative pressures, using a Quantasorb-18 automatic instrument
Quanta Chrome Instrument Co.). Prior to the measurement, the
atalysts were outgassed at 300 ◦C under vacuum for 4 h.

The dispersion of Pt was determined by a H2–O2 titration
ethod using a homemade pulse flow system equipped with a
omputer-interfaced quadruple mass spectrometer (Hiden HPR
0). Prior to H2–O2 titration, 100 mg of the sample was reduced

n 5 vol% H2/Ar (40 cm3/min, 10 ◦C/min) at 450 ◦C for 1 h. The He
as (40 cm3/min) was then passed through the sample for 1 h. After
ooling to room temperature in He, the O2 adsorption experiment
vironmental 100 (2010) 19–30

was conducted, followed by flushing with He and then the intro-
duction of H2 pulses (1 cm3 of 5 vol% H2/Ar). The stoichiometries of
H/Pt = 3 were assumed.

Diffuse-reflectance UV–vis spectra were recorded on a U-3010
(Hitachi) spectrometer with a standard diffuse reflectance unit
under ambient conditions. The Ba/Al2O3 or �-Al2O3 was used as
a reference material. The testing range was 200–850 nm and the
scan rate was 300 nm/min.

2.3. NOx storage/release tests and cyclic activity measurements

The NOx uptake experiments were carried out under lean fuel
conditions as a function of temperature. Before each experiment,
the catalysts (100 mg) were pretreated in 1% H2/N2 for 30 min at
450 ◦C, and then cooled to the desired temperature. A mixture of
500 ppm NO and 8% O2 was used to simulate the lean fuel exhaust,
using N2 as a balance gas. All gases were carefully introduced by
mass flow controllers with a total flow rate of 300 cm3/min. The
outlet NOx (NO + NO2) concentration was monitored by a chemi-
luminescence detector (ECO Physics CLD 62). The reactor was also
equipped with a bypass line to ensure inlet gas concentration.

A temperature-programmed desorption (TPD) procedure was
used to study the NOx release process under inert atmosphere.
Prior to the experiment, all catalysts (100 mg) were pretreated in 1%
H2 at 450 ◦C for 30 min and then cooled to 300 ◦C under the same
atmosphere. After that, 500 ppm NO and 8% O2 were introduced
and maintained for 2 h to ensure the catalysts were saturated.
The samples were then purged and cooled to room temperature
under flowing Ar and the temperature was increased to 900 ◦C at
10 ◦C/min subsequently. A mass spectrometer (Hiden HPR 20) was
used for on-line monitoring of the signals of NO (m/e = 30), NO2
(m/e = 46), and O2 (m/e = 32) with an ionizing voltage of 70 eV.

The NSR cyclic measurements were conducted with 100 mg of
the catalysts using a fixed-bed quartz reactor. The reactor was con-
nected to a pneumatically actuated four-way valve, which provides
a quick switching between the lean and rich atmospheres. Constant
flows (300 cm3/min) of 500 ppm NO balanced with N2 with either
8% O2 or 0.5% H2 were introduced alternately. The cycling exper-
iments with a lean period of 67 s and a rich period of 33 s were
performed between 200 ◦C and 400 ◦C. Nevertheless, H2 concen-
tration and duration time changed when required. The catalysts
were exposed to 15 or 50 lean/rich cycles. The NOx concentration
was averaged over the cycles to give a mean conversion according
to the following formula:

NOx conversion = NOx,in − NOx,out

NOx,in
× 100%

The outlet N2O and NH3 were analyzed using an FTIR spec-
trometer (Nicolet Nexus 6700) with a heated (120 ◦C), low volume
multiple-path gas cell. The N2 selectivity was calculated by the
following formula:

N2 selectivity = NOx,in − NOx,out − NH3,out − 2N2Oout

NOx,in − NOx,out
× 100%

2.4. In situ FTIR study of NOx storage and reduction

In situ DRIFTS was performed on a Nexus 670 (Thermo Nico-
let) FTIR spectrometer equipped with an in situ diffuse reflection
chamber and a high-sensitivity MCT detector. The catalyst for the

in situ DRIFTS studies was finely ground and placed in a ceramic
crucible in the in situ chamber. Mass flow controllers and a sample
temperature controller were used to simulate real reaction condi-
tions, which were identical to the catalytic activity tests. Prior to
recording each DRIFTS spectrum, the catalyst was pretreated in 1%
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ig. 1. XRD patterns of Pt, Co and Pt–Co-supported catalysts: (a) Pt/Co/Al2O3, (b)
a/Al2O3, (c) Pt/Ba/Al2O3, (d) Co/Ba/Al2O3, and (e) Pt/Co/Ba/Al2O3.

2 at 450 ◦C for 30 min and then cooled to 300 ◦C under N2 flowing
n order to acquire a reference spectrum. A gas mixture of 500 ppm
O and 8% O2 was then introduced, and a series of NOx adsorp-

ion spectra over time were obtained. After adsorption for 30 min,
.5% H2 was used to conduct the reduction procedure. All spec-
ra reported here were collected at a resolution of 4 cm−1 for 100
cans.

. Results and discussion

.1. Structural properties

The X-ray diffraction patterns of Pt/Co/Al2O3, Ba/Al2O3,
t/Ba/Al2O3, Co/Ba/Al2O3 and Pt/Co/Ba/Al2O3 are shown in Fig. 1.
esults demonstrate that Pt/Co/Al2O3 had three distinct peaks,

dentified as Al2O3 (JCPDS No. 10-425) and CoAl2O4 (JCPDS No.
4-0160) phase. The main phase of Ba/Al2O3 was Al2O3 support,
hile a small peak at 24◦ was the characteristic of BaCO3 diffrac-

ion (JCPDS No. 44-1487). When Pt or Co was incorporated into
a/Al2O3, the peaks indexed to BaCO3 become more distinct due
o the addition of drying and calcination steps during the prepara-
ion process, and both orthorhombic and monoclinic phases were
etected [30]. The sharp peaks of BaCO3 in these reflections indi-
ate good crystallization and the estimated crystal sizes are listed
n Table 1. In Co/Ba-containing samples, a wide and weak peak at
6.8◦ was detected, which is characteristic of a Co3O4 phase (JCPDS
o. 74-2120). The low intensity of the peak indicates high disper-

ion of cobalt in the matrix. Although using the same Co content,
he XRD patterns of Co/Ba-containing catalysts obtained here are
uite different from what Vijay et al. reported, which is a possible
eflection of different preparation methods and precursors applied
27].

The surface areas, pore volume, and average pore radius of the
atalysts are listed in Table 1. Pure �-Al2O3 had the largest surface
rea and pore volume. Although surface area decreased as a result
f sequential impregnation and calcinations, it was still relatively
igh (larger than 200 m2/g) for all prepared catalysts.

The UV–vis spectra obtained to further investigate the nature
f Co are represented in Fig. 2. Results show that Co/Ba/Al2O3 and

t/Co/Ba/Al2O3 demonstrated the same features, with two broad
eaks at 380 and 650 nm, while Pt/Co/Al2O3 exhibited three peaks
entered at 540 nm, 580 nm, and 625 nm. According to the litera-
ure [31], the spectrum of Co3O4 is characterized by broad bands
t 380 nm and 670 nm, and the three peaks at 540 nm, 580 nm, and
Fig. 2. UV–vis spectra of Co-containing catalysts: (a) Co/Ba/Al2O3, (b)
Pt/Co/Ba/Al2O3, and (c) Pt/Co/Al2O3.

625 nm are related to the presence of tetrahedral coordination Co2+

in CoAl2O4. The band at 650 nm might, therefore, be a combination
of the 670 nm peak of Co3O4 and the 625 nm peak of Co2+. In this
case, Co species in Co/Ba/Al2O3 and Pt/Co/Ba/Al2O3 were mainly
present in the form of Co3O4 clusters, with a small portion enter-
ing Al2O3 by forming CoAl2O4, while the Co species in Pt/Co/Al2O3
was attributed to CoAl2O4. These results are in line with the XRD
characterization (Fig. 1).

3.2. NOx storage performances at different temperatures

Fig. 3a–d shows the NOx breakthrough curves versus time of
Pt/Ba/Al2O3, Co/Ba/Al2O3, Pt/Co/Ba/Al2O3, and Pt/Co/Al2O3 at dif-
ferent temperatures. As soon as the lean feed was switched from
the bypass loop to the catalysts, NOx concentration in the outlet
dropped sharply from 500 ppm to 0 ppm, followed by a com-
plete uptake process. The complete absorption time varied from
thirty seconds to several hundred seconds with different cata-
lyst compositions and temperatures. With increased time, outlet
NOx concentration gradually increased and a saturation state was
achieved slowly by the end of 4000 s. The NOx evolution profiles
obtained here are similar to previously reported on Pt/Ba/Al2O3
[32].

The area between the inlet feed and the breakthrough curves
represents the trapped amount of NOx, with the calculated NOx

storage capacities (NSC) summarized in Table 2. As Muncrief et al.
[33] have stressed, storage time and saturation level have an influ-
ence on maximum NOx storage versus temperatures and all NSC
data presented here were calculated during the initial 4000 s after
switching from the bypass loop. As shown in Table 2, NSC increased
as temperature increased. The maximum NSC was obtained at
300 ◦C for Pt/Ba/Al2O3, Co/Ba/Al2O3, and Pt/Co/Ba/Al2O3. Further
temperature increases led to a decrease in amounts of trapped NOx,
which was attributed to the instability of nitrates at elevated tem-
peratures. It was clear that Co/Ba/Al2O3 and Pt/Co/Ba/Al2O3 showed
much larger NSC than Pt/Ba/Al2O3 at all temperatures tested. The
combination of Pt and Co greatly improved the low temperature
(200–250 ◦C) storage performance, about 1.5 times that of samples
only containing either Pt or Co. The maximum NSC, with a value of
882.5 �mol g−1, was obtained at 300 ◦C. However, when the tem-

perature was increased to 400 ◦C, the trapped amounts decreased
by 23% compared with the maximum value, but it was still 1.4 times
as large as Pt/Ba/Al2O3. After increasing the temperature to 450 ◦C,
however, the Pt–Co combination advantage disappeared and gave
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Table 1
Physical properties of catalysts.

Catalysts Surface areas (m2/g) Pore volume (cm3/g) Average pore radius (nm) BaCO3 particle size (by XRD, nm) Pt dispersion (by H2–O2 titration, %)

Al2O3 270.3 0.87 12.8 – –
Ba/Al2O3 208.7 0.67 12.9 28.2 –
Pt/Co/Al2O3 223.0 0.73 13.0 – 27
Pt/Ba/Al2O3 217.7 0.65 12.0 31.4 25
Co/Ba/Al2O3 220.1 0.70 11.8 33.3 –
Pt/Co/Ba/Al2O3 208.4 0.66 12.7 33.5 30
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ig. 3. Outlet NOx concentration as a function of time and temperature under lean
as composition: 500 ppm NO, 8% O2, N2 balanced.

he same trapped amounts of NOx as Pt/Ba/Al2O3. It was because the
quilibrium limitation dominates at such high temperatures and
he formed Ba(NO3)2 are easy to decompose. Unlike Ba-containing
atalysts, the NSC of Pt/Co/Al2O3 decreased as a function of tem-
erature, with the maximum value of 261.9 �mol g−1 obtained at
00 ◦C. The adsorption ability of Pt/Co/Al2O3 was mostly related
o Al2O3. The trend of NSC versus temperature was also consistent
ith previous research, which suggests that Al2O3 can adsorb sig-
ificant amounts of NOx below 300 ◦C [34]. It is true that Co could
lso provide some storage capacity, however, its contribution was

uite small compared to the major storage component of Ba and
l2O3 supporter due to its low content and weak basicity. To pro-
ide evidence, we tested the NSC of pure cobalt oxide obtained by
alcining Co(CH3COO)2 at 500 ◦C for 3 h (the same Co introducing
ethod as described in Section 2.1). The 5% Co oxides possessed

able 2
Ox storage capacities (NSC) tested at different temperatures.

Catalysts 200 ◦C 250 ◦C 300

Pt/Ba/Al 451.9 550.3 582
Co/Ba/Al 505.9 623.5 846
Pt/Co/Ba/Al 708.2 852.9 882
Pt/Co/Al 261.9 183.7 174

nit: �mol NO g(cat)−1.
ion: (a) Pt/Ba/Al2O3, (b) Co/Ba/Al2O3, (c) Pt/Co/Ba/Al2O3, and (d) Pt/Co/Al2O3. Lean

limited storage capacity by calculation, lower than 4 �mol g−1 at
each temperature tested. As a result, storage capacity was mostly
relevant to Ba or Al species in all the prepared catalysts.

Although many factors can influence the trapping process, the
oxidation of NO to NO2 is regarded as a key step since NO2 more
effectively traps than NO [35,36]. In typical studies, platinum plays
an important role in NO oxidation. Fig. 4 compares the conver-
sions of NO to NO2 over Pt and/or Co-supported catalysts at the
end of the storage process, where the NO2/NOx ratio reached a
steady state. On the Pt/Ba/Al2O3 catalyst, NO conversion increased

◦ ◦
with increasing temperature from 200 C to 400 C, but NO2 yield
decreased with a further temperature increase to 450 ◦C. In regard
to 5% Co containing catalysts, Co/Ba/Al2O3, Pt/Co/Ba/Al2O3, and
Pt/Co/Al2O3 showed much higher NO conversion than 1% Pt con-
taining Pt/Ba/Al2O3 above 200 ◦C. Specifically, Co/Ba/Al2O3 gave the

◦C 350 ◦C 400 ◦C 450 ◦C

.3 553.7 482.3 453.7

.7 762.4 743.2 469.9

.5 850.1 681.4 458.4

.7 153.2 119.9 16.6
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weak and the main desorption feature was NO (m/e = 30) and O2
ig. 4. The outlet NO2/NOx ratio at the end of 4000 s NOx adsorption over
t/Ba/Al2O3, Co/Ba/Al2O3, Pt/Co/Ba/Al2O3 and Pt/Co/Al2O3.

ighest NO2 yield at 300 ◦C with a NO to NO2 conversion of 77%,
hich was twice that of Pt/Ba/Al2O3. Nevertheless, Pt/Co/Ba/Al2O3

howed a 60% conversion of NO at the same temperature, and
he maximum NO conversion temperature shifted to 350 ◦C with
value of 68%. This unexpected feature may correlate with catalyst

tructure and thus induced dynamic equilibrium between surface
pecies and gaseous NO2. Further increases in the temperature also
ed to a decrease in NO2 yield. The Pt/Co/Al2O3 catalyst exhibited

similar NO oxidation trend to Pt/Co/Ba/Al2O3. For comparison,
he NO oxidation ability of pure Co oxides was also depicted. The

aximum NO conversion of 81% was obtained at 300 ◦C, indicating
ure Co oxides exhibited an excellent NO oxidation ability. All these
O oxidation profiles support the fact that the NO oxidation pro-
ess is a kinetic limitation at low temperatures but an equilibrium
imitation at higher temperatures.

For Pt or/and Co-supported catalysts, the NO oxidation abil-
ty is quite dependent on catalyst compositions, especially the
tate of active sites of Pt and Co. Previous studies have found that
he dispersion and state of Pt had an influence on the reaction
f NO + 1/2O2 → NO2. Olsson and Fridell [37] demonstrated that
igh dispersion of platinum may lead to low NO conversion due
o the easy oxidation of small Pt particles, and that Pt is prone
o forming an oxide on Ba/Al2O3 compared with Al2O3 support.
hatia et al. [38] further confirmed an inhibitory effect of NO2 and
2 on the NO oxidation reaction. The highly oxidizing nature of

hese gases could accelerate the formation of Pt oxides, resulting
n the loss of activity. These may explain the relatively low NO
onversion on Pt supported Ba/Al2O3. In regards to 5% Co incor-
orated catalysts (Co/Ba/Al2O3, Pt/Co/Ba/Al2O3, and Pt/Co/Al2O3),
he promising NO oxidation features had a direct connection to the
ature of Co species. As previously discussed in Section 3.1, Co was

n the form of CoAl2O4 in the Pt/Co/Al2O3 catalyst and a mixture of
o3O4/CoAl2O4 in the Co/Ba/Al2O3 catalyst. Both of these Co oxides
an promote NO2 formation due to their good redox property,
nd may therefore improve the storage ability of Co-containing
atalysts. It seems that Co oxides could accelerate NO oxidation
ndependent of the state of Pt. Although the inhibition effect may
till be present over Pt supported catalysts due to the unavoidable
t oxides formation under a lean atmosphere, the addition of 5%
o could compensate or even improve NO oxidation to NO2. Fur-

hermore, we should noticed that the NO2/NOx ratio presented in
ig. 4 just represents a steady gas/solid equilibrium between NO2
nd the BaO/Ba(NO3)2 phase and is not completely consistent with
he storage capacities listed in Table 2. This result indicates that
Fig. 5. NOx (m/e = 30 signal intensity) evolution during Ar-TPD-MS experiments.

other factors also influence the storage process. For example, the
proximity of an oxidative component (Pt or Co) to trapping sites
(Ba or Al) can influence NO and O2 spill-over and the temperature
has an impact on the diffusion rates of adsorbed NOx species into
the bulk of the catalysts.

In relation to the storage mechanism, formed NO2 on Pt/Co sites
can be either transferred to nearby Ba/Al sites via a spill-over path-
way or released and reabsorbed at Ba/Al sites distant from Pt/Co
[6]. A disproportion reaction has been proposed with NO2 adsorp-
tion, in which 3 mol NO2 are consumed to form 2 mol Ba(NO3)2,
simultaneously with the release of 1 mol NO. This reaction route is
widely used to explain the adsorption mechanism on Pt/Ba/Al2O3.
However, Nova et al. [12] proposed another mechanism to explain
adsorption called the “nitrite route”, in which NO can be directly
absorbed on the surface by forming nitrites that are subsequently
oxidized to nitrates by O2. This “nitrites route” may also play a
significant role in NOx uptake on both Co and/or Pt containing
catalysts, and detailed progress will be discussed later by FTIR
experiments. As a consequence, the promotion effects of Co are not
only concerned with its high NO oxidizing ability towards NO2, but
also related to the intimate contact of Co with Ba and Al. This pro-
vides more active sites and a larger interface contact area between
Co and Ba/Al than Pt/Ba/Al2O3 for the activation of NO/O2 and
spill-over of NO/NO2, thus directly accelerating nitrites/nitrates
formation. The synergistic effect of Pt and Co improved NOx storage
efficiency by extending the usage of Ba and Al sites on the surface
of the catalysts.

3.3. NOx-TPD experiments

The thermal stabilities of NOx stored on Pt/Ba/Al2O3,
Co/Ba/Al2O3, Pt/Co/Ba/Al2O3, and Pt/Co/Al2O3 were compared
by NO-TPD experiments. As seen in Fig. 5, most stored NOx was
desorbed within the temperature range of 300–550 ◦C. The results
are in good accordance with previous reports on Pt/Ba/Al2O3 [39].
In addition, oxygen desorption peaks were observed over the same
temperature range. It has been reported that the nitrate desorption
may follow the equation: Ba(NO3)2 → BaO + 2NO2 + 1/2O2 [40].
However, the signal of NO2 (m/e = 46) in our experiment was very
(m/e = 32). This is because NO2 was easily dissociated to an NO
ionization fragment under our MS conditions.

Obviously, the four catalysts showed different NOx releasing
amount and different maximum NOx desorption temperatures
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Fig. 6. Evolutions of NOx concentrations under cyclic lean–rich condition at different temperatures. Left side: Pt/Ba/Al2O3, right side: Pt/Co/Ba/Al2O3. Lean (67 s): 500 ppm
NO, 8% O2, N2 balanced; rich (33 s): 500 ppm NO, 0.5% H2, N2 balanced.
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Fig. 5). Specifically, Pt/Co/Ba/Al2O3 showed the largest desorp-
ion amount of NOx, followed by Co/Ba/Al2O3, then Pt/Ba/Al2O3,
nd finally Pt/Co/Al2O3. This sequence was in agreement with the
Ox storage amounts at 300 ◦C (Table 2). In addition, Pt/Ba/Al2O3
atalysts gave a maximum NOx desorption peak around 468 ◦C,
hile for Co/Ba/Al2O3 and Pt/Co/Al2O3 NO desorption shifted

o lower temperatures and gave a maximum desorption around
00 ◦C. Two apparent peaks centered at 400 ◦C and 470 ◦C were
bserved for Pt/Co/Ba/Al2O3, which seemed to be a combinatorial
ontribution of Pt/Ba/Al2O3 and Co/Ba/Al2O3. It should be pointed
ut that, the desorption peak centered at 400 ◦C only appeared
n the Co-containing samples of Pt/Co/Al2O3, Co/Ba/Al2O3 and
t/Co/Ba/Al2O3, indicating that this peak is closely related to the
resence of Co. Generally, there are two possibilities contributing
o this situation: Co species, serves as the adsorption sites for NOx

torage; the intimate contact of Co with NOx storage components
Ba and/or Al) enhances the storage of NOx at low temperatures.
onsidering that the contribution of Co species (5% Co) to NOx stor-
ge is marginal, it is reasonable to conclude that the NO desorption
entered at 400 ◦C over Pt/Co/Ba/Al2O3 could be ascribed to decom-
osition of Ba and/or Al nitrates in intimate contact with Co. Even
hough Pt/Co/Al2O3 and Co/Ba/Al2O3 possess the same Co loading of
%, the latter shows much stronger peak at 400 ◦C than the former,
learly confirming that Ba also plays a crucial role in NOx storage
t low temperatures. The NO peak at 470 ◦C could be attributed to
he decomposition of Ba nitrate species, which were far from Co
ut in proximity with Pt or isolated (far from Co and Pt), neither
ould be eliminated. Consequently, Co addition can decrease the
hermal stability of nitrates associated with Ba or Al due to the spe-
ific interaction of Co/Al and Co/Ba, which may have a great impact
n regeneration performances of NSR.

.4. Dynamic NOx storage and reduction performances

High NOx removal efficiency is not only concerned with its
torage capacity in the lean phase, but also related to effective
eduction of trapped NOx during the regeneration phase. Of the
ost common reducing agents used in NSR system, H2 is more

eductive than CO and C3H6, especially at low temperatures [20,41].
erein, H2 was selected as the reductant in our current study.
Ox storage and reduction performances were investigated com-
aratively under cyclic conditions within a temperature range of
00–400 ◦C using Pt/Ba/Al2O3 and Pt/Co/Ba/Al2O3 catalysts. Firstly,
he experiments were performed with a lean period of 67 s and a
ich period of 33 s. For the latter duration, 0.5% H2 was applied in
n amount abundant enough to reduce the introduced NOx. The
Ox entering during the lean cycle was 7.5 �mol, and the reduc-

ion process was assumed to occur as per the following equation:
a(NO3)2 + 5H2 → N2 + BaO + 5H2O. Supposing all NOx was trapped
s Ba(NO3)2, 18.7 �mol H2 was needed to completely reduce the
Ox introduced in the lean phase. However, NOx also existed in

he feed gas during the rich phase, and the reduction process
as 2NO + 2H2 → N2 + 2H2O. As a result, another 3.7 �mol H2 was

equired to completely reduce NO in the rich gas phase. In this
xperiment, 0.5% H2 (36.8 �mol H2) was introduced to the cata-
yst during a 33 s regeneration period, which was about 1.6 times
he calculated amounts required to reduce all introduced NOx.

The evolution of NOx in the outlet feed of the initial 15 lean/rich
ycles of Pt/Ba/Al2O3 and Pt/Co/Ba/Al2O3 at different temperatures
re depicted in Fig. 6. Just as this kind of catalysts supposed to
unction, NOx was effectively trapped under lean conditions with

ery low NOx emission. When the feed gas was switched to a rich
ondition, a sharp NOx spike occurred and then decreased quickly
o a low level. This distinct peak during cycle transition has been
ommonly observed by earlier publications and is thought to be
aused by the different initial rate between the nitrate decom-
Fig. 7. NOx conversion of Pt/Ba/Al2O3, Pt/Co/Al2O3 and Pt/Co/Ba/Al2O3 under cyclic
lean–rich condition at different temperatures. Lean (67 s): 500 ppm NO, 8% O2, N2

balanced; rich (33 s): 500 ppm NO, 0.5% H2, N2 balanced.

position and the NOx reduction [42,43]. With different catalysts
and temperatures, however, the NOx evolution features were quite
different. For Pt/Ba/Al2O3, the highest spikes occurred during the
transition at 200 ◦C. With increasing temperatures, the transi-
tion spikes gradually decreased and gave the lowest NOx spikes
between 300 ◦C and 350 ◦C (<10 ppm), which indicated that NOx

removal performance reached a maximum at this temperature
range. Although the performance of NOx removal at 400 ◦C showed
minor deterioration, it was still better than that at 200 ◦C. The
Pt/Co/Ba/Al2O3 catalysts showed much better NOx removal perfor-
mances than the Pt/Ba/Al2O3 catalysts at all tested temperatures
under the same experimental conditions. It was easy to see that
the transition spikes were greatly reduced, especially at 300–350 ◦C
(lower than 2 ppm). It seemed that the NOx release and reduc-
tion rates reached a balance at such a situation and nearly 100%
conversion of NOx was obtained. The averaged fifteen-cycle NOx

conversions over Pt/Ba/Al2O3 and Pt/Co/Ba/Al2O3 are compared in
Fig. 7. Due to the relatively short lean duration time and the use
of the most effective reductant, the removal efficiencies were all
extremely high, with more than 90% of NOx conversion obtained
for both Pt/Ba/Al2O3 and Pt/Co/Ba/Al2O3. However, Co addition may
improve low temperature NOx conversion of the catalysts, and may,
to some extent, compensate the activity loss due to Pt oxide for-
mation. The experiments were also conducted with 50 cycles, and
similar conversions were obtained to 15 cycles, presenting good
reproducibility. We also tested the catalytic NOx removal perfor-
mance over the Pt/Co/Al2O3 catalyst under this operation mode
(67 s/33 s). Since this catalyst possessed quite small NOx storage
capacity, the overall NOx conversions were less than 25% under the
temperature range of 200–400 ◦C (Fig. 7).

The reduction products were simultaneously detected over
these catalysts. Since N2 was not measured directly, the evolution
of NH3 and N2O in the outlet was measured to predict N2 selectivity.
In this operation mode, little NH3 and N2O (<2 ppm) were formed
above 300 ◦C for Pt/Ba/Al2O3 and Pt/Co/Ba/Al2O3. However, signif-
icant amounts of NH3 and N2O were formed at 200 ◦C (Fig. 8). The
formation of NH3 and N2O at this temperature decreased the N2
selectivity to 86% for Pt/Co/Ba/Al2O3 and to 77% for Pt/Ba/Al2O3. It
is obvious that N2 selectivity was higher when Co was present in

the catalysts due to less N2O formation and more NOx trapping.

During the steady state under rich condition (500 ppm NO + 0.5%
H2), Pt-containing catalysts could catalyzed H2 to completely
reduce gaseous NOx at temperatures as low as 200 ◦C (NH3 was the
only product). The effect of Co species under the same atmosphere,
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ig. 8. N2 selectivity of Pt/Ba/Al2O3 and Pt/Co/Ba/Al2O3 under cyclic lean–rich con-
ition at 200 ◦C. Lean (67 s): 500 ppm NO, 8% O2, N2 balanced; rich (33 s): 500 ppm
O, 0.5% H2, N2 balanced.

owever, was not so clear. To identify the specific role of Co species
uring the rich phase, the removal efficiency of NOx by Co/Ba/Al2O3
nder rich conditions (500 ppm NO + 0.5% H2) was tested. Steady
tate NOx conversions are shown in Fig. 9. As temperature increased
rom 200 ◦C to 400 ◦C, the rich NOx conversion of Co/Ba/Al2O3
mproved from 8% to 99%. The major reduction products were com-

osed of a mixture of N2 and NH3, with little N2O detected. Detailed
Ox reduction selectivity to N2 is also depicted in Fig. 9. Although

t was less effective than Pt in catalyzing the reduction of NOx at
ow temperatures, Co species had significant catalytic reduction

ig. 9. Steady state NOx conversion and N2 selectivity of Co/Ba/Al2O3 under rich
hase (500 ppm NO + 0.5% H2).
Fig. 10. Evolutions of NOx concentrations under cyclic lean–rich condition at dif-
ferent temperatures on Co/Ba/Al2O3. Lean (67 s): 500 ppm NO, 8% O2, N2 balanced;
rich (33 s): 500 ppm NO, 0.5% H2, N2 balanced.

ability above 250 ◦C. The cyclic performances of NOx storage and
reduction were also tested over Co/Ba/Al2O3. The outlet NOx fea-
tures at 200 ◦C, 300 ◦C, and 400 ◦C are depicted in Fig. 10. It can be
seen that Co/Ba/Al2O3 exhibited excellent storage ability, as previ-
ously stated in Section 3.2, but also showed limited reduction ability
here. At 200 ◦C, NOx was completely trapped on the catalysts dur-
ing the first cycle but was not fully released or reduced at such low
temperature. The NOx removal performances of subsequent cycles

were affected and a deactivation was observed as cycles continued.
As a result, the average NOx conversion was only 5% at 200 ◦C. The
main reduction by-product was N2O at this temperature, result-
ing in a N2 selectivity of 71%. The NOx removal performance at
300 ◦C increased to 31% due to the increased thermal instability



s B: Environmental 100 (2010) 19–30 27

o
t
N
f
p
a
n
e
A
u
a
d
r
P
h
e
w
p
c
N
e

r
t
0
w
p
c
t
P
c
t
i
e
s
l
t
a
fi
r
c
e
d
a
i
c
i
s

t
a
o
p
t
t
a
s
4
N
t
N
h
r
e
w
t

X. Wang et al. / Applied Catalysi

f stored NOx and the catalytic reduction ability of Co/Ba/Al2O3. In
his case, the NOx storage sites were completely regenerated (by
Ox release or reduction) during the preceding cycles, leading to

ull adsorption of NOx during the subsequent cycles. The reduction
roducts consisted of a mixture of N2, N2O, and NH3, which gave
N2 selectivity of 80%. The regeneration effect was even more sig-
ificant with increasing temperature, and the cyclic NOx removal
fficiency improved to 45% with a N2 selectivity of 83% at 400 ◦C.
pparently, NOx conversion under cyclic conditions was lower than
nder steady rich conditions. This could be attributed to the large
mount of released NOx/O2 to be reduced with a relatively short
uration time of the reductant. The important role of Co in the
eduction process can also be speculated on by the NOx evolution of
t/Co/Ba/Al2O3 (Fig. 6). Specifically stated, Pt/Co/Ba/Al2O3 showed
igher nitrate instability, as evidenced in the TPD experiment, but
xhibited lower NOx spikes during lean/rich transitions compared
ith Pt/Ba/Al2O3. This phenomenon indicates that Co species also
articipated in the NOx catalytic reduction process. As a result, the
ombination of Pt and Co not only greatly enhanced the amounts of
Ox storage during the lean phase, but also improved the reduction
fficiency during the rich phase.

Compared with a practical operation mode of a few seconds, the
eduction time used above (33 s) was much longer. We reduced
he reduction time to 6 s, which is closer to actual conditions. As
.5% H2 was insufficient to reduce all introduced NOx, 1.5% H2
as instead used. With 1.5% H2 (20 �mol) used during the rich
eriod, introduced NOx (8.4 �mol) was assumed to be completely
onverted to N2. As shown in Fig. 11, the outlet NOx concentra-
ions under cyclic lean fuel (67 s) and rich fuel (6 s) conditions for
t/Co/Ba/Al2O3 at different temperatures with fifty cycles were cal-
ulated. At 200 ◦C, the average NOx conversion was 70%. When
he temperature increased to 300 ◦C, the average NOx conversion
ncreased to 90%. This improvement could be attributed to the
nhancement of efficiencies during both the storage and reduction
tages, which was evidenced by less NOx breakthrough during the
ean period and lower NOx spikes during the transitions. Increasing
he temperature to 400 ◦C led to a decreased conversion of only 60%
s NOx evolution gradually reached a steady state after the initial
ve cycles. In this steady state, NOx was not completely stored or
educed in the repeated cycle. Even though the regeneration effi-
iency was high at such temperatures, the deteriorated trapping
fficiency led to poor NOx conversion. As previously stated, intro-
uced H2 were calculated to completely reduce NOx both in lean
nd rich phases. However, the residual oxygen on the surface and
n the gas phase may also consume part of the reductant. In such
ase, 1.5% H2 can only partially regenerate the storage sites dur-
ng the 6 s duration, leading to decreased trapping amounts in the
ubsequent cycles.

We extended the reduction time to 13 s using 1.5% H2 and main-
ained the lean phase at 67 s. The total introduced reductant was
bout twice the amount needed to completely reduce NOx. The
utlet NOx evolution of fifty cycles is depicted in Fig. 12. Com-
ared with the outlet NOx features in Fig. 11, it can be observed
hat both the NOx breakthrough during the lean stage and the
ransition spikes during the rich stage were greatly reduced at
ll tested temperatures. Correspondingly, the average NOx conver-
ions were improved to 82%, 96%, and 90% at 200 ◦C, 300 ◦C, and
00 ◦C, respectively. We also noted that small amounts of NH3 and
2O were formed at 200 ◦C (specific graph not shown here), and

he N2 selectivity was calculated to be 90%. Both NH3 (<2 ppm) and
2O (<2 ppm) were hardly detected above 300 ◦C, resulting in a

igh production of N2. These results indicate that the introduced
eductant at such operation mode (67 s lean/13 s rich) could regen-
rate the trapping sites more efficiently and a higher N2 selectivity
as obtained comparing to 67 s/6 s mode. Therefore, according to

he experiments above, satisfied NOx conversion could be achieved
Fig. 11. Evolutions of NOx concentrations under cyclic lean–rich condition at differ-
ent temperatures of Pt/Co/Ba/Al2O3. Lean (67 s): 500 ppm NO, 8% O2, N2 balanced;
rich (6 s): 500 ppm NO, 1.5% H2, N2 balanced.

by either a low concentration of reductant with a relatively long
regeneration time or by a high concentration of reductant with
a relatively short regeneration time, which is similar to results
obtained by Breen et al. [44].
As confirmed by previous studies and our experiments, the effi-
ciencies of storage and regeneration determine the overall NOx

removal performance of Pt or Co based catalysts. During lean peri-
ods, NO oxidation ability and trap site locations affect NOx trapping
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ig. 12. Evolutions of NOx concentrations under cyclic lean–rich condition at differ-
nt temperatures of Pt/Co/Ba/Al2O3. Lean (67 s): 500 ppm NO, 8% O2, N2 balanced;
ich (13 s): 500 ppm NO, 1.5% H2, N2 balanced.

erformance. If the trap sites are not basic enough or not easily
ccessible, NOx may not be trapped effectively, leading to a NOx

reakthrough before the end of the lean stage, and a deteriora-
ion in the storage efficiency. During the rich period, the stability
f nitrates, the proximity of stored NOx to active sties, the type and
oncentration of the reductant, and the rich phase duration time

an induce different NOx reduction efficiency. This study aimed,
herefore, to optimize catalyst composition and operation condi-
ions. Typical Pt/Ba/Al2O3 catalysts were optimized by adding Co.
oth the transient cyclic results (Figs. 6 and 10) and steady state
xperiments (Fig. 9) confirmed the positive effect of Co. Not only
vironmental 100 (2010) 19–30

does Co addition increase NO oxidation and storage ability at the
lean phase, it also has a specific interaction with trapping sites and
accelerates the release of NOx, thereby providing additional active
sites for the NOx catalytic reduction process.

Operation conditions optimization is another purpose of our
experiments. For Pt/Co/Ba/Al2O3 catalysts, high NOx conversion
was obtained with either a 67 s/33 s (0.5% H2) mode or with a
67 s/13 s (1.5% H2) mode. In regard to a specific operating mode,
temperature and regeneration efficiency determined whole NOx

removal activities. It was observed that the outlet NOx gradually
slipped when using a 6 s reduction interval with 1.5% H2, owing to
poor regeneration efficiency. Furthermore, residual oxygen either
in the gas feed or on the catalyst surface may also have an added to
consumption of the reductant. Therefore, supplying excess reduc-
tant is essential for the reduction of NOx/O2, which both presented
in the rich gas flow and emitted from trapping sites. It is worth
noting, however, that supplying an excess reductant of H2 may
also increase the risk of NH3 production due to a high H/N ratio,
which ultimately reduces the selectivity to N2. Recent studies have
found that NH3 is an important intermediate at the reduction
stage [44,45]. Although we detected a significant amount of NH3
at low temperatures, its role needs further study and the emit-
ted amount should be reasonably controlled when using H2 as a
reductant.

3.5. NOx storage and reduction mechanism studied by in situ
DRIFTS

Species evolution during the NOx storage and reduction pro-
cess with different exposure time at 300 ◦C is shown in Fig. 13.
After exposing the Pt/Ba/Al2O3 catalyst to a NO/O2/N2 mixture for
2 min at 300 ◦C, an obvious band at 1230 cm−1 and a small band
at 1315 cm−1 were observed (Fig. 13a). These bands were assigned
to bridged nitrite species on Al or on Ba sites [10,33]. By increasing
exposure time, the band at 1230 cm−1 gradually decreased and was
overlapped by a new band at 1245 cm−1. Meanwhile a band cen-
tered at 1548 cm−1 increased. These two new bands were assigned
to monodentate nitrates associated with Al [46]. At 30 min of
adsorption (Fig. 13a), the bands between 1250 cm−1and 1450 cm−1

became dominant on the spectrum and were difficult to assign
due to the overlapping of nitrites and nitrates bands from both
BaO and Al2O3. Tentatively, the bands at 1338 cm−1 and 1400 cm−1

may be attributed to the presence of monodentate nitrates over Ba
sites [10], and the band centered at 1315 cm−1 may be a combi-
nation of bridged nitrites and bidentate nitrates associated on Al
[10,34,47]. When the gas feed was switched to the rich conditions
(Fig. 13b), surface nitrates/nitrites species decreased immediately,
indicating a high reduction efficiency. By observing that the bands
at 1548 cm−1 and 1315 cm−1 diminished more rapidly than the
bands at 1338 cm−1 and 1400 cm−1, it is easy to infer that the
reduction of nitrates/nitrites on the Al sites were easier than on
the Ba sites. These results are in accordance with previous reports
that nitrites and nitrates formed on BaO are more stable than
those formed on Al2O3 [10]. As the reduction process continued,
most of the adsorbed NOx species were removed after 10 min of
reduction.

The DRIFT spectra of NOx storage and reduction process on the
Co/Ba/Al2O3 catalyst are shown in Fig. 13c and d. Bridged bidentate
nitrites on Al or Ba (1230 cm−1 and 1301 cm−1) were formed as soon
as the catalyst was exposed to NO and O2 for 1 min, and nitrites
at 1230 cm−1 were quickly transferred to monodentate nitrates

(1250 cm and 1540 cm ) after 3 min exposure. The most distinct
bands between 1250 cm−1 and 1450 cm−1 may be a combination
of monodentate nitrates on Ba (1338 cm−1 and 1411 cm−1) and
bridged nitrites or bidentate nitrates on Al (1301 cm−1) [10,34]. In
addition, the band at 1540 cm−1 shifted towards higher wave num-
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Fig. 13. In situ FTIR studies of storage (a, c, e) and reduction

ers (1558 cm−1) due to the increasing coverage of nitrates [34].
hen exposing Co/Ba/Al2O3 to a reducing atmosphere (Fig. 13d),

he bands at 1250 cm−1, 1301 cm−1, and 1558 cm−1 gradually
ecreased, while the bands at 1332 cm−1 and 1405 cm−1 were less
ffected. These results indicate that Co species can catalytically
educe the surface nitrates/nitrites associated on Al, which corrob-

rated the activity test in Figs. 9 and 10.

The same experiments were carried out on Pt/Co/Ba/Al2O3,
nd corresponding DRIFT spectra are illustrated in Fig. 13e and
. The NOx storage process on Pt/Co/Ba/Al2O3 was similar to
hat on Co/Ba/Al2O3. However, Pt/Co/Ba/Al2O3 showed a great
f) process for Pt/Ba/Al2O3, Co/Ba/Al2O3 and Pt/Co/Ba/Al2O3.

improvement in the reduction process. The IR bands of adsorbed
nitrites/nitrates decreased quickly as soon as the reductant was
introduced. Similar to the reduction process on Pt/Ba/Al2O3, bands
at 1305 cm−1 and 1558 cm−1 decreased faster than bands at
1411 cm−1 and 1338 cm−1 due to the instability of nitrates on Al. It
seems reduction efficiency on Pt/Co/Ba/Al2O3 was more effective

than on Pt/Ba/Al2O3 as few nitrates remained after 5 min reduc-
tion. These findings were consistent with the transient experiment
results in Section 3.4. Notably, both Pt and Co-containing catalysts
take nitrites as intermediates, and the final adsorption species may
be a combination of nitrites and nitrates. During the rich phase,
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itrites/nitrates were reduced readily when Pt was present on the
atalysts, and the reduction effect was more predominant when Co
as added.

As confirmed in Fig. 4, Co-containing catalysts presented high
roduction of NO2 during the gas phase, thus NO2 could be directly
tored as nitrates on the surface according to the widely accepted
eaction of BaO + 3NO2 → Ba(NO3)2 + NO. Although it was difficult
o observe NO release because a mixture of NO/O2 was used as the
Ox source, an adsorption process following this pathway could
ot be ruled out. The direct proof obtained by the FTIR study did,
owever, provide another important pathway for trapping. Firstly,
itrites were formed, possibly by the NO oxidation by surface ad-
xygen. As time continued, more gas oxygen could be adsorbed
nd participate in the oxidation such that nitrites were trans-
ormed gradually to nitrates. These processes are in accordance
ith data observed by the FTIR on Pt/Ba/Al2O3 [12]. It should be

tressed that Co plays an outstanding role in the catalysts. As Co
s finely dispersed on the catalysts, H2 pretreatment may pro-
uce more oxygen vacancy around Co. Under lean conditions, O2
as prone to absorb and dissociate on such sites. Atomic oxygen

ubsequently migrated to adsorbed NO or the nearby Ba phase.
his process improved the gas NO2/NO ratio and sped up nitrite
ormation and oxidation. According to the in situ DRIFTS experi-

ents, Co addition accelerated nitrites/nitrates formation on both
he Ba and Al sites during the initial storage stage, which plays
n important role during the relatively short storage period in
yclic operating conditions. Additionally, the synergistic effect of
t and Co can catalyze H2 to reduce the surface nitrites/nitrates
nd provide a higher NOx removal activity than the Pt/Ba/Al2O3
atalyst.

. Conclusions

On the basis of the comparative studies of Pt and/or Co-
upported catalysts, we confirmed the unique performance of
o species. The improved lean/rich cyclic NOx removal perfor-
ance on Pt/Co/Ba/Al2O3 was a comprehensive consequence of

mproved storage and reduction ability. The addition of Co led to
igh NO oxidation ability, as well as decreased thermal stability
f nitrite/nitrate species, which may be ascribed to the specific
nteraction of Co with the storage sites. High NOx conversion was
btained with a low concentration reductant and longer duration
ime or with a high concentration reductant and shorter duration
ime during the rich phase. Study of the mechanisms study demon-
trated that Co-containing catalysts take the “nitrite route” as an
mportant pathway during NOx storage. Not only dose Co addi-
ion accelerates nitrites/nitrates formation on Ba sites, but it also
mproves NOx adsorption on Al sites. The intimate contact of Co

ith Ba/Al provides more active sites for NO adsorption, oxidation
nd desorption, and the synergistic effect of Pt and Co can accelerate
Ox reduction.
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