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a b s t r a c t

The NOx storage and reduction (NSR) performance of low platinum (0.5 wt%) 0.5Pt–CoOx–15BaO/Al2O3

catalysts with varied Co loadings and calcination temperatures was studied to investigate the promotional
effect of CoOx on the NSR catalysis. The NSR performance was tested under cyclic lean–rich conditions,
and was evaluated in terms of NOx storage capacity (NSC) under the lean condition, the N2 selectivity
and the amount of nitrogen-containing products (namely, the NOx reduction capacity (NRC)) under the
rich condition. For the catalysts calcined at 800 ◦C, addition of CoOx to the 0.5Pt–15BaO/Al2O3 catalyst
enhanced the NSC but lowered significantly the NRC, which made the NRC/NSC ratios dropped signifi-
cantly from 0.82 for the reference 0.5Pt–15BaO/Al2O3 catalyst to around 0.50 for the catalysts containing
1 and 5 wt% Co, and to 0.37 for the catalyst containing 10 wt% Co. Moreover, the N selectivity remained
2

at around 50% for the 0.5Pt–CoOx–15BaO/Al2O3 catalysts when the Co loading was kept low (0–5 wt%),
and decreased significantly to 30% when the Co loading was 10 wt%. The calcination temperature of the
0.5Pt–CoOx–15BaO/Al2O3 sample containing 5 wt% Co was varied in the range of 350–800 ◦C to improve
the NSR performance. The catalyst calcined at 550 ◦C was found to produce the highest NRC/NSC ratio
(0.80) and N2 selectivity (76.1%) under the rich condition. The maximum efficiency for NSR catalysis of

asso
this catalyst seemed to be

. Introduction

Automobile lean-burn engines can improve fuel efficiency by
a. 20–30% over the traditional stoichiometric engines. However,
he lean NOx abatement, reducing NOx to N2 in the oxygen rich
ean-exhausts represents a major technique challenge to control
mission from the fuel efficient automobile. The catalytic NOx

torage and reduction (NSR) or lean NOx trap (LNT) technology, pro-
osed by Toyota researchers in the middle of 1990s [1,2], has been
ecognized as one of the most promising approaches to the lean
Ox abatement. The principle of NSR technology is based on the
xidative storage of NOx primarily as nitrates over a NSR catalyst
nder the normal lean-burn operation (lean storage phase), fol-

owed by the reduction of the stored NOx to N2 under intermittently
hort rich-burn operation (rich regeneration phase) to recover the

atalyst for NOx storage. The NSR concept obviates the difficulty
n selective reduction of NOx under far excessive oxygen, but still
reserves the fuel efficiency of the lean-burn engine since the lean
torage phase is much longer than the rich regeneration phase.

∗ Corresponding authors. Tel.: +86 10 62789022; fax: +86 10 62789022.
E-mail addresses: kqsun@mail.tsinghua.edu.cn (K.-Q. Sun), bqxu@mail.tsinghua.

du.cn (B.-Q. Xu).

920-5861/$ – see front matter © 2010 Elsevier B.V. All rights reserved.
oi:10.1016/j.cattod.2010.06.008
ciated with the amount of binary Pt–Co oxides.
© 2010 Elsevier B.V. All rights reserved.

The most investigated NSR catalyst system is based on
Pt–BaO/Al2O3 consisting primarily of Pt and BaO dispersed on a �-
Al2O3 support. The basic BaO provides the NOx storage sites and the
Pt metal provides the active sites for the oxidation of NO during lean
conditions as well as the reduction of the stored NOx during rich
conditions [3,4]. Extensive studies have been carried out to iden-
tify highly performing NSR catalysts. Addition of transition metal
oxides (MnOx, FeOx, CeOx, CoOx) to Pt–BaO/Al2O3 was shown to be
an effective way to improve the NOx storage capacity (NSC) and
the stability of the catalyst [5–12]. Of particular interest is the CoOx

promotion, it was found that an addition of 5 wt% Co enhanced
the NSC of the conventional 1Pt–15BaO/Al2O3 catalyst (Pt and Ba
loadings are 1 and 15 wt%, respectively) by 100% [7]. Particularly,
a Co-promoted Pt–BaO/Al2O3 catalyst loaded as low as 0.25 wt% Pt
produced a NSC comparable to the conventional 1Pt–15BaO/Al2O3
catalyst [7]. These findings suggest a promising way for reducing
the cost of NSR catalysts by using in-expensive transition metal
oxides to partially replace the expensive platinum group metals.
However, these earlier studies were mainly directed to under-

stand the NOx storage performance under lean conditions, with less
attention paid to the NOx reduction under rich conditions. Recent
research focused on understanding the reduction of the stored NOx

over the Pt–BaO/Al2O3 catalyst under rich conditions detected, in
addition to N2, the formation of undesired products such as NH3

dx.doi.org/10.1016/j.cattod.2010.06.008
http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
mailto:kqsun@mail.tsinghua.edu.cn
mailto:bqxu@mail.tsinghua.penalty -@M edu.cn
dx.doi.org/10.1016/j.cattod.2010.06.008


Today

a
o
s

N
c
c
w
c
e
l
i

2

2

V
y
p
w
8

w
[
i
f
i
l
o
b
i
w
d
C
0
b
l

2

D
(

c
m
5
t
f
l
w

T
C

r

Z. Hu et al. / Catalysis

nd N2O [13–16]. However, knowledge about the effect of CoOx

n the overall NSR performance especially on the reduction of the
tored NOx over Pt–CoOx–BaO/Al2O3 catalyst is very limited.

In this work, we firstly investigated the characteristics of the
SR performance of low platinum (ca. 0.5 wt%) Pt–CoOx–BaO/Al2O3
atalysts by varying the Co loading from 1 to 10 wt% but fixing the
atalyst calcination at 800 ◦C. The catalyst calcination temperature
as then changed in the range of 350–800 ◦C to understand the

alcination temperature effect on the catalyst performance. Our
valuation of the NSR performance was made by paying particu-
ar attention to detecting every possible nitrogen-containing gas
ncluding NH3 and N2O under rich condition.

. Experimental

.1. Catalyst preparation

The �-Al2O3 support (SBET = 160 m2/g, pore volume
p = 0.37 cm3/g) was prepared through conventional hydrol-
sis of Al(NO3)3·9H2O with an aqueous ammonia solution at
H = 10. The obtained Al(OH)3 hydrogel was then thoroughly
ashed, dried overnight at 110 ◦C and calcined in a flowing air at

00 ◦C for 5 h.
Pt–CoOx–BaO/Al2O3 catalysts, with 0.5 wt% Pt and 15 wt% Ba

ere prepared via a sequential two-step wet impregnation method
17]. In the first step, BaO/Al2O3 sample was prepared by wet
mpregnation of the �-Al2O3 with an aqueous solution of Ba(NO3)2,
ollowed by drying at 60 ◦C in a rotary evaporator and calcination
n a flowing air at 800 ◦C for 5 h. In the second step, Pt and Co were
oaded by co-impregnation of the BaO/Al2O3 sample with an aque-
us solution of Pt(NH3)4(NO3)2 (Alfa) and Co(NO3)2·6H2O, followed
y drying at 60 ◦C in a rotary evaporator and calcination in a flow-

ng air at 350–800 ◦C for 5 h. The composition of these catalysts
as analyzed by XRF (Table 1). The catalysts thus prepared were
enoted as 0.5Pt–nCoOx–BaO/Al2O3-T, where “n” represented the
o loading and “T” the calcination temperature. Pt–BaO/Al2O3 with
.5 wt% Pt and 15 wt% Ba was also prepared as a reference catalyst
y the above procedure except that only Pt in the second step was

oaded.

.2. Characterization

X-ray diffraction (XRD) patterns were collected on a Bruker
8 Advance X-ray diffractometer with a Ni-filtered Cu K�

� = 0.15406 nm) radiation source at 40 kV and 40 mA.
Temperature programmed reduction (TPR) experiments were

onducted in a flow of 5 vol% H2 in Ar on a home-made TPR equip-
ent with a TCD detector as described previously [17,18]. About
0 mg of catalyst was placed in a quartz reactor (4 mm i.d.) and pre-
reated with pure oxygen at the catalyst calcination temperature
or 30 min and then cooled down to room temperature. After stabi-
ization of the baseline in a flow of 5 vol% H2 in Ar, the temperature

as then raised to 800 ◦C with a temperature ramp of 10 ◦C/min

able 1
omposition of 0.5Pt–nCoOx–15BaO/Al2O3 catalysts.

Catalyst Loadinga (wt%)

Pt Ba Co

0.5Pt–15BaO/Al2O3-800 0.46 15.4 –
0.5Pt–1CoOx–15BaO/Al2O3-800 0.46 15.3 0.98
0.5Pt–5CoOx–15BaO/Al2O3-Tb 0.44 15.2 4.91
0.5Pt–10CoOx–15BaO/Al2O3-800 0.47 15.5 9.94

a Determined by XRF.
b “T” represents the calcination temperature of 350, 450, 550, 650 and 800 ◦C,

espectively.
158 (2010) 432–438 433

and held at the final temperature for 30 min. Water formed during
the reduction was completely removed with a cold trap (−100 ◦C)
to avoid its interference to the TCD signal.

2.3. Evaluation of NSR performance

The NOx storage and reduction performance of the catalysts was
evaluated using a fixed bed plug-flow quartz reactor (4 mm i.d.)
under cyclic lean (1000 ppm NO and 10 vol% O2 in Ar, 50 min) and
rich (1 vol% H2 in Ar, 15 min) conditions at 300 ◦C. The lean–rich
switches were intervened by an Ar purge for 5 min, which removes
those NOx reversibly adsorbed on the catalyst and flushes gaseous
NOx in the reactor tube, and thus is helpful for studying the intrin-
sic performance of the catalysts for the reduction of the stored NOx.
Prior to each test, the catalyst (60 mg) was pretreated at its calci-
nation temperature for 30 min in 5 vol% H2 in Ar and subsequently
cooled to 300 ◦C. The NSR data were collected under cycle-average
steady state which was generally achieved after the second or third
lean–rich cycle. The overall gas flow rate was 40 mL/min, which
corresponds to a gas hourly space velocity of 40,000 mL/(g h). The
reactor effluent was on-line analyzed by a well-calibrated mass
spectrometer (Inprocess Instruments, GAM 200) with the following
mass-to-charge (m/e) ratios: 2 (H2), 15 (NH3), 28 (N2), 30 (NO, NO2),
32 (O2), 40 (Ar), 44 (N2O) and 46 (NO2). The time-averaged prod-
uct selectivity under the rich condition was calculated based on the
number of nitrogen atom in the nitrogen-containing products.

Temperature programmed desorption of NOx (NOx-TPD) exper-
iment was conducted on the same setup for the NSR measurements
in an Ar flow (40 mL/min) from 200 to 800 ◦C with a temperature
ramp of 10 ◦C/min. Prior to the NOx-TPD measurement, the sample
was conditioned under the cyclic lean–rich conditions to reach a
steady state, and then saturated with NOx under the lean condition
at 300 ◦C.

3. Results and discussion

3.1. Effect of cobalt loading

A series of 0.5Pt–nCoOx–15BaO/Al2O3-800 catalysts with Co
loadings varying from 1 to 10 wt% were used to investigate the
effect of Co loading on the NSR performance. The XRD patterns of
these catalysts as well as the Co-free reference 0.5Pt–15BaO/Al2O3-
800 catalyst are shown in Fig. 1. All of the catalysts showed the
peaks characteristic of �-Al2O3 phase at 2� = 19.5◦, 31.6◦, 32.7◦,
37.5◦, 39.5◦ and 45.7◦ (JCPDS 10-0425), of BaAl2O4 at 2� = 19.6◦,
28.3◦, 34.3◦, 40.1◦ and 41.0◦ (JCPDS 17-0306), and of metallic Pt at
2� = 39.8◦ (JCPDS 04-0802). The diffractions at 2� = 31.3◦, 36.9◦ and
44.8◦are characteristic of Co3O4, and their intensity increased with
increasing the Co loading.

Fig. 2 shows the time-course of NOx storage under the lean con-
dition (breakthrough curve) over the 0.5Pt–nCoOx–15BaO/Al2O3-
800 catalysts. Complete NOx uptake occurred upon exposing these
catalysts to NO/O2 mixture. After a short dead time, NO and NO2
evolved simultaneously. The concentration of NOx (NO + NO2) then
increased steadily, and after about 25 min, the outlet NOx concen-
tration reached that of the inlet NO, indicating that the catalyst was
saturated. It is noted that the addition of CoOx prolonged the dead
time for the complete NOx trapping and made the NO curves less
prominent and the NO2 curves more prominent compared with the
reference 0.5Pt–15BaO/Al2O3-800 catalyst.
Quantified results for the NOx storage are shown in Table 2.
The NSC increased from 0.22 mmol/g for the reference cata-
lyst (0.5Pt–15BaO/Al2O3-800) to 0.24 and 0.25 mmol/g for the
catalysts loaded with 1 and 5 wt% Co (0.5Pt–1CoOx–15BaO/Al2O3-
800 and 0.5Pt–5CoOx–15BaO/Al2O3-800), respectively, and then
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ig. 1. XRD patterns of 0.5Pt–nCoOx–15BaO/Al2O3-800 catalysts of n = 0 (a), 1 (b),
(c), 10 (d). The remarks refer to the diffraction peaks for Pt (dashed), Al2O3 (�),

o3O4 (©), BaAl2O4 (�).

o 0.41 mmol/g when the Co loading was increased to 10 wt%
0.5Pt–10CoOx–15BaO/Al2O3-800). The oxidation ability of these
atalysts, evaluating by the NO2/NOx ratio (Table 2) after being
aturated with NOx, also increased from 0.38 for the refer-
nce 0.5Pt–15BaO/Al2O3-800 to 0.43, 0.75 and 0.93 for the
.5Pt–nCoOx–15BaO/Al2O3-800 catalysts containing 1, 5 and
0 wt% Co, respectively. These results indicate that the oxidation

ctivity of the catalyst increased significantly with the increasing
o loading, which are in line with the literature that additional cat-
lytic sites for NO oxidation were generated due to the presence of
oOx (most probably in a form of Co3O4) [8,11].

ig. 2. Time-course of NOx storage under the lean condition (breakthrough curve)
ver 0.5Pt–nCoOx–15BaO/Al2O3-800 catalysts with cobalt loading (n) of 0, 1, 5 and
0 wt%, respectively.
158 (2010) 432–438

The different shapes of the breakthrough curves reflect the dif-
ferent intrinsic kinetics during NOx storage. Two main mechanisms
have been proposed for NOx storage starting from “NO + O2” [3,4]:
the “nitrite route” – NO is oxidatively adsorbed as nitrites on neigh-
boring Pt–BaO sites, followed by successive oxidation of the nitrites
to nitrates; and the “nitrate route” – NO is oxidized to NO2 on Pt sites
followed by surface spillover or gas-phase diffusion to the “BaO”
sites, and then stored as nitrates. In the second mechanism, one
“BaO” site would react with three NO2 molecules but only two of
them can be stored, the other NO2 molecule returned to NO via dis-
proportionation (BaO + 3NO2 → Ba(NO3)2 + NO). Therefore, the less
prominent NO but more prominent NO2 curves after the addition
of CoOx to the 0.5Pt–15BaO/Al2O3-800 catalyst would indicate that
the presence of CoOx depressed the disproportionation reaction of
NO2 and would therefore imply that the “nitrite route” prevails on
the Co-containing catalysts. This explanation is in line with the lit-
erature that CoOx could provide additional boundary for NOx and
oxygen spillover to BaO [8,11].

Fig. 3 shows the time-course of NOx reduction under the
rich condition over the 0.5Pt–nCoOx–15BaO/Al2O3-800 catalysts
of varied Co loadings. N2 was detected immediately upon
exposure of the stored NOx to the flowing 1 vol% H2/Ar and
its concentration reached a plateau in less than 1 min, dur-
ing which complete consumption of H2 was observed. For
the reference 0.5Pt–15BaO/Al2O3-800, the plateau concentra-
tion of N2 was about 2000 ppm, which agrees well with that
expected from the stoichiometry of nitrates reduction with H2
(2NO3

− + 5H2 → N2 + O2− + 5H2O), suggesting that the reduction of
the stored NOx is very fast and limited by the supply of H2. However,
adding 1 wt% Co to the 0.5Pt–15BaO/Al2O3-800 catalyst lowered
significantly the plateau N2 concentration. And, such a lowering
in the N2 plateau concentration became more pronounced with
increasing the Co loading. In addition to the N2 formation, NH3, N2O,
and even NO and NO2 were also detected in concentrations depen-
dent on the Co loading. For the 0.5Pt–nCoOx–15BaO/Al2O3-800
catalysts with n ≤ 5 (including the reference catalyst), the forma-
tion of N2 dominated clearly over the other products (N2O, NO
and NO2) in the first minute or so, and the formation of NH3 coin-
cided basically with the evolution of unreacted H2. The change of
the reduction product selectivity to favor NH3 formation after the
N2 peak was in good agreement with the literature [13–17]. How-
ever, for the 0.5Pt–10CoOx–15BaO/Al2O3-800 catalyst with n = 10,
N2 and NH3, and also the other products (N2O, NO and NO2) were
simultaneously produced even at the very initial moments of the
H2 admission.

Quantified results for the overall reduction of the stored NOx

under the rich condition are presented in Table 2. The product
selectivity on the 0.5Pt–nCoOx–15BaO/Al2O3-800 catalysts with Co
loadings no higher than 5 wt% is quite similar, showing N2 selectiv-
ity of around 50%. For the 0.5Pt–10CoOx–15BaO/Al2O3-800 catalyst,
however, the N2 selectivity decreased to as low as 30%, while the
respective selectivity to N2O and NOx increased to as high as ca. 25%.

The most striking effect of CoOx addition to the Pt–BaO catalyst
was exemplified by the amount of nitrogen-containing products
detected under the rich condition, namely the NOx reduction capac-
ity (NRC). The NRC decreased from 0.18 mmol/g for the reference
0.5Pt–15BaO/Al2O3-800 catalyst to 0.12, 0.14 and 0.15 mmol/g for
the 0.5Pt–nCoOx–15BaO/Al2O3-800 catalysts with n = 1, 5 and 10,
respectively. This observation contrasts sharply with the enhanced
NSC measured under the lean condition on cobalt addition. To high-
light the different effects of CoOx on the NSC and the NRC, NRC/NSC

ratios were then calculated. The NRC/NSC ratio (Table 2) was 0.82
for the reference 0.5Pt–15BaO/Al2O3-800 catalyst, but dropped sig-
nificantly to around 0.50 for the 0.5Pt–nCoOx–15BaO/Al2O3-800
catalysts containing 1% and 5 wt% Co, and further to 0.37 for the
0.5Pt–10CoOx–15BaO/Al2O3-800 catalyst.



Z. Hu et al. / Catalysis Today 158 (2010) 432–438 435

Table 2
NOx storage and reduction performance of 0.5Pt–nCoOx–15BaO/Al2O3-800 catalysts measured under lean (1000 ppm NO, 10% O2 in Ar)/rich (1% H2 in Ar) conditions.

Catalyst NOx storage NOx reduction NRC/NSC

NSCa NO2/NOx
b NRCc Selectivityd (N%)

N2 NH3 N2O NO NO2

0.5Pt–BaO/Al2O3 0.22 0.38 0.18 52.5 38.3 9.2 0.0 0.0 0.82
0.5Pt–1CoOx–BaO/Al2O3 0.24 0.43 0.12 49.2 45.0 5.8 0.0 0.0 0.50
0.5Pt–5CoOx–BaO/Al2O3 0.25 0.75 0.14 51.3 39.5 4.9 4.3 0.0 0.56
0.5Pt–10CoOx–BaO/Al2O3 0.41 0.93 0.15 29.8 19.7 24.2 23.4 2.9 0.37

a NOx storage capacity (mmol/g-cat) based on nitrogen number under the lean condition.
2 adso
er de

s
N
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a

b Fraction of NO2 in the effluent NOx when the catalysts were saturated by NO/O
c Amount of nitrogen-containing products (mmol/g-cat) based on nitrogen numb
d Time-averaged overall selectivity based on the nitrogen calibration.

The smaller numbers of NRC in comparison with their corre-
ponding NSCs were caused by the removal of reversibly adsorbed
Ox during the Ar purge intervening the lean–rich switches. The

ignificant drop in the NRC/NSC ratio after the Co addition indi-
ates that the fraction of the reversibly adsorbed NOx among the
tored NOx over the 0.5Pt–nCoOx–15BaO/Al2O3-800 catalysts was
uch higher than that over the reference 0.5Pt–15BaO/Al2O3-800

atalyst. Noted that in the study when the lean-to-rich switch
as not intervened by an inert gas purge, distinct “overshoot”

f NOx at the beginning of the reduction phase was observed on
o-containing catalysts by Vijay et al. [7]. The “overshoot” of NOx

as attributed to reversibly adsorbed NOx, which would contribute

o a larger NSC but virtually cannot be reduced to N2. There-
ore, the enhanced reversible adsorption of NOx over the present
.5Pt–nCoOx–15BaO/Al2O3-800 catalysts, i.e., the smaller NRC/NSC
atios (≤0.56), implies that a large part of the NOx under the lean

ig. 3. Time-course of NOx reduction under the rich condition over
.5Pt–nCoOx–15BaO/Al2O3-800 catalysts with cobalt loading (n) of 0, 1, 5
nd 10 wt%, respectively.
rption.
tected under the rich condition.

phase cannot lead to NOx abatement in the whole lean–rich cycle.
Taking into account of the lower N2 selectivity (Table 2), the above
results strongly indicate that the addition of CoOx to the refer-
ence low platinum catalyst 0.5Pt–15BaO/Al2O3-800 leads to severe
performance deterioration of the NSR catalyst.

The NSR performance of Pt–BaO catalyst depends critically on
the nature of the BaO-based NOx trapping sites (BaO), the Pt-
based redox sites for NOx oxidation and reduction catalysis, and
the Pt–BaO interaction [3,4,19]. The 0.5Pt–nCoOx–15BaO/Al2O3-
800 catalysts investigated as above were prepared by the sequential
two-step impregnation method. Before the loading of Pt and CoOx

(i.e., co-impregnation in the second step), the BaO sites were gen-
erated by calcination at 800 ◦C in the first step (i.e., impregnation
of Ba(NO3)2). The added CoOx could modify the Pt sites and Pt–BaO
interaction, and also generate new CoOx–BaO interaction. These
factors would be likely responsible for the deterioration of the NSR
performance after the Co addition. It was reported that the cata-
lyst calcination temperature would affect significantly the nature
of Pt–CoOx interactions [20]. We therefore studied in the following
section the effect of catalyst calcination temperature on the NSR
performance using the sample loaded with 5 wt% Co.

3.2. Effect of calcination temperature

Fig. 4 shows the time-course of NOx storage under the lean
condition over 0.5Pt–5CoOx–15BaO/Al2O3-T catalysts with calci-
nation temperature (T) varied from 350 to 800 ◦C. Lowering the
T from 800 to 350 ◦C obviously prolonged the dead time period,
i.e., the complete trapping of NOx lasted for longer times. Further-
more, the breakthrough curves became less steep on decreasing
the catalyst calcination temperature, and the time required for
the outlet NOx concentration to reach the inlet value extended
from 25 min at T = 800 ◦C to 30 min (T = 650 ◦C), 35 min (T = 550 ◦C)
and 45 min (T = 350 and 450 ◦C, respectively). Accordingly, the NSC
(Table 3) increased monotonously from 0.25 to 0.52, 0.71, 0.89 and
0.92 mmol/g, respectively, when the T was lowered from 800 to
650, 550, 450 and 350 ◦C. On the other hand, the NO2/NOx ratio
(Table 3), increased slightly from 0.75 at T = 800 ◦C to 0.80 and
0.81 mmol/g at T = 650 and 550 ◦C, respectively, and then decreased
obviously to 0.60 and 0.65 at T = 450 and 350 ◦C, respectively. These
results indicated clearly that the NOx storage performance of the
0.5Pt–5CoOx–15BaO/Al2O3-T catalysts has been profoundly modi-
fied with the calcination temperature.

The performance of the 0.5Pt–5CoOx–15BaO/Al2O3-T catalysts
for the reduction of the stored NOx is shown in Fig. 5 by present-
ing the time-course of NOx reduction under the rich condition. The

evolution profiles over these catalysts were similar, characterized
by the dominate formation of N2 in the first minute or so, and the
subsequent formation of NH3 coincided with the evolution of unre-
acted H2 when the stored NOx was largely consumed. Furthermore,
traces of N2O and NOx (NO + NO2) were detected over the catalyst
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ig. 4. Time-course of NOx storage under the lean condition (breakthrough curve)
ver 0.5Pt–5CoOx–15BaO/Al2O3-T catalysts with calcination temperature (T) of 350,
50, 550, 650 and 800 ◦C, respectively.

f T = 800 ◦C, but their production was much more pronounced for
he catalysts of T < 800 ◦C.

Quantified results for the reduction of the stored NOx over the
.5Pt–5CoOx–15BaO/Al2O3-T catalysts are shown in Table 3. The
2 selectivity increased remarkably from 51.3% to 76.1% when the
was lowered from 800 to 550 ◦C. However, the N2 selectivity then
ecreased to around 60% on further lowering the T to 450 and
50 ◦C. The selectivity of the other products (NH3, N2O, NO and
O2) also depends markedly on the calcination temperature. The
H3 selectivity dropped from 39.5% for the catalyst of T = 800 ◦C to
elow 15% for the catalysts of T < 800 ◦C, while the overall selec-
ivity to N2O, NO and NO2 increased from about 9% at T = 800 ◦C
o above 15% for the catalysts of T < 800 ◦C. The measurement of
RC provides another criterion to evaluate the catalyst perfor-
ance. Although the number of NRC increased monotonously with
owering the calcination temperature, the NRC/NSC ratio (Table 3)
howed a maximum of 0.80 at T = 550 ◦C. These results clearly indi-
ate that the catalyst of T = 550 ◦C showed the maximum efficiency
or NSR catalysis. It should be noted that the N2 selectivity of
he 0.5Pt–5CoOx–15BaO/Al2O3-550 catalyst was still substantially

able 3
Ox storage and reduction performance of 0.5Pt–5CoOx–15BaO/Al2O3 catalysts measured

Calc. temp. NOx storage NOx reduction

NSCa NO2/NOx
b NRCc Selectivit

N2

350 0.92 0.65 0.67 58.6
450 0.89 0.60 0.60 63.8
550 0.71 0.81 0.57 76.1
650 0.52 0.80 0.38 54.8
800 0.25 0.75 0.14 51.3

a NOx storage capacity (mmol/g-cat) based on nitrogen number under the lean conditio
b Fraction of NO2 in the effluent NOx when the catalysts were saturated by NO/O2 adso
c Amount of nitrogen-containing products (mmol/g-cat) based on nitrogen number de
d Time-averaged overall selectivity based on the nitrogen calibration.
Fig. 5. Time-course of NOx reduction under the rich condition over
0.5Pt–5CoOx–15BaO/Al2O3-T catalysts with calcination temperature (T) of
350, 450, 550, 650 and 800 ◦C, respectively.

lower than that (84.8%) of the 0.5Pt–15BaO/ZrO2–Al2O3 catalyst
(0.5 wt% Pt) which we uncovered very recently [17], but much
higher than that of the reference 0.5Pt–15BaO/Al2O3-800 catalyst.
The above results indicate also that the clear detection of every
possible nitrogen-containing product (N2, NH3, N2O, NO and NO2)
during the reduction of the stored NOx under the rich condition,
is important for accurate evaluation of the actual deNOx (to N2)
capability of NSR catalyst.

The product selectivity during the reduction of the stored NOx

depends intrinsically on the local ratio of the concentration of
nitrogen-containing species to that of the hydrogen (N/H ratio)
on the Pt sites where NOx reduction occurs [13–16,19,21]. Higher

N/H ratio would favor the formation of N2, while the lower ratio
the formation of NH3. Since the activation of H2 on Pt sites is not
the limiting step, as indicated by the complete consumption of
H2 at the initial exposure of the stored NOx to the flowing H2/Ar

under lean (1000 ppm NO, 10% O2 in Ar)/rich (1% H2 in Ar) conditions.

NRC/NSC

yd (N%)

NH3 N2O NO NO2

14.8 11.2 12.0 3.4 0.73
12.2 9.9 12.3 1.8 0.67

9.3 6.3 4.3 4.0 0.80
12.7 13.8 13.8 4.9 0.73
39.5 4.9 4.3 0.0 0.56

n.
rption.
tected under the rich condition.
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ig. 6. NOx-TPD profiles of 0.5Pt–15BaO/Al2O3-800 catalyst and
.5Pt–5CoOx–15BaO/Al2O3-T catalysts.

Figs. 3 and 5), the release of NOx from the tapping BaO sites is
ritical for the product selectivity.

The NOx release performance of the 0.5Pt–5CoOx–15BaO/Al2O3-
catalysts was then evaluated by NOx-TPD after these catalysts

ad reached their steady states through lean–rich alternations
nd then saturated with NOx under the lean condition at 300 ◦C.
he NOx-TPD curves (Fig. 6) of 0.5Pt–5CoOx–15BaO/Al2O3-T
atalysts were characterized by a broad NO peak in the tem-
erature range of 300–600 ◦C, which enveloped a strong O2
esorption peak and a very weak NO2 peak. Compared to the
istinct NO and NO2 peaks observed on the NOx-TPD curves
f the reference 0.5Pt–15BaO/Al2O3-800 (Fig. 6) and of the
.5Pt–15BaO/ZrO2–Al2O3-800 reported in Ref. [17], the relative
mount of desorbed NO2 was significantly reduced and also the
eaks of NO and NO2 were shifted obviously to lower temperatures
y the Co addition. It should be noted that the peak tempera-
ure for NO desorption was the lowest for the catalyst of T = 550 ◦C
0.5Pt–5CoOx–15BaO/Al2O3-550). Remembering that this very cat-
lyst produced the highest N2 selectivity and the lowest NH3
electivity during NOx reduction under the rich condition (Fig. 5
nd Table 3), the above results suggest that the lower the desorption
emperature of NO in NOx-TPD, the higher the selectivity to N2 dur-
ng the reduction of the stored NOx, which well supports our earlier
bservation made on ZrO2–Al2O3 supported Pt–BaO catalysts
17].
The oxidative storage of NOx on Pt–BaO catalyst is an
quilibrium-driven reaction [3,4,22]. According to the principle
f microreversibility, the NOx release performance of the catalyst
hould be the integral result of many factors including the nature
f different sites (BaO, Pt and CoOx) as well as their interactions.
Fig. 7. H2-TPR profiles of 0.5Pt–5CoOx–15BaO/Al2O3-T catalysts of T = 550 ◦C (a),
650 ◦C (b) and 800 ◦C (c).

H2-TPR profiles (Fig. 7) of 0.5Pt–5CoOx–15BaO/Al2O3-T were
then measured to gain information on the nature of Pt and CoOx

sites. The TPR profiles for the catalysts of T = 350 and 450 ◦C were
not shown because the two catalysts contained nitrate salts of
the precursor (e.g. Co(NO3)2, Pt(NH3)4(NO3)2). The reduction of
these nitrates during the H2-TPR experiment would produce var-
ious nitrogen-containing species that interfere strongly with the
TCD signal. Three main reduction peaks in the temperature range
of 190–320, 320–530 and 600–800 ◦C could be clearly identified
on the TPR profiles of the catalysts of T = 550, 650 and 800 ◦C. The
two peaks at lower temperatures were weakened simultaneously
with increasing the catalyst calcination temperature (T). The inten-
sity of the broad peak at 600–800 ◦C did not change obviously with
the catalyst calcination temperature (T), but its maximum shifted
from around 710 to 780 ◦C when the T was increased from 550 to
800 ◦C. The peaks at 190–320 and 320–530 ◦C were then assigned
to the sequential reduction of Co3+ to Co2+ and Co2+ to metallic Co,
respectively [23]. Note that the reduction of surface and bulk plat-
inum oxides would also occur in these temperatures [24]. The broad
peak at 600–800 ◦C could be assigned to the reduction associated
with the Al2O3 support [17].

The TPR profile of the 0.5Pt–5CoOx–15BaO/Al2O3-550 catalyst
was characterized also by a small but distinctive peak at around
120 ◦C (insert of Fig. 7). Park et al. observed a similar peak at
100–130 ◦C on the TPR profiles of a series of Pt–Co/YSZ (YSZ: yttria-
stabilized zirconia) catalysts differing in Co loading [20], which
was assigned to the reduction of binary Pt–Co oxides, as dis-
cerned by careful HRTEM-EDX analysis [20]. Such binary Pt–Co
oxides were of the most prominent on the Pt–Co/YSZ catalysts cal-
cined at 500 ◦C but were converted to CoOx covered Pt entities
when the catalyst calcination temperature was raised to 700 ◦C

[20]. The small but distinctive peak on the TPR profile of the
0.5Pt–5CoOx–15BaO/Al2O3-550 catalyst could also be attributed
to a formation of the binary Pt–Co oxides. It is therefore that
the state of Pt and CoOx, and their interaction in the present
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.5Pt–5CoOx–15BaO/Al2O3-T catalysts were affected significantly
y the calcination temperature T. The isolated and/or weakly inter-
cted Pt and CoOx entities were predominant on the catalysts of
= 350 and 450 ◦C. And, a part of these entities were converted
t T = 550 ◦C to binary Pt–Co oxides, which further transformed to
oOx covered Pt domains at T = 650 and 800 ◦C.

The 0.5Pt–5CoOx–15BaO/Al2O3-550 catalyst exhibited the high-
st oxidation activity, as evidenced by the highest NO2/NOx ratio
hown in Table 3, which could be due to the facile reduction of
he Pt–Co binary oxides, since poisoning the Pt sites by strongly
dsorbed oxygen was the main reason for the catalyst deactivation
uring NO oxidation [25]. The easier reduction of the Pt–Co binary
xides would also create a driving force for NOx release from the
rapping barium sites to Pt sites, which would account for the low-
st NOx desorption temperature in the NOx-TPD profiles (Fig. 6)
f the 0.5Pt–5CoOx–15BaO/Al2O3-550 catalyst, and consequently
he highest N2 selectivity during the reduction of the stored NOx

nder the rich condition (Fig. 5 and Table 3). Moreover, the pres-
nce of CoOx–BaO boundary appeared to be detrimental to the NSR
erformance, as evidenced by the lowest NRC/NSC ratio (0.37) pro-
uced by the 0.5Pt–10CoOx–15BaO/Al2O3-800 catalyst (10 wt% Co)
Table 2). The generation of the binary Pt–Co oxides on the catalyst
f T = 550 ◦C would reduce the CoOx–BaO boundary, as compared
o the case of isolated CoOx and Pt sites on the catalysts of T = 350
nd 450 ◦C, and that of CoOx covered Pt entities on the catalysts of
= 650 and 800 ◦C. Consequently, the 0.5Pt–5CoOx–15BaO/Al2O3-
50 characterized by the binary Pt–Co oxides produced the highest
RC/NSC ratio over the 0.5Pt–5CoOx–15BaO/Al2O3-T catalysts. Fur-

her study would be required for understanding details of the
omposition and structure of the binary Pt–Co oxides in this highly
erforming NSR catalyst.

. Conclusions

The present data agreed well with earlier literature that the
romotion of conventional Pt–BaO/Al2O3 catalyst with CoOx could

ower the dependence on Pt of Pt–CoOx–BaO/Al2O3 catalyst for the
Ox storage catalysis. The NSC of the 0.5Pt–CoOx–15BaO/Al2O3-
00 catalyst increased with the increment in the Co loading. On
he other hand, the addition of CoOx promoter lowered signif-
cantly the NRC/NSC ratio and produced no positive effect on

he reduction of the stored NOx under the rich condition when
he Co loading was kept low (0–5 wt%) but very negative effect
nstead on further increasing the Co loading to 10 wt%, demonstrat-
ng that the presence of CoOx was harmful to the NOx reduction
atalysis.

[
[
[
[
[
[
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It was shown that the overall NSR performance of the
0.5Pt–5CoOx–15BaO/Al2O3 (5 wt% Co) catalyst could be drastically
affected by varying the catalyst calcination temperature in the
range of 350–800 ◦C. The NRC/NSC ratio and the N2 selectivity under
the rich condition were maximized when the catalyst calcination
was set at 550 ◦C. The maximum efficiency for NSR catalysis of this
0.5Pt–5CoOx–15BaO/Al2O3-550 catalyst seemed to be associated
with the amount of binary Pt–Co oxides. This work provided also
clear detection of every possible nitrogen-containing product (N2,
NH3, N2O, NO and NO2) during the reduction of the stored NOx

under the rich condition, which is important for accurate evaluation
of the actual deNOx (to N2) capability of the NSR catalyst.
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