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a b s t r a c t

The influences of temperature and reductant type on NOx storage and reduction behavior were studied by
transient lean/rich cycles and in situ diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS)
experiments over Pt/Ba/CeO2 catalysts. It is found that the reducing ability of H2 is more predominant
than that of CO and C3H6 especially at low temperatures. DRIFTS results showed that NOx can be stored
as nitrates on both Ba and Ce sites by replacing carbonates species during the lean phase. During the rich
phase, however, H2 regenerated Ba storage sites more effectively than did CO and C3H6, and Ba(NO3)2

could be easier reduced than Ce(NO ) . The relatively low reduction performance of CO was attributed to

Ox storage reduction
Ox removal efficiency
emperature
eductants
2

O
3H6

3 4

Pt sites being poisoned by CO, which affected low temperature performance, and by carbonates formation,
which affected high temperature conversions. The least reactivity of C3H6 was due to its lowest activation
ability by the catalysts. Furthermore, water addition had a positive effect on CO reduction ability at 200 ◦C
but little influence at elevated temperatures. It was assumed that H2O improved the low temperature
NOx reduction process by alleviating CO poisoning of Pt.
t/Ba/CeO2

. Introduction

Due to its fuel efficiency, the lean burn engine is considered
ne of the most promising technologies to meet the world’s energy
risis. Furthermore, its reduced CO2 emissions make it attractive
or climate change mitigation. Lean-burn exhaust, however, usually
ontains large amounts of NOx. As more stringent vehicle emission
tandards for NOx are implemented to protect the environment,
xhaust purification has become an urgent problem for lean-burn
ngines [1].

For decades, people have been committed to the development
f new technologies to eliminate NOx emission from lean-burn
xhaust. One of the most promising solutions is the use of NOx

torage reduction (NSR, also noted as lean NOx trap, LNT) catalysts
2]. The NSR catalyst, which was first developed by the Toyota Com-
any, usually contains noble metals (Pt, Pd, Rh), alkali or alkaline
arth metals (e.g., Ba), and a high surface area support. This cata-

yst is supposed to reduce NOx emission under a cyclic lean/rich

ode for diesel or lean-burn gasoline engines. In a typical lean
ngine operation, NO is oxidized to NO2 over noble metals and
hen stored as nitrites and/or nitrates on the storage components
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of the catalysts. After switching periodically to fuel-rich conditions,
the absorbed NOx is released and reduced to N2 by hydrogen (H2),
carbon monoxide (CO), and hydrocarbons (HC) [3–6].

Commonly, Al2O3 is applied as the support of NSR catalysts due
to its high surface area. Recent studies have, however, reported on
the advantages of CeO2 as an important component for three-way
catalysts, particularly in relation to its good oxygen storage capac-
ity, and its ability to maintain a high dispersion of noble metals and
improve the water-gas shift reaction [7–10]. Keeping these in mind,
CeO2 has been used as either an additive or support in NSR catalysts,
and its role varies according to research focus [11–18]. When CeO2
was used as the support of NSR catalysts, more attempts towards
NOx storage capacity, regeneration ability, thermal stability, and
sulfur resistance have been made. It has been reported that the
NOx storage capacity of Pt/Ba/CeO2 is related to the loading of Ba
and the thermal stability of surface BaCO3 [14,19]. When Ba loading
was lower than 10 wt%, Pt/Ba/CeO2 possesses a higher NOx storage
capacity than ZrO2, Al2O3, and SiO2 supported catalysts. When Ba
loading was up to 16.7 wt%, the NOx storage capacity of Pt/Ba/CeO2
decreased compared with ZrO2 and Al2O3 supported catalysts. The
authors proposed that BaCO3, which can be decomposed at low

temperatures (LT-BaCO3), was the most efficient Ba-phase for NOx

storage, and LT-BaCO3 were abundant at lower Ba loadings on
ceria supported catalysts. However, CeO2 supported catalysts with
C3H6 as the reductant exhibited inferior regeneration activity com-
pared to Al2O3 supported catalysts due to a faster reoxidation of

dx.doi.org/10.1016/j.apcatb.2011.02.018
http://www.sciencedirect.com/science/journal/09263373
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t particles during the lean phase [20]. To avoid such influence, a
re-reduction treatment at mild conditions was suggested to reac-
ivate Pt on Pt/Ba/CeO2, leading to significant enhancement in NSR
erformance. The thermal stability of Pt/Ba/CeO2 was also com-
ared with conventional Pt/Ba/Al2O3 [21,22]. After thermally aging
he two catalysts above 800 ◦C, BaCeO3 and BaAl2O4 were formed,
hich are believed to be detrimental for NOx storage. Nevertheless,

hese undesired species could be decomposed in H2O, NO2, and
O2 containing atmosphere, and the decomposition of BaCeO3 was
ore facile than BaAl2O4, making CeO2 a more favorable support.

ecently, a high surface area Pt/Ba/CeO2 catalyst was prepared,
howing higher sulfur tolerance than the Al2O3 based one [23].

Thus, CeO2 is considered to be a promising component in NSR
atalysts. However, most of the previous studies focused on the
tructure characterization or NOx storage capacity testing of the
atalyst [12–19], without considering both lean and rich stages of
SR process. As more emphasis has been paid on the reduction
rocess of typical NSR catalyst, we tried to give a realistic evalu-
tion of catalytic behavior for ceria supported catalysts by using
ifferent reductants. Our aim is to further confirm the limiting
teps and find the related restriction reasons during both the stor-
ge and reduction process over Pt/Ba/CeO2 catalyst. In the present
tudy, a transient flow reactor system was employed to evaluate the
erformance of Pt/Ba/CeO2 for NOx storage and reduction. To bet-
er understand the fundamental surface chemistry involved during
ean/rich periods, dynamic DRIFTS experiments were conducted by
etecting the evolution of adsorbed surface species during the NOx

torage and reduction process.

. Experimental

.1. Catalysts preparation

The CeO2 supports were prepared by a precipitation method.
ypically, NH4HCO3 aqueous solution (1 mol L−1) was dropped into
he Ce(NO3)3 aqueous solution (1 mol L−1) and kept at pH 9–10.
he obtained slurry was heated to 70 ◦C and stirred for 3 h. The
ample was then dried at 120 ◦C and calcined at 500 ◦C in air for
h. The CeO2 supported Pt/Ba catalysts were synthesized by the

ncipient wetness impregnation method. In brief, the CeO2 sup-
ort was impregnated with a Ba(CH3COO)2 solution, and Pt was
ubsequently added to Ba/CeO2 by the same procedure using PtCl4
s a precursor. After each impregnation, the samples were dried
vernight at 120 ◦C and further calcined in air at 500 ◦C for 3 h. The
ominal Ba and Pt loading were 20 wt% and 1 wt% respectively. The
repared catalysts were then sieved to 20–40 mesh before catalytic
easurements.

.2. Catalysts characterization

X-ray diffraction (XRD) patterns of the powder catalyst were
ecorded on Bruker D8 Discover (60 kV, 50 mA). The instrument was
perated in step mode between 10◦ and 90◦ 2� with a scan speed of
◦/min. 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 equipment
Quanta Chrome Instrument Co.). Prior to the measurement, the
atalyst was 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
ironmental 104 (2011) 151–160

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.

2.3. Cyclic NOx storage reduction tests

The NSR cyclic measurements were conducted with 100 mg
catalysts using a fixed-bed quartz micro-reactor with the inside
diameter of 4 mm. The reactor was connected to a pneumati-
cally actuated four-way valve, which allowed for quick switching
between lean and rich atmospheres. All gases were carefully
introduced by mass flow controllers with a total flow rate of
300 cm3/min, giving a space velocity of 90,000 h−1. The outlet NOx

(NO + NO2) concentration was monitored by a chemiluminescence
detector (ECO Physics CLD 62). The reactor was also equipped with
a bypass line to ensure inlet gas concentration.

It has been reported that Pt is more likely to be in its oxidative
state on ceria due to the high oxygen storage ability of ceria [20],
while metallic Pt is supposed to be the active site for NO oxidation
and reduction. Therefore, a H2 reduction pretreatment is proposed
to reactivate Pt sites before the NSR experiment [20]. In our study,
the catalysts were pre-reduced in 1% H2/N2 at 450 ◦C for 30 min,
and then exposed to rich atmosphere before stable testing tem-
peratures were reached (200, 300, and 400 ◦C). The ability of NO to
oxidize to NO2 was evaluated under a steady state after the catalyst
was saturated by NO/O2. The cycling experiments were conducted
with a lean period of 67 s and a rich period of 33 s. Constant flows
of 500 ppm NO with either 8% O2 or 5000 ppm H2, or 5000 ppm
CO or 556 ppm C3H6 (with the same molar reduction capacity)
were introduced alternately during each cycle. The evolution of
H2, CO and C3H6 were monitored by quadruple mass spectrom-
eter (Hiden HPR 20). Approximately 2% water vapor was added to
the gas flow when required. Fifteen lean/rich cycles were carried
out and average NOx conversion was calculated according to the
following formula:

NOx conversion = NOx,in − NOx,out

NOx,in
× 100% (1)

The reaction byproducts of NH3 and N2O were measured by IR
gas cell. The concentration of these byproducts were relatively low
(lower than 10 ppm) due to the low concentration reductant used
(0.5% H2 or CO), thus detailed selectivity were not reported here.

2.4. In situ DRIFTS study of NOx storage and reduction

In situ DRIFTS was performed on a Nexus 670 (Thermo Nicolet)
FTIR spectrometer equipped with an in situ diffuse reflection cham-
ber 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 temper-
ature controller were used to maintain an atmosphere identical to
the catalytic activity tests. To separate multiple reactions during the
complicated NOx storage and reduction process and allow for easy
study, the lean/rich period were prolonged to 60 min and 30 min.
Prior to recording DRIFT spectra, the catalyst was pretreated in 20%
O2/N2 for 30 min at 450 ◦C, and then another 30 min reduction in 1%
H2 at the same temperature. After pretreatment, the catalysts were
purged with N2 and cooled to the desired temperature (200, 300,
400 ◦C) to acquire a reference spectrum. After that, the catalysts
were exposed to a mixture of 500 ppm NO and 8% O2 and a series of

NOx adsorption spectra over time were collected. After adsorption
for an hour, the gas flow was switched to the reducing agent. Either
5000 ppm H2 or 5000 ppm CO or 556 ppm C3H6 balanced with N2
was used. All spectra reported here were collected at a resolution
of 4 cm−1.
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Table 1
The outlet concentrations of NO, NO2, NOx after Pt/Ba/CeO2 were saturated by NOx .

Temperature NO NO2 NOx NO2/NOx

(%)

spike appeared and then quickly decreased to zero. This spike has

F
a

2θ

Fig. 1. XRD patterns of Pt/Ba/CeO2 catalyst.

. Results and discussion

.1. Characterization results

Fig. 1 shows the XRD spectra of fresh Pt/Ba/CeO2 catalysts. Obvi-
usly, the CeO2 support exhibited a typical cubic fluorite structure
JCPDS No. 810792). The deposited Ba on the catalysts was mainly in
he form of crystalline BaCO3 (JCPDS No. 71-2394). This is in agree-
ent with previous reports that BaO could be easily transformed
o carbonate in the presence of air [24]. The reflection of Pt could
ot be observed due to its low content or its high dispersion on the
atalyst. Pure CeO2 had a surface area of 84.0 m2/g. As Ba and Pt
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ig. 2. Evolutions of NOx concentrations under cyclic lean-rich conditions with H2 as red
verage NOx conversion of each temperature. Lean (67 s): 500 ppm NO, 8% O2, N2 balance
200 493 5 498 0.1
300 458 35 493 7
400 254 238 492 48

were sequentially added, the surface area of Pt/Ba/CeO2 decreased
to 44.1 m2/g. The dispersion of Pt was estimated to 45%.

3.2. NOx storage and reduction by H2

Fig. 2a–c depicts the evolutions of NOx in the outlet feed of the
initial fifteen lean/rich cycles by using H2 as reductant at 200, 300
and 400 ◦C, respectively. Fig. 2d summarizes the average conver-
sions of these cycles at each temperature. As seen in Fig. 2a (200 ◦C),
a significant amount of NOx broke through before the end of the
storage period, and the outlet NOx concentration at the lean phase
gradually steadied at around 220 ppm with continuing cycles. This
indicates that NOx was not completely trapped on the catalysts
during the 67 s storage duration. Table 1 showed the outlet con-
centration of NO, NO2 and NOx when the catalyst was saturated
by NOx, representing NO oxidation ability. The NO conversion to
NO2 was as low as 0.1%, which may account for the limited storage
capacity of the catalyst at this temperature considering that NO2
could be more effectively trapped than NO [25,26]. When the gas
flow was subsequently switched to the rich atmosphere, a great
been commonly observed in previous research [13,27], and was
caused by different initial rates between nitrates decomposition
and released NOx reduction. Obviously, the NSR performance at this
temperature was limited by the storage process but not the release
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ig. 3. In-situ DRIFT spectra of storage and reduction processes over Pt/Ba/CeO2 usi
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r reduction. As cyclic NSR performance is determined by the co-
ffect of lean and rich stages, average NOx conversion during the
fteen cycles was used to describe the NOx removal efficiency. By
sing H2 as the reductant at 200 ◦C, average NOx conversion of 81%
nd H2 conversion of 75% were obtained. The consumption of H2
as about 26% higher than that required to reduce NOx, which could

e attributed to the consumption of oxygen whether released from
he catalyst or residual in the gas phase when transited from lean
o rich. When the temperature was increased to 300 ◦C, the outlet
Ox breakthrough decreased significantly to only 20 ppm during

he first cycle. With continuing cycles, however, more NOx spilled
ut and its concentration gradually steadied to around 100 ppm at
he end of the lean durations. The improved NOx storage capacity

t 300 ◦C compared with 200 ◦C was attributed to an increase in
O oxidation ability at this temperature (ca. 7%). The deactivation
f the first several cycles may relate to increased nitrates stability
ut less H2 reductive ability towards certain ad-NOx species. Fifteen
ycles gave an average NOx conversion of 93% at 300 ◦C, and the con-
Wavenumbers /cm

as reductant. Parts (a), (c) and (e) represented the storage process at 200 ◦C, 300 ◦C,

version of H2 increased to 97% due to the increased NOx reduction
ability and oxygen storage capacity of the catalyst. The consump-
tion of H2 by oxygen (residual or released) accounts for 42% of
the total. By increasing the temperature to 400 ◦C, both the lean
NOx breakthrough and transition spikes were greatly reduced and
the average NOx conversion reached 99%. This improvement was
likely due to the increased NO to NO2 conversion (ca. 48%) and the
high reactivity of H2 towards ad-NOx reduction with temperature
increases. The storage sites during the preceding lean phase could
be fully regenerated, thus leading to complete adsorption of NOx

during subsequent cycles. Moreover, the consumption of H2 was
nearly 100% at this temperature and that used for oxygen oxida-
tion accounts for 40%. For comparison, the NOx removal efficiency

of Pt/Ba/Al2O3 was also tested under the same reaction condition,
with NOx conversions of 90%, 95%, 92% at 200, 300, 400 ◦C, respec-
tively. Obviously, the best performance of Pt/Ba/Al2O3 was around
300 ◦C, while Pt/Ba/CeO2 performed well around 400 ◦C. The rela-
tive low activity of Pt/Ba/CeO2 at low temperatures compared with
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ig. 4. Evolutions of NOx concentrations under cyclic lean-rich conditions with CO
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t/Ba/Al2O3 may be ascribed to the relatively low surface areas
44.1 m2/g vs. 217.7 m2/g), the different dispersions of Pt and Ba
s well as the nitrates stability, which need a further investigation
n following work. We also noticed that the H2 consumption of
t/Ba/Al2O3 was about 10% lower than that of Pt/Ba/CeO2, which
ad a connection with the increased oxygen storage capacity of
eria compared with alumina.

The corresponding DRIFT spectra during the course of NOx stor-
ge and reduction (with H2) are presented in Fig. 3. The NOx storage
rofiles as a function of time at different temperatures are shown

n Fig. 3a, c and e. Specific absorption bands and their assignments
ere listed in Table 2. As NO and O2 were introduced over the cata-

ysts at 200 ◦C (Fig. 3a), the bidentate nitrates on barium sites (1585,
294, and 1020 cm−1) formed quickly. Specifically, the bands at
020 and 1294 cm−1 were assigned to the symmetric and asym-

etric stretching mode of –NO2, and the band at 1585 cm−1 was

haracteristic of N O vibration [6,28]. Another significant band at
110 cm−1 could be assigned to nitrates species on ceria [29]. Along
ith the formation of nitrates, two negative bands centered at 1515

able 2
ummary of the DRIFT spectral assignments.

Wavenumber (cm−1) Assignments Associated
phase

Reference

1585, 1294, 1020 Bidentate nitrate Ba [6,30]
1751, 1770, 815, 1342 Bulk nitrate Ba [31,34,36]
1182, 1110, 1074 Nitrate Ce [29,37]
1500–1600 Carbonate Ba [30,31,38,39,41]
1300–1400
863
2057 Carbonyl (-CO) Pt [30,36]
2175, 2121 Gas phase CO – [42]
uctant over Pt/Ba/CeO2 at 200 ◦C (a), 300 ◦C (b), 400 ◦C (c). Part (d) summarized the
d; rich (33 s): 500 ppm NO, 0.5% CO, N2 balanced.

and 1369 cm−1 also appeared and were attributed to the decompo-
sition of surface barium carbonates as barium carbonates were the
major form present before the background spectrum was collected
[6,30]. The NOx storage profiles indicate that barium nitrates were
formed by replacing carbonate species on the catalyst surface, and
this kind of carbonates was supposed to be LT-BaCO3, which were
active in NOx storage [19]. Previous studies have demonstrated
that the decarbonisation of barium carbonates under the effect
of NO2 was thermodynamically favorable even at room temper-
ature [30]. With time, the originally formed nitrate bands became
more intense. Additionally, weak bands around 1751 and 815 cm−1

became distinct at the end of storage. Roedel et al. [31] assigned
these two bands as bulk nitrates associated with barium by dif-
ferent IR techniques. The band at 1751 cm−1 was ascribed to the
combination mode (�1 + �4) of nitrate and the band at 815 cm−1 to
the �2 mode. According to this NOx storage feature, it is easy to
infer that surface nitrates gradually diffused into the bulk of the
catalyst with a continuous flowing lean stream. In addition, no evi-
dent intermediate species such as nitrites were observed during the
entire storage process. However, the formation of nitrites has been
widely reported on Pt/Ba/Al2O3 catalysts and has been considered
an important pathway for NOx adsorption [32–34]. Urakawa et al.
[35] also detected nitrites formation at the location of 1204 cm−1

on the surface of Pt/Ba/CeO2 by time-resolved DRIFTS. For the ceria
supported catalysts in the present study, we assumed that bands
of nitrite may be overlapped by the fast growing bands of nitrates
or nitrites quickly transformed to nitrates.
The impact of temperature on the features of surface species
during the lean phase was also speculated on. Obviously, the final
intensities of nitrate peaks (1294, 1110, and 1020 cm−1) at 300 ◦C
(Fig. 3c) were stronger than those at 200 ◦C (Fig. 3a), indicating
more trapping sites (both Ba and Ce) were utilized at elevated
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emperature. This result was consistent with the former transient
ow reactor test in Fig. 2, and was attributed to the increased NO
xidation ability of Pt/Ba/CeO2 at 300 ◦C. When the temperature
ncreased to 400 ◦C, nitrate bands became even more distinct. After
Ox storage for 60 min over Pt/Ba/CeO2 at this temperature, the
ain nitrate band at 1294 cm−1 shifted to 1342 cm−1. This transfor-
ation was caused by the increasing coverage of nitrate species and

he formation of bulk nitrates [34,36]. It also should be noted that
ands at 1751/1770 and 815 cm−1, which were previously ascribed
o bulk barium nitrates, increased significantly with tempera-
ure (200–400 ◦C). In addition, two bands at 1182 and 1074 cm−1

ecame apparent at 400 ◦C. These new bands appeared only at high
emperature and long exposure to NOx/O2 atmosphere, and they

ight be assigned to bulky ceria nitrates by comparing with the
Ox adsorption feature on pure ceria [37]. All these features support

he fact that increasing temperature accelerated surface nitrates
ormation as well as diffusion into bulk of the catalyst.

As the gas flow was switched to the reductive atmosphere of H2,
he NOx reduction efficiencies were significantly high for all tested
emperatures. As seen in Fig. 3b, d and f, the Ba(NO3)2 bands (1770,
585, 1294, 1020, and 815 cm−1) quickly disappeared as soon as
2 was introduced. Simultaneously, two broad negative bands at
535 and 1322 cm−1 and two small negative bands at 1750 and
63 cm−1 appeared, originating from the decomposition of car-
onates [30,31,38,39]. Based on this phenomenon, the negative
ands could be an indication of nitrates decomposition or reduction
uring the rich period. Though we have observed decarbonisa-
ion during the storage period, this feature was not so apparent
ue to partial overlapping by the formation of nitrates species.
ith nitrates decomposition and no carbon-containing species for-
ation during the rich period, the negative peaks dominated the

eduction spectra. By comparing the intensities of negative peaks at
ifferent temperatures, the amount of BaCO3 involved in the NSR
rocess could be identified. Clearly, the negative bands at 400 ◦C
ere more intense than those at 300 ◦C and 200 ◦C due to larger

eplacement of carbonates at the lean phase. These results were in
greement with the Ba(NO3)2 accumulation features observed in
ig. 3a, c and e. Furthermore, we also noted that most nitrate species
ere removed as soon as the reductant was introduced, however,

ome residual nitrates located on Ce sites (1110 cm−1) were still
resent even after 30 min reduction. Therefore, H2 appeared more
eactive towards Ba(NO3)2 reduction than Ce(NO3)4 reduction. The
emaining cerium nitrate at 300 ◦C was more predominant than at
00 ◦C, which is probably due to the increased NOx capture ability
n Ce sites but relatively low reduction effect towards Ce(NO3)4 at
his temperature. This provided additional evidence for the deacti-
ation of the initial cycling performance in Fig. 2b, which suggested
ecreased trapping capacity may arise from un-released cerium
itrate. The reduction process at 400 ◦C was much improved as evi-
enced by the disappearance of both Ba(NO3)2 and Ce(NO3)4 bands.

According the detailed DRIFTS analysis and cyclic experiment
bove, several main points were obtained:

) During the lean period, NOx can be adsorbed on both Ba and Ce
sites by replacing carbonates species, and the storage capacity
increased as a function of temperature from 200 to 400 ◦C.

) During the rich period, H2 regenerated the surface quickly,
Ba(NO3)2 could be easier reduced than Ce(NO3)4.

) When using H2 as the reductant, the cyclic NOx storage and
reduction performance was limited by NO oxidation and sorp-
tion at low temperatures.
.3. NOx storage and reduction by CO

Fig. 4a–c shows the outlet NOx concentration over Pt/Ba/CeO2
uring the fifteen consecutive lean/rich cycles at 200, 300 and
Fig. 5. In-situ DRIFT spectra of storage and reduction processes over Pt/Ba/CeO2

using CO as reductant. Parts (a)–(c) represented the reduction process at 200 ◦C,
300 ◦C, 400 ◦C.

400 ◦C using CO as the reductant. As seen in Fig. 4a (200 ◦C), the cat-
alyst exhibited similar NSC during the first cycle as that in Fig. 2a.

Nevertheless, the reduction efficiency was greatly deteriorated
when using CO compared with H2. The maximum NOx concentra-
tion reached as high as 3000 ppm during transition from lean to
rich atmosphere at 200 ◦C, demonstrating a relatively high releas-
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ng rate of ad-NOx when exposed to rich atmosphere. Subsequently,
he emitted NOx decreased due to the reduction performance of CO,
lthough the reduction effect was rather poor. A “step-like” feature
uring the rich phase represented the low NOx reduction efficiency
t this temperature. Only when the next lean cycle began, did the
Ox concentration at the end of reduction phase decrease sharply
ue to the trapping effect of the relaxed storage sites. It seems that
O could facilitate Ba(NO3)2 decomposition but not NOx reduction,
nlike H2 which could accelerate both steps. A similar conclusion
as obtained by James et al. [40]. In the present study, the low

egeneration efficiency of CO led to gradually decreasing NOx trap-
ing performance of subsequent cycles. As a result, an average NOx

onversion of 15% was obtained. When the temperature increased
o 300 ◦C (Fig. 4b), the cycle-averaged NOx conversion was signifi-
antly improved to 83%. This promising effect could be attributed
o both increased NOx storage and reduction efficiencies. However,
he NOx conversion at 400 ◦C decreased to 76%. This decline was
onnected with decreased NSC at this temperature, as illustrated
y the incomplete NOx storage feature in Fig. 4c. One possible rea-
on for this is that the reaction product of carbonates accumulated
n the catalysts, which influenced further decomposition of nitrates
nd thus NOx adsorption of subsequent cycles. This assumption was
urther confirmed by later DRIFTS experiments. The conversions of
O were 35%, 94%, 98% at 200, 300, 400 ◦C, respectively. The con-
umption of CO was attributed to both the reduction of NOx as well
s oxygen.

As DRIFT spectra of the NOx storage process were similar to those

n Fig. 3, Fig. 5 shows the corresponding NOx reduction process
ver the Pt/Ba/CeO2 sample using CO as the reductant. When the
eed was switched to CO at 200 ◦C (Fig. 5a), the previously formed
arium nitrates bands (1585, 1294, and 1022 cm−1) decreased

mmediately. However, the reduction feature of the nitrates peaks
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seemed less prominent when using CO compared to the similar
reduction process using H2 in Fig. 3b (assuming both cases have the
same accumulated nitrates amount at lean phase). This may be due
to the reaction products of barium carbonates being formed simul-
taneously with nitrates decomposition on the catalyst surface.
Consequently, the surface species comprised a mixture of newly
formed carbonates and unreleased nitrates. As the DRIFT spec-
tra of carbonates partially overlapped with nitrates, the gradually
growing bands around 1592 cm−1 and 1320 cm−1 were tentatively
ascribed to newly formed carbonates [41]. The location of these
carbonate species deviated somewhat from those replaced by NOx

during the storage process (negative peaks at 1535 and 1322 cm−1).
This may be attributed to the strong influence of unreleased nitrates
(especially the nitrate band at 1585 cm−1). The reduction efficien-
cies at 300 and 400 ◦C were much more improved. As demonstrated
in Fig. 5b and c, two widened negative bands at 1525 and 1328 cm−1

appeared during the initial reduction stages, indicating the effective
release of adsorbed NOx. Subsequently, the negative peaks were
overlapped by growing carbonate bands at 1600–1500 cm−1 and
1400–1300 cm−1. In the reduction process, the carbonate band at
1592 cm−1 gradually shifted to 1548 cm−1 when the temperature
increased from 200 ◦C to 400 ◦C. This mostly can be ascribed to the
lesser overlapping feature of nitrates bands and carbonates bands,
which arose from the improved reaction of released NOx with CO
at higher temperatures. In addition, by observing the decreased
cerium nitrate band at 1110 cm−1, CO was more reactive towards
Ce(NO3)4 reduction than H2.

◦
During the process of NOx reduction by CO at 200 and 300 C, a
strong band at 2057 cm−1 was observed and assigned to the linear
bonded CO over Pt site [30,36]. Two small peaks centered at 2175
and 2121 cm−1 were related to gaseous CO [42]. The intensities
of both species increased as a function of time at all temperature
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anges, and reached a maximum at the end of the reduction. The
t–CO species have been commonly found on the Pt/Ba/Al2O3 cata-
yst when using CO as a reducing agent, and have a strong influence
n NSR performance [30,38,43]. Specifically, in a typical NSR pro-
ess, Pt plays an important role in NO oxidation and reduction.
owever, when using CO as the reductant, some Pt sites were occu-
ied by CO species, resulting in a decrease in active sites available
or NO or reductant adsorption/dissociation, thus directly deterio-
ating storage and regeneration performances.

Temperature also impacted the poison extent of Pt. As shown in
ig. 5, the band at 2057 cm−1 appeared when exposing Pt/Ba/CeO2
o CO for 1 min at 200 ◦C, while this band became evident after 3
r 5 min under CO exposure at 300 and 400 ◦C. This indicates that
he formation of linear Pt–CO was rather fast at low temperature,
nd that the Pt–CO band intensity weakened with increasing tem-
erature. The changes to the Pt–CO band partially explained the
ctivity changes in the transient flow reactions in Fig. 4. The low
Ox conversion at 200 ◦C was due to the less reductive ability of CO
ompared with H2 and its serious poison effect on Pt sites. At 300 ◦C,
he reduction ability of Pt/Ba/CeO2 was improved due to less Pt–CO
nteraction. However, the decreased NOx conversion at 400 ◦C could
ot be explained by the release of active sites of Pt only. Though
he poison extent of Pt by CO adsorption lessened at this tempera-
ure compared with 300 ◦C, other influencing factors involved in the
yclic operation deteriorated the whole performance. As is known,
he reduction process with CO is supposed to function accord-
ng to the reaction 5CO + Ba(NO3)2→BaCO3 + N2 + 4CO2. Ji et al.
uggested that the formation of a crust of carbonates may block fur-
her decomposition of nitrates in a rich atmosphere [44]. We also
bserved increased carbonates coverage at 400 ◦C (Fig. 5c). There-
ore, in combination with the DRIFTS experiments and transient
ow reactions, the inferior NOx removal efficiency of CO compared
ith H2 over the Pt/Ba/CeO2 catalyst was further clarified. Low
Ox removal efficiency at 200 ◦C was attributed to CO poison to

he surface Pt sites, while decreased NSR performance at 400 ◦C
as related to the negative effect of accumulated carbonates on

he catalyst.

.4. NOx storage and reduction by C3H6

Fig. 6 shows the results of the NSR experiment using C3H6 as
he reducing agent between 200 and 400 ◦C. At 200 ◦C (Fig. 6a), the
Ox removal performance was rather poor with a conversion of less

han 5%. When the temperature was increased to 300 ◦C (Fig. 6b),
he average NOx conversion increased to 54%. This improvement
as connected with increased reduction efficiency of C3H6 and

omewhat increased storage capacity. When the temperature was
ncreased to 400 ◦C, the NOx breakthrough concentration during
he lean phase (Fig. 6c) was greatly reduced, indicating more effec-
ive NOx storage at this temperature. This mostly can be attributed
o the easy activation of C3H6 at elevated temperature, inducing a

ore profound regeneration of storage sites. Finally, about 74% of
he NOx conversion was obtained at 400 ◦C. The consumptions of
3H6 were 27%, 76%, 95% at 200, 300, 400 ◦C, respectively.

The dynamic change of corresponding DRIFT spectra of
t/Ba/CeO2 in flowing C3H6 atmosphere at different temperatures
re shown in Fig. 7. Upon exposure of the catalysts to C3H6 at
00 ◦C, the nitrates formed during the storage process decreased
uickly with time, as manifested by the negative bands at 1750,
586, and 1294 cm−1 in DRIFT spectra. This feature indicated the
ecomposition of adsorbed NOx. However, no obvious reaction

roducts of carbonates were observed during the initial 10 min
eduction at 200 ◦C. Only when the reduction process lasted more
han 20 min were the negative bands gradually covered by grow-
ng bands around 1586 and 1300 cm−1, indicating slow carbonates
ormation. These results were in accordance with the gas-phase
Fig. 7. In-situ DRIFT spectra of storage and reduction processes over Pt/Ba/CeO2

using C3H6 as reductant. Parts (a)–(c) represented the reduction process at 200 ◦C,
300 ◦C, 400 ◦C.

reaction listed in Fig. 6a, which suggested only a small amount of the
released NOx was reduced by C3H6 at 200 ◦C during the reduction
period, thus resulting in relatively low coverage of surface carbon-
ates. With increasing temperature, the reduction efficiency of C3H6
improved. As illustrated in Fig. 7b, the negative bands at 1565 and
1322 cm−1 became apparent during the initial 5 min reduction, sug-
gesting more Ba(NO3)2 were decomposed from the catalysts. The
released NOx showed an improved reaction with gaseous C3H6 as
evidenced by gas-phase reaction in Fig. 6b. Accordingly, carbonates

accumulation (1565 and 1359 cm−1) became apparent after 10 min
reduction in FTIR spectra. Reduction at 400 ◦C showed a much sim-
ilar feature to that at 300 ◦C, and the bands of carbonates at 1535
and 1359 cm−1 exhibited much higher intensities due to increased
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tion via WGS reaction is too slow to facilitate the removal of nitrates
and subsequent reduction of NOx [46].

By observing that NSR performance at 200 ◦C was improved in
the presence of H2O, we examined surface species evolution, espe-
cially for the poisoned Pt sites, by DRIFTS. In this study, flowing 2%
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art (d) summarized the average NOx conversion of each temperature. Lean (67 s):
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eduction efficiency of C3H6. The negative effect of reaction prod-
cts (carbonates) may also exist in the NSR process as that described

n the case of CO reduction. However, it was the nature of propene
hat determined the whole NOx removal efficiency over Pt/Ba/CeO2
n transient flow reactors. C3H6 was more difficult to be activated
han H2 and CO, which resulted in relatively low NOx reduction
erformance during all tested temperatures.

.5. Water addition effect on CO reduction process

According to the above experiments, H2 was evidenced to be the
ost effective reductant among H2, CO, and C3H6 over Pt/Ba/CeO2

atalyst. It has also been reported that Pt/CeO2 is a good water
as shift catalyst [9]. Considering that exhaust gas usually con-
ains a significant amount of steam, a WGS reaction may occur on
t/Ba/CeO2. Therefore, the impact of H2O on NOx storage reduction
ystem was studied using CO as the reductant. The transient flow
eactor results are depicted in Fig. 8. With the addition of water,

decrease in NOx storage capacity during the lean period was
bserved, illustrated by the early NOx breakthrough and higher con-
entration at the end of storage. The negative effect of H2O towards
Ox storage has been reported on a Pt/Ba/Al2O3 system and is con-

idered to be due to the competitive adsorption of NOx and H2O on
he storage sites [45]. The same effect may also exist in Pt/Ba/CeO2.
uring the reduction period, the outlet NOx concentration showed
decrease in NOx spikes compared with no water addition during
ll tested temperatures (Fig. 4). In the presence of water, the aver-
ge NOx conversion was 27% at 200 ◦C, which was about 10% higher

han without water. The NOx conversions at 300 and 400 ◦C were
2% and 77%, respectively, which were very similar to results in
ig. 4, with little improvement in total NOx conversion when water
as present. At higher temperatures, the impact of H2O on NOx

torage is supposed to be less important than that on low tempera-
ddition using CO as reductant over Pt/Ba/CeO2 at 200 ◦C (a), 300 ◦C (b), 400 ◦C (c).
pm NO, 8% O2, 2% H2O, N2 balanced; rich (33 s): 500 ppm NO, 0.5% CO, 2% H2O, N2

tures [17]; however, no obvious improvement in NOx conversion at
400 ◦C may be connected with the increased activity of CO towards
NOx reduction. WGS reaction plays a minor role in NSR reduction
process over Pt/Ba/CeO2, which may have a connection with the
kinetics of this reaction. Partridge et al. have shown that H2 forma-
Wavenumbers /cm -1

Fig. 9. Dynamic changes of in situ DRIFT spectra of Pt/Ba/CeO2 after 2% water vapor
was introduced into the feed gas of 0.5% CO/N2 at 200 ◦C. Before water vapor was
introduced, Pt/Ba/CeO2 was undergoing the CO reduction process as that shown in
Fig. 5a.
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2O gas was added to the catalyst which had be exposed to a CO
eduction atmosphere for 30 min at 200 ◦C (Fig. 9). After exposing
he catalyst to CO for 30 min, a strong peak was observed due to CO
dsorbed on Pt. However, it was greatly suppressed by water addi-
ion, especially during the initial period. Simultaneously, a band
round 3500 cm−1 increased gradually. As a consequence, the pos-
tive effect of H2O addition at 200 ◦C could mostly be ascribed to
he reduced Pt–CO population.

. Conclusion

According to comparative studies of NSR performances using
2, CO, and C3H6 as the reducing agents at different temperatures,

he differences in NOx removal activities over a Pt/Ba/CeO2 catalyst
ere further clarified. NOx can be adsorbed on both Ba and Ce sites

y replacing carbonates species, and the storage capacity increased
s a function of temperature from 200 to 400 ◦C. NSR performance
ncreased with increased temperature with H2 and C3H6 as reduc-
ants during the temperature range 200–400 ◦C, while maximum
SR performance was obtained at 300 ◦C with CO as a reducing
gent. The most prominent effect was shown by H2, especially at
ow temperature, which is in accordance with previous reports. The
eteriorated reduction efficiency of CO at 200 ◦C was due to a seri-
us poisoning of Pt sites, while the decreased NSR performance at
00 ◦C was mostly attributed to the negative effect of carbonates.
he least reactivity of C3H6 was due to its lowest activation ability
y the catalysts as well as carbonates accumulation. Barium car-
onates seem to play two different roles in NOx storage reduction
rocess. For one thing, they could participate in NOx storage, with
itrates formation and CO2 releasing. For another thing, the carbon-
tes accumulated on the surface of catalysts during the reduction
rocess by using CO and C3H6 as reductants, which block nitrates
elease as well reduction. H2O had a positive effect in CO reduc-
ion process, which was due to the suppressed Pt–CO interaction.
imultaneously, H2O competed with NOx to adsorb on storage sites,
hich negatively influenced NOx storage capacity. As a result, water

nly improved NOx conversion at 200 ◦C, appearing to have little
ffect on total NOx removal performances at 300 ◦C and 400 ◦C.
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