
E
o

F
L

a

A
R
R
A
A

K
C
B
S
N
N

1

h
t
a
p
t
c
e

t
o
o
H
r
o
t
t
c
s
u
t

0
d

Catalysis Today 175 (2011) 124– 132

Contents lists available at ScienceDirect

Catalysis Today

j ourna l ho me p ag e: www.elsev ier .com/ lo cate /ca t tod

ffect  of  barium  loading  on  CuOx–CeO2 catalysts:  NOx storage  capacity,  NO
xidation  ability  and  soot  oxidation  activity

an  Lin,  Xiaodong  Wu ∗,  Duan  Weng
aboratory of Advanced Materials, Department of Materials Science and Engineering, Tsinghua University, Beijing 100084, China

 r  t  i  c  l  e  i n  f  o

rticle history:
eceived 12 October 2010
eceived in revised form 1 February 2011
ccepted 1 March 2011
vailable online 29 March 2011

a  b  s  t  r  a  c  t

A  series  of Ba–Cu–Ce  catalysts  were  prepared  by loading  different  amounts  of  Ba(Ac)2 on  the  sol–gel-
synthesized  CuOx–CeO2 mixed  oxides.  The  activities  of  the  catalysts  for soot  oxidation  were  evaluated  in
1000 ppm  NO/10%  O2/N2 under  loose  contact  conditions.  The  catalysts  were  characterized  by XRD,  BET,
H2-TPR,  in  situ-DRIFTS  and NO-TPO  measurements.  When  Ba  loading  is  between  6  and  10  mol.%  of  Cu + Ce,
the catalysts  exhibit  an  onset  temperature  (Ti) as  low  as  376 ◦C.  NO  is oxidized  at  Cux+ and Cex+ sites  and
eywords:
u–Ce mixed oxides
arium loading
oot oxidation
O oxidation
Ox storage

then  stored  on  the  adjacent  Ba  species  in  form  of  barium  nitrate.  Ba(NO3)3 begins  to  decompose,  releasing
abundant  NO2 at  around  370 ◦C  under  the  driving  of soot  as  the  reductant.  The  nitrate-derived  NO2 and  the
NO-derived  NO2 initiate  the  soot  combustion  over  the  Ba-modified  catalysts  with  a significantly  lowered
Ti . The  ternary  catalysts  lose  their  NOx storage  capacity  after  hydrothermally  aged  at  800 ◦C  for  10  h  due
to  the  formation  of  BaCeO3.  However,  Ba  restrains  the  sintering  of  (Cu,Ce)Ox, resulting  in relatively  more
favorable  redox  properties  and  thus  higher  activity  for  NO oxidation.  The  barium-modified  catalysts  show

s  (470 ◦ ◦
lower onset  temperature

. Introduction

Diesel engines have gained favor in recent years due to their
igher efficiency compared to gasoline engines. Particulate mat-
er (PM), which is composed of aggregated carbonaceous soot and
dsorbed hydrocarbon is often carcinogenic and is one of the main
ollutants in diesel engine emissions [1] thus inciting researchers
o control their emissions. The diesel particulate filter (DPF), when
ombined with soot catalytic combustion technology is the most
fficient method to reduce the soot emission [2].

A lot of catalysts have been developed to reduce soot combus-
ion temperature. Among them the noble metal catalysts are one
f the most active kinds, as platinum can effectively catalyze NO
xidized to NO2, which is a more powerful oxidant than O2 [2,3].
owever, the high cost of noble metals restricts its application. To

educe the cost of catalysts, cerium oxides [4–6], transition metal
xides [7,8] and their mixed oxides [9–13] as well as perovskite-
ype complex oxides [14,15] are being developed for catalyzing
he soot oxidation. Nevertheless, the activities of mixed oxides

atalysts are limited as they fail to reduce the Tm (the maximum
oot oxidation rate temperature) below 400 ◦C which is the normal
pper limit for the temperature of diesel exhaust gas. To enhance
he activity of catalysts, alkali metals mostly potassium have been

∗ Corresponding author. Tel.: +86 10 62792375; fax: +86 10 62792375.
E-mail address: wuxiaodong@tsinghua.edu.cn (X. Wu).

920-5861/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.
oi:10.1016/j.cattod.2011.03.002
–480 C)  of  soot  oxidation  than  pure  CuCe  (509 C)  after  aging.
© 2011 Elsevier B.V. All rights reserved.

introduced to the catalysis system [16–19].  The addition of potas-
sium can reduce the Tm to 350 ◦C or even lower. It is well known that
the function of potassium is mainly based on the following factors:
(i) the low molten point and mobility of potassium salts increase
greatly the contact between soot and catalyst; and (ii) potassium,
as a strong alkaline site, can store NOx in nitrate and nitrite form on
the catalyst that decompose and release NOx at higher temperature
to assist soot oxidation [16]. Despite the high activity, however, a
drawback of K-containing catalysts emerges because of the low sta-
bility which comes along with the low melting point and solubility
of the K species, especially in the presence of water [20].

Alkali earth metals such as barium also exhibit high a capacity
for storing NOx, thus they are widely studied in NSR (NOx storage
reduction) catalysts for NOx reduction [21–24].  Since the presence
of NOx can promote soot oxidation, the NOx storage features make
barium a promising component in NOx-assisted soot combustion
catalyst However, most of the reported work has been concentrated
on potassium-containing catalysts (such as Ba–K–Ce [25,26] and
Co–Ba–K(Zr) [27,28]) and noble metal catalysts (such as Pt–Ba–Al
[29,30]), whose drawbacks have been outlined above. Our group
recently reported the promotional effect that barium has on the
soot oxidation activity of MnOx–CeO2 [31] and CoOx–CeO2 mixed

oxides [32] in the presence of NO.

Copper-based catalysts have been studied for soot oxidation due
to the superior redox property of copper oxides [7,13]. In our pre-
vious work, CuOx–CeO2 mixed oxides were found to exhibit high
activities for soot oxidation [33], and modifier components such

dx.doi.org/10.1016/j.cattod.2011.03.002
http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
mailto:wuxiaodong@tsinghua.edu.cn
dx.doi.org/10.1016/j.cattod.2011.03.002
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s potassium [19] and alumina [34] were added to improve the
ctivity and stability of the catalyst. In this study, Ba was sup-
orted on Cu–Ce mixed oxides in order to enhance the NOx storage
apacity of the catalyst and hereby promote the soot oxidation in
he presence of NOx. XRD, Raman, BET, H2-TPR, in situ DRIFT and
O-TPO were conducted to characterize the structural, redox and
dsorption/desorption properties of the catalysts. Finally, a pos-
ible mechanism of the NOx-assisted soot oxidation with BaCuCe
atalysts was explored.

. Experimental

.1. Catalyst preparation

CuOx–CeO2 mixed oxides were prepared through a citric sol–gel
ethod. The nitrate precursors Ce(NO3)3·6H2O (99.0 wt.%, Beijing

ili) and Cu(NO3)2·3H2O (99.0 wt.%, Beijing Yili) were mixed in
eionized water according to a molar ratio of Cu:Ce = 1:9. The cit-
ic acid was added to the solution as the complexing agent with
he molar amount as twice that of total metal ions including Ce3+

nd Cu2+. Polyglycol was also added as surface activating agent
t a weight 10% that of the citric acid. The mixed solution was
tirred vigorously with a magnetic stirrer and heated to 80 ◦C
o vaporize the water until a gel was formed. The resulting gel
as dried at 110 ◦C overnight followed by calcination at 300 ◦C

or 1 h to decompose the organic species and at 500 ◦C for 3 h
o for Cu–Ce mixed oxides. CeO2 was prepared through a similar

ethod.
Ba was loaded on the Cu–Ce mixed oxides by wetness impreg-

ation method. Ba(Ac)2 (99.0 wt.%, Shantou Xilong) solutions were
ncipiently taken by the pores of the Cu–Ce support. The load-
ng amount of Ba was calculated according to the molar ratio of
a:(Cu + Ce) = 0.03, 0.06, 0.1 and 0.15, respectively. The resulting
ixture was dried at 110 ◦C for 2 h to remove water and was

alcined at 550 ◦C for 1 h. The powders were cooled to room tem-
erature in the furnace to obtain the Ba–Cu–Ce catalysts, referred
o as BaCuCe3, BaCuCe6, BaCuCe10 and BaCuCe15, respectively. Ba
as also loaded on CeO2 in a molar ratio of Ba:Ce = 0.1 as a reference

atalyst (denoted as BaCe10).
To obtain the hydrothermally aged samples, the as-prepared

amples were placed in a tubular quartz reactor and treated under
0 vol% H2O at 800 ◦C for 10 h with a flow containing with a flow
ate of 200 ml/min.

.2. Catalyst characterization

The powder X-ray diffraction (XRD) experiments were deter-
ined with a Japan Science D/max-RB diffractometer employing Cu

� radiation (� = 1.5418 Å). The X-ray tube was operated at 40 kV
nd 120 mA.  The X-ray powder diffractograms were recorded at
.02◦ intervals in the range of 20◦ ≤ 2� ≤ 80◦ with a scanning veloc-

ty of 6◦/min. The lattice constants and mean crystallite sizes of
eria in the samples were calculated from Cohen’s method and the

illiamson–Hall equation, respectively.
The Raman spectra were obtained with a LabRAM HR 800

HORIBA Jobin Yvon, France) spectrometer under room tempera-
ure and atmospheric pressure. An argon ion laser beam with a
ave length of 633 nm was focused on a spot of 1 �m in diameter.

The specific surface areas of the samples were measured
sing the N2 adsorption isotherm at −196 ◦C with the four-point

runauer–Emmett–Teller (BET) method through an automatic sur-

ace analyzer (Quantachrome NOVA 4000). The samples were
egassed at 200 ◦C for 2 h prior to the test.

The H2 temperature-programmed reduction (H2-TPR) tests
ere performed in a fixed-bed reactor with the effluent gases moni-
 175 (2011) 124– 132 125

tored by a mass spectrometer (OmniStar TM). 25 mg  of sample were
sandwiched by quartz wool and placed in a tubular quartz reactor
(i.d. = 10 mm).  The reactor temperature was raised up to 900 ◦C at
a heating rate of 10 ◦C/min in H2 (5 vol%)/He (50 ml/min).

The NO temperature-programmed oxidation (TPO) tests were
carried out in a fixed-bed reactor with the effluent gases monitored
by an infrared spectrometer (Thermo Nicolet 380). The gas mixture
of 1000 ppm NO/10% O2/N2 was fed to 100 mg of sample powders
at a flow rate of 500 ml/min. The reactor temperature was  ramped
to 550 ◦C at a heating rate of 10 ◦C/min.

The diffuse reflectance infrared Fourier transformed (DRIFT)
spectra were recorded on a Nicolet 6700 spectrometer equipped
with a temperature-controlled diffuse reflection chamber and a
highly sensitive MCT  detector. The sample powders were purged
in situ under a N2 stream flow at 100 ml/min with a temperature of
450 ◦C for 30 min, and were then cooled down to room temperature.
The background spectrum was  taken at each temperature. After-
wards, a gas mixture of 1000 ppm NO/10% O2/N2 was  fed at a flow
rate of 100 ml/min. All the spectra were determined by accumulat-
ing 100 scans at a resolution of 4 cm−1 as a function of temperature
at a heating rate of 10 ◦C/min.

2.3. Catalyst activity measurement

Printex-U (Degussa) was used as the model soot. Its particle size
was  25 nm and the specific surface area was 100 m2/g. The cat-
alytic activities of the catalysts for soot oxidation were evaluated
in a temperature-programmed oxidation (TPO) reaction apparatus.
10 mg  of soot and 100 mg  of powder catalyst were mixed carefully
in a 1/10 weight ratio with a spatula for “loose contact” conditions.
The catalyst-soot mixture was  sandwiched between quartz wools
and placed in a tubular quartz reactor (i.d. = 10 mm),  and the oxi-
dation test was  carried out in the temperature range from room
temperature to 550 ◦C at a heating rate of 20 ◦C/min. The inlet gas
mixture was  1000 ppm NO/10% O2/N2 introduced at a flow rate of
1000 ml/min. The concentrations of CO2, CO and NO in the outlet
gas mixture were determined on-line by a five-component ana-
lyzer FGA4015 with an infrared sensor. The test was  carried out
under heat transfer limitation conditions, where the temperature
at which the rate of CO2 generation increased abruptly was referred
to as the ignition temperature (Ti) of soot oxidation, which could
be observed on the TPO curve of CO2 as an inflection point before
CO2 concentration reached the maximum. Ti generally reflected the
intrinsic characteristics of the catalytic material and was hardly
affected by reaction conditions. Tm represented the maximal soot
oxidation rate temperature. The total molar ratio of CO2/(CO2 + CO)
in the outlet gas during soot oxidation process was defined as the
selectivity to CO2 (SCO2 ).

3. Results

3.1. XRD, Raman and BET

The powder XRD patterns of the fresh and aged samples are
shown in Fig. 1. All the fresh samples present the characteristic
peaks attributed to ceria with a cubic fluorite structure, and no
copper oxide phases are detected. The lattice constants of ceria in
the fresh samples including BaCe are similar to each other (around
0.5412–0.5415 nm)  as listed in Table 1, denying the possibility of
the formation of CuOx–CeO2 solid solutions. Thus, it is plausible

that copper oxide clusters, which cannot be detected by X-ray,
are highly dispersed on strong contact with ceria crystallites. The
typical peaks of the BaCO3 phase are observed with the intensity
increasing as a function of the Ba loading amount. The diffraction
peaks of CeO2 are significantly sharpened because of severe sin-
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lysts: (1) CuCe, (2) BaCuCe3, (3) BaCuCe6, (4) BaCuCe10 and (5) BaCuCe15.
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Fig. 1. XRD patterns of the (a) fresh and (b) hydrothermally aged cata

ering of ceria crystallites. The cubic CuO phase is also detected,
ndicating the segregation and growth of copper oxide crystal-
ites. The peaks of BaCeO3 perovskite-type oxide appear instead
f BaCO3 due to reaction between barium and cerium during the
igh-temperature calcination.

Table 1 shows that neither the addition of copper nor barium vis-
bly affects the lattice constant of ceria. Although copper and cerium
itrates were mixed in the sol–gel process as precursors, the forma-
ion of CuOx–CeO2 solid solutions may  be limited at the interfacial
egions between copper oxide and ceria as reported by Chen et al.
35]. Table 1 also summarizes the mean crystallite sizes of CeO2 and
uO and the BET surface areas of the samples. The loading of barium
alts does not seem to affect the crystallite size of ceria (8.1–8.7 nm)
n CuOx–CeO2 mixed oxides, while it does effectively inhibit the
rowth of ceria and copper oxide crystallites during aging. The sur-
ace area of the fresh sample decreases with the increase of the
a loading due to blocking of the support pores by barium salts.
he surface area of the catalysts and especially CuCe diminishes
emarkably after aging.

The structural features of the catalysts are also described by
aman characterization. Fig. 2 shows the Raman spectra of two
ypical catalysts CuCe and BaCuCe10 with CeO2 as reference. Pure
eO2 presents a distinct band at 462 cm−1, which is assigned to the
ubic structure of CeO2. This band shifts to 458 cm−1 on CuCe-F and
aCuCe10-F, probably indicating a slight shrink of the ceria lattice
ue to formation of the CuOx–CeO2 solid solutions at the interfa-
ial region which can hardly be detected by XRD. Shan et al. have

eported a more obvious shift to 443 cm−1 for Ce0.9Cu0.1Oy solid
olutions, which is ascribed to the changes in the lattice parameter
esulting from the formation of the solid solutions [36]. The dif-
erence in band shift may  be caused by the preparation methods
pplied and hereby the properties of the obtained mixed oxides

able 1
tructural properties of the catalysts.a

Sample Ba/(Cu + Ce)
(molar ratio)

ab (nm) 

CuCe – 0.5412 (0.5415) 

BaCuCe3 0.03 0.5416 (0.5414) 

BaCuCe6 0.06 0.5415 (0.5415) 

BaCuCe10 0.10 0.5414 (0.5415) 

BaCuCe15 0.15 0.5414 (0.5415) 

BaCe  0.10 0.5415 (0.5419) 

a The values in parenthesis represent the corresponding data of the hydrothermally ag
b Lattice constant of CeO2 calculated by Cohen’s method.
c Mean crystallite sizes of CeO2 and CuO calculated according to Williamson–Hall equa
Fig. 2. Raman spectra of CuCe, BaCuCe10 and CeO2.

such as the amount of oxygen vacancies and crystallite size of ceria
[36,37]. Thus, it is suggested that the slight band shift on the home-
made catalysts may  be caused by the partial incorporation of copper
ions into the ceria lattice at the interface region, which changes the
CeO2 environment with an increase of oxygen vacancies. For the

aged samples CuCe-HA and BaCuCe10-HA, this band moves back
towards 462 cm−1 accompanied with the emergence of CuO band
at 294.2 cm−1 (not shown), indicating the segregation and sintering
of CeO2 and CuO.

SBET (m2/g) dCeO2
c (nm) dCuO

c (nm)

72 (1.0) 8.7 (97) – (64)
64 (2.8) 8.1 (77) – (46)
60 (2.9) 8.1 (54) – (48)
43 (3.0) 8.6 (44) – (55)
34 (2.4) 8.3 (39) – (54)
12 (4.1) 13.1(27) –

ed samples.

tion.
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Table 2
Activities of the catalysts for soot oxidation.a

Samplea Ti (◦C) Tm (◦C) SCO2 (%)

CuCe 417 (509) 433 (525) 100 (98)
BaCuCe3 402 (477) 416 (490) 97 (99)
BaCuCe6 377 (469) 395 (490) 98 (98)
BaCuCe10 376 (469) 400 (483) 97 (99)
BaCuCe15 398 (474) 414 (489) 98 (97)
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BaCe10 485 (512) 508 (526) 95 (89)

a The values in parenthesis represent the corresponding data of the hydrother-
ally aged samples.

.2. Soot-TPO

The activities of the catalysts were evaluated by the soot-TPO
ests performed in an atmosphere of 1000 ppm NO/10% O2/N2
nder loose contact conditions and a high flow rate of 1 l/min.
he Ti and Tm of the fresh and hydrothermally aged samples are
isted in Table 2. The fresh catalysts with the Ba loading content of
–10% present the lowest Ti values. After the hydrothermal aging
reatment, the activity of the Ba-free CuCe catalyst deteriorates
rastically with a shift of both Ti and Tm to higher temperatures
y more than 90 ◦C. The aged Ba-containing catalysts remain rela-
ively higher reactivity than the aged CuCe. For example, the aged
aCuCe10 exhibits the lowest Tm at 483 ◦C, which is lower than
hat of the aged CuCe by 42 ◦C. The Ba-containing catalysts differ
ittle in activity after aging due to severe sintering and diffusion of
he oxides. The product of soot catalytic oxidation is almost com-
letely CO2 for all the catalysts, indicating a high efficiency of CO
xidation if it is produced. In the absence of the transition metal
s strong oxidative component, the BaCe catalyst exhibits a much
ower activity and selectivity.

In order to further explore NOx assistance for soot catalytic
xidation, the soot-TPO tests were carried out in gas flows with var-
ous NO concentrations from zero to 5000 ppm. The relationships
etween the Ti and NO concentration on BaCuCe10-F and CuCe-

 are shown in Fig. 3. In the absence of NO, BaCuCe10-F appears
lightly delayed Ti (522 ◦C) compared with CuCe-F (517 ◦C), indi-
ating a slightly weakened redox ability by loading barium salt
hich will be confirmed by H2-TPR curves in Section 3.3.  It can

e obviously seen that NO concentration influences soot catalytic
xidation in a different way for the catalysts with and without
a. By introduction of a small concentration of NO (300 ppm) to
he reaction atmosphere, the Ti of BaCuCe10-F decreases much

ore sharply than that of CuCe-F. After the inlet NO concentration

eaches 1000 ppm, the Ti (376 ◦C) of BaCuCe10-F does not reduce
ny more with further increase of NO concentration. Meanwhile,
he Ti of CuCe-F keeps decreasing to ca. 350 ◦C when the concentra-
ion of NO is as high as 5500 ppm. Such different dependencies on

ig. 3. Relationship between the Ti for soot oxidation and the inlet NO concentration.
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NO concentration may  be related to the coverage of active sites by
the stored nitrate/nitrite species for BaCuCe10-F. On the other hand,
more NO is oxidized to NO2 on CuCe-F as the NO concentration
increases, resulting in an elevated soot catalytic oxidation activity.
These results indicate a more obvious effect of NOx on soot oxida-
tion on the Ba-containing catalyst at low NO level. With respect to
the relatively low NOx emissions and low average exhaust gas tem-
peratures of modern diesel engines, the BaCuCe catalyst exhibits
a more promising way to remove soot additionally enhanced by
desorption of NO2 being stored at lower temperatures.

In order to observe the role of NOx in soot oxidation more clearly,
the soot-TPO curves of the fresh and aged BaCuCe10, CuCe and
BaCe catalysts are shown in Fig. 4a and b, respectively. For the fresh
samples, a sharp rise of NO appears simultaneously with the onset
of soot oxidation with BaCuCe10-F, which is not observed on the
bimetal catalysts CuCe-F and BaCe-F at lower activities. For CuCe-F,
the CO2 production accelerates gradually from about 350 ◦C until
extensive combustion occurs at about 420 ◦C. The uptake of NO dur-
ing soot oxidation could be ascribed to the conversion of NO to NO2
and limited reduction to N2. BaCe-F exhibits a poor activity, and a
flat NO line reflects the low redox ability and NOx storage capacity.

It has been widely reported that NO concentration has a signif-
icant influence on soot oxidation rate and that the NOx-assistant
function can be expressed through the following reactions [38]:

NO + O2 → NO2 (1)

NO2 + C → CO2 + NO (2)

The NO2 produced by NO oxidation (Eq. (1)) acts as a powerful
oxidant for soot oxidation at mild temperature (Eq. (2)). This is the
case for CuCe catalyst where the reaction rate increases mildly with
temperature until at 420 ◦C when the oxidation rate is fast enough
to produce heat to promote the extensive burning of soot by O2.
The case is different for the BaCuCe10-F catalyst on which the soot
burns at lower temperature (around 376 ◦C) accompanied with a
sharp NO increase. It makes sense to suggest that the soot is ignited
not only by the NO2 derived from NO oxidation but also by that
from the decomposition of nitrate stored at lower temperatures. A
theorized mechanism will be given in Section 4.

This NO rise with the ignition of soot vanishes on the BaCuCe
catalyst after aging as shown in Fig. 4b. The similar NO behaviors
of the aged catalysts imply the same reaction mechanism although
BaCuCe10-HA still exhibits some superior activity. As indicated by
the XRD and BET results, the loss of NOx storage capacity of the aged
BaCuCe catalysts is caused by the formation of BaCeO3, the greatly
reduced surface areas of catalysts and the seriously weakened syn-
ergistic effect between copper and ceria. It has been reported that
the NOx storage capacity of bulk BaCeO3 is much poorer than that of
active BaCO3 crystallites [39,40]. Nevertheless, it may  be favorable
that the formation of these perovskite-type oxides can be greatly
restrained during the aging treatment in an atmosphere contain-
ing CO2 which is a common component of exhaust gas from diesel
engine [39–41].  The less diminished activity of BaCuCe10-HA is the-
oretically ascribed to the inhibition effect of barium on the sintering
of ceria.

To verify the importance of the nitrate-derived NO2 in soot oxi-
dation, the catalysts were pretreated in a gas flow of 1000 ppm
NO/10% O2/N2 at 350 ◦C for 30 min  for NOx storage, followed by a
soot-TPO test in 10% O2/N2. The evolutions of NO and CO2 during
the oxidation process are shown in Fig. 5. Although NO is absent
in the inlet gas flow, BaCuCe10-F, pretreated in NO/O2, reveals a

high activity with the Ti located at 375 ◦C which is comparable to
that obtained in the presence of NO + O2 (376 ◦C). Similarly, the
onset of soot oxidation is also accompanied by a distinct peak of
NO released. The maximal concentration of NO (about 7000 ppm)
in this process is even higher than that in Fig. 4a, which may be
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Fig. 4. Evolutions of CO2 and NO during soot-TPO tests of the

scribed to more nitrates stored during pretreatment in NO + O2.
ontrarily, the NOx pretreatment does not result in any obvious
O desorption or decrease in the Ti for CuCe-F. Only a little NO is

eleased on BaCe-F at the temperatures lower than 420 ◦C, which
ontributes little to soot oxidation since it does not match the
emperature interval of soot catalytic oxidation. According to the
bove results, it can be concluded that the nitrate-derived NO2 is
n important oxidant to initiate the soot oxidation at relatively low
emperatures (<400 ◦C) and itself is reduced to NO.

.3. H2-TPR

The H2-TPR tests were applied to evaluate the redox properties
f the catalysts. The results are shown in Fig. 6. A bimodal shape of
verlapped double peaks is observed between 140 and 210 ◦C for
ll the fresh samples, which are ascribed to the stepwise reduction
f surface dispersed CuOx clusters, i.e. Cu2+ → Cu+ and Cu+ → Cu0

42,43]. In addition, H2 consumption of the peak at 210 ◦C is larger
han that of the peak at 140 ◦C, which may  be ascribed to the reduc-
ion of Cu+ to Cu0 occurring before the end of the former one due
o the influence of H2 spillover as reported elsewhere [42]. These
eaks shift towards higher temperatures with an increase in Ba
oading, indicating that the redox property of catalyst is weakened
ue to covering of catalyst surface by Ba salts. This result explains
he delayed onset temperature of BaCuCe10-F with respect to CuCe-

 in O2. Minor peaks are observed in the temperature range from

ig. 5. Evolutions of NO and CO2 during soot-TPO tests in 10% O2/N2 with the NOx-
retreated catalysts.
esh and (b) hydrothermally aged CuCe, BaCuCe10 and BaCe.

350 to 500 ◦C, which always appear due to the reduction of sur-
face oxygen species including hydroxyl groups. A broad peak in the
temperature range of 700–900 ◦C is observed on CuCe-F, which is
ascribed to the reduction of lattice oxygen from ceria [44]. The peak
centered at 700 ◦C that increases proportionally with Ba amount is
ascribed to the water-gas-shift (WGS) reaction of CO2 from decom-
position of BaCO3 on Cex+ and Cux+ active sites, as CO is produced
simultaneously with the consumption of H2.

The XRD results show that the sintering of ceria can be inhibited
to some extent by loading barium. Estimating the mean crystallite
size of CuO in the aged samples is difficult due to the low intensi-
ties of the diffraction peaks of copper oxide. However, it can be
indirectly confirmed by the H2-TPR curves of the aged samples
in Fig. 6b that a similar inhibition effect on sintering of copper
oxide is attained by loading of barium. The bimodal shape of over-
lapped double peaks turns to be a single peak at 350 ◦C for CuCe-HA,
which can be assigned to the reduction peak of crystalline CuO.
Meanwhile, the reduction peaks of copper oxide on the aged Ba-
containing samples are centered at around 310 ◦C, revealing a less
severe clustering of copper oxides. The residual low-temperature
peak (<250 ◦C) is observed on BaCuCe3-HA and BaCuCe6-HA, which
is ascribed to the reduction of CuOx clusters in high dispersion state
since the mean crystallite size of CuO in Table 1 has revealed a less
sintering of CuO on these two aged catalysts.

3.4. NO-TPO

The conversion of NO to NO2 is important for soot catalytic oxi-
dation. Unfortunately, the apparatus applied for soot-TPO can only
detect NO. To clarify the redox and absorption properties for NOx

on the catalysts, NO-TPO as well as in situ DRIFTS were carried out
in the absence of soot.

Fig. 7 shows the evolutions of the downstream NO, NO2 and
total NOx (NO + NO2) during the NO-TPO tests on the typical CuCe
and BaCuCe10 catalysts. NO can be effectively oxidized to NO2 on
BaCuCe10-F and CuCe-F. CuCe-F reveals a lower onset tempera-
ture of NO oxidation at 200 ◦C with respect to the Ba-containing
catalyst (250 ◦C). On the other hand, the NOx adsorption capac-
ity is completely different with these two  catalysts. BaCuCe10-F
shows a strong NOx absorption capacity with a distinct NOx uptake
in the temperature range from 200 to 370 ◦C, while only a small NOx

absorption is observed at around 200 ◦C on CuCe-F. The NO uptake

below 100 ◦C followed by a NO release at 100–180 ◦C is ascribed to
the weak adsorption of NOx.

The NO oxidation activities and NOx adsorption capacity of both
catalysts are severely diminished after aging. However, BaCuCe10-
HA still shows a relatively high NO oxidation activity compared
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Fig. 6. H2-TPR profiles of the (a) fresh and (b) hydrothermal aged catalysts.

Fig. 7. NO-TPO profiles of (a) CuCe-F, (b) BaCuCe10-F, (c) CuCe-HA and (d) BaCuCe10-HA.



1  Today 175 (2011) 124– 132

t
e
d
b

3

t
i
t
t
c
(
(
(
g
i
n
b
d
s
c
n

i
i
(
p
b
a
1
b
a
B
C
a
a
(
a
m
m
w
m

s
w
b
s
a
w
A
a
b
c

4

a
t
f
(
C
g
l

pure CuOx–CeO2 mixed oxides. That is to say, the stable barium
nitrate is also important for soot oxidation under a heat trans-
30 F. Lin et al. / Catalysis

o CuCe-HA, which is in accordance with the H2-TPR results and
xplains its higher soot oxidation activity. In this case, the NO-
erived NO2 rather than the nitrate-derived NO2 is suggested to
e important for soot oxidation

.5. In situ DRIFT

The DRIFT spectra of adsorbed species on CuCe and BaCuCe10
hat arise from contacting NO + O2 were investigated to gain insight
nto the types of stored NOx species. Fig. 8 shows the IR spec-
ra of the catalysts exposed to 1000 ppm NO + 10% O2 from 50
o 450 ◦C. As shown in Fig. 8a, the adsorbed species are mainly
helating nitrito (1264, 1164 and 813 cm−1), monodentate nitrito
1601–1591 and 1216–1206 cm−1) and chelating nitro compounds
1497–1403 and 1264–1164 cm−1) on CuCe-F at low temperatures
<200 ◦C) [45]. As the temperature increases, the nitrite bands are
radually replaced by those assigned to the nitrate species, includ-
ng bidentate (1552–1545, 1216 and 1021 cm−1) and monodentate
itrates (1528–1521, 1236 and 993 cm−1) [4,33,45]. The nitrate
ands are stable in the temperature range of 200–300 ◦C and then
ecline in intensity as the further increase of temperature. Con-
idering the NO-TPO results, it is notable that the trend of NO2
oncentration correlates well with that of the IR intensities of
itrates versus temperature.

The formation of nitrates is delayed on the catalyst by the
ntroduction of barium as indicated in Fig. 8b. Similarly, chelat-
ng nitrito (1264, 1157 and 814 cm−1) and monodentate nitrito
1615 and 1209 cm−1) are dominant on BaCuCe10-F at low tem-
eratures. These nitrite species transform to monodentate and
identate nitrates (1542–1528, 1296–1237 and 1032–1025 cm−1)
t 250 ◦C. Meanwhile, the bands ascribed to ionic Ba(NO3)2 (1768,
396–1348 and 814 cm−1) [25,46] begin to emerge, accompanied
y minus bands due to the decomposition of BaCO3 (1431, 1052
nd 862 cm−1) [25]. It means that BaCO3 is gradually replaced by
a(NO3)2 via acceptance of nitrates from the adjacent Cu x+ and
ex+ active sites. Ba(NO3)2 seems to remain stable at a temperature
s high as 450 ◦C, which enables BaCuCe10-F to store a consider-
ble amount of NOx. However, it is different in the case of NO-TPO
Fig. 7b) that the adsorbed NOx species do not seem so stable with
n onset temperature of desorption below 400 ◦C. This difference
ay  be related to different gas flow types applied in two experi-
ents. The gas flow skims over the catalysts cake in in situ DRIFTS,
hile it goes through the catalyst bed in NO-TPO, which would
ake the desorption of NOx easier.
NOx storage capacity is completely lost on CuCe-HA due to

evere sintering of oxides, reduced surface area and seriously
eakened redox activity, as the NOx-derived bands can hardly

e detected during the whole temperature range measured (not
hown). This does not seem to be the case with BaCuCe10-HA
s two wide bands at 1528 and 1348 cm−1 appear above 400 ◦C,
hich are ascribed to bidentate and ionic nitrates, respectively.
gain, BaCuCe10-HA has a higher NO2 concentration than CuCe-HA
bove 350 ◦C in NO-TPO measurement, attesting to the consistency
etween the IR signals of adsorbed nitrate species and the NO-TPO
urve.

. Discussion

Based on the experimental evidences, the mechanism of NOx-
ssisted soot oxidation with CuOx–CeO2 mixed oxides is tethered
o its redox activity, with NO2 acting as the intermediate to trans-

er active oxygen from the catalyst surface onto the soot (Eqs.
1) and (2)). The mechanism differs when barium is as-loaded on
uOx–CeO2.The NO2 does not only originate from the oxidation of
aseous NO but also from the decomposition of nitrates stored at
ower temperatures (Eq. (3)), where M represents the metal active
Scheme 1. (a) NOx storage at low temperatures and (b) NOx-assisted soot oxidation
on BaCuCe catalyst.

sites including Cux+, Cex+ and Ba2+ cations. The produced NO2 is
then transferred onto the surface of the soot to form surface oxy-
gen complexes (SOCs) which are further oxidized to produce COx.
In addition, the surface nitrates on the catalyst may  directly react
with the adjacent soot particles (Eq. (4))  at the initial stage of soot
oxidation. It should be noted that the NO rise does not only arise
from catalytic reduction of NO2 by soot but also from the thermo-
dynamic equilibrium of the reaction NO2 ↔ NO + (1/2)O2 driven by
the exothermic soot oxidation reaction:

Mx+–NO3 → Mx+–O + NO2 (3)

Mx+–NO3 + C → COx + Mx+–O + NO (4)

Based on the analysis above as well as reports in the literature
[47,48], the reaction route of catalytic soot combustion on BaCuCe
can be primarily divided into three continuous steps and is sum-
marized in Scheme 1.

(i) When the temperature is raised to 250 ◦C, nitrate species are
preferentially formed on Cux+ and Cex+ active sites (Eq. (5)) and
transferred to the adjacent barium carbonate to form barium
nitrate (Eq. (6)) as shown in Scheme 1a:

(Cu, Ce)x+–O + NO2 → (Cu, Ce)x+–NO3 (5)

BaCO3 + (Cu, Ce)x+–NO3 → Ba(NO3)2 + (Cu, Ce)x+–O + CO2

(6)

It should be noted that BaCO3 can be transformed to
Ba(NO3)2 in NOx atmosphere according to another reaction
route. That is, BaCO3 reacts with NO2 and O2 to form nitrate
(Eq. (7)). The effect of metal sites (i.e. Cux+ and Cex+) lies mainly
in the enhancements of NO oxidation to NO2 and activation of
O2.

BaCO3 + 2NO2 + (1/2)O2 → Ba(NO3)2 + CO2 (7)

(ii) As the temperature increases to 350 ◦C, the stored nitrates can
react with soot via the released NO2 (Eq. (3)) and/or direct
catalytic decomposition (Eq. (4)). As mentioned earlier, the
barium nitrate is more stable compared to those coordinated to
Cux+ and Cex+ sites. Thus, it seems that barium nitrate would
be of less importance for soot catalytic oxidation. However,
it should contribute more significantly to this reaction since
the Ba-containing fresh samples show higher activities than
fer limitation condition as shown in Scheme 1b. This is because
the local heat produced from the exothermic soot oxidation
reaction accelerates the decomposition of barium nitrate to
the formation of NO peak at 370 ◦C as well as reaction between
soot and barium nitrate [48].
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Fig. 8. DRIFT spectra obtained on (a) CuCe-F, (b) BaCuCe10-F and (c

iii) Ultimately, the local heat initiates the extensive oxidation of
soot by O2 (Eq. (8)):

C + O2 → CO2 (8)

The hydrothermally aged BaCuCe10 experiences a dramatic loss
n NOx storage capacity because of the formation of BaCeO3 and the

eduction of catalyst surface area. Therefore, its activity for soot
xidation depends on its ability to dominantly generate NO2 via
xidation of NO, which is also weakened after aging. However,
aCuCe-HA still reveals relatively higher NO oxidation and soot
xidation activities than CuCe-HA due to the inhibition effect of
Ce10-HA in 1000 ppm NO/10% O2/N2 as a function of temperature.

barium on sintering of ceria and copper oxide crystallites, hereby
maintaining stronger synergistic effect between copper oxide and
ceria.

5. Conclusions

Ba–Cu–Ce catalysts were prepared by impregnating barium

nitrate on the sol–gel-synthesized CuOx–CeO2 mixed oxides. The
introduction of Ba onto the mixed oxides markedly enhances the
soot oxidation activity of the catalyst in the presence of NO + O2,
especially in the low NO content atmosphere. The optimal Ba load-
ing amount is 6–10 mol.% of the support cations (Cu + Ce), and
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he obtained catalysts exhibit lower Ti (376 ◦C) than that of CuCe
417 ◦C).

The NOx-assisted soot combustion on BaCuCe catalysts can be
ivided in to three steps: (i) NOx storage, where NO2 oxidized from
O is stored on the catalyst in form of nitrates when the temper-
ture is higher than 250 ◦C. (ii) NOx-assisted soot ignition where
he nitrate- and NO-derived NO2 reacts with soot above 300 ◦C,
ccompanied with a NO rise from NO2 catalytic reduction and
hermodynamic decomposition of NO2. (iii) Extensive oxidation of
oot by O2, where oxygen becomes the dominant oxidant with the
xtensive oxidation of soot.

After hydrothermal aging at 800 ◦C for 10 h, BaCuCe catalysts
ose the NOx storage capacity due to the formation of BaCeO3 which

ay  be avoided in the presence of CO2. On the other hand, the intro-
uction of Ba restrains the deterioration of the catalyst by inhibiting
he sintering of ceria and copper oxide crystallites. The redox prop-
rty of CuOx–CeO2 based catalysts depends on the synergistic effect
etween copper oxide and ceria, which is in turn determined by
he crystallite size of ceria and dispersion of copper oxide to a
arge degree. Therefore, BaCuCe maintains a higher activity for NO
xidation than CuCe after aging. The NO-derived NO2 acts as the
ominant oxidant for assisting the catalytic oxidation of soot with
he aged catalyst instead of the nitrate-derived NO2.
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