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a b s t r a c t

The BaFeO3−x perovskite catalyst was prepared by sol–gel method for NOx storage under lean-burn con-
ditions. During the catalyst precursor calcination, a series of complex solid reactions happened, and the
BaCO3, formed during citric acid combustion, played a key role to react with the spinel species achieving
the aimed perovskite. On the Ba–Fe–750F catalyst, the perovskite phase and the small amount of spinel
phase were evidenced by XRD, and some well dispersed carbonate was also detected by FT-IR. Under
lean-burn conditions, the NO was easily stored on the Ba–Fe–750F catalyst, and its optimized NO stor-
ean-burn
Ox storage
oble metal free

x x

age capacity (NSC), i.e. 333.5 �mol g−1, was obtained at 400 ◦C. At above 400 ◦C, the stored nitrate became
unstable and decomposed, resulting in the sharp decrease of NSC. Two kinds of the NOx storage sites were
identified by in situ DRIFTS experiments that the carbonate remaining on the catalyst could transform to
monodentate nitrate, and the A site Ba in the perovskite structure could directly bind with NOx to form
N-bounded nitrate. This BaFeO3−x perovskite catalyst was a potential NOx storage material with noble

metal free.

. Introduction

Lean-burn diesel and gasoline engines are widely applied in
ehicles to reduce greenhouse effect and improve fuel economic
fficiency [1]. NOx storage-reduction (NSR) technique, which was
rstly proposed by Toyota company [2], provides an potential route
o reduce NOx under lean-burn conditions. The NSR catalysts usu-
lly contain barium oxide and noble metals [2–4]. NO is firstly
xidized to NO2 on the noble metal, and then is stored on the bar-
um oxide nearby [4–6] under lean-burn atmosphere. The stored
Ox can be further reduced to N2 by the reducing components

n the exhaust gases, such as hydrocarbons and CO [2–4] under
ich-burn atmosphere. Hao and co-workers reported one kind of
ydrotalcite-like compounds, which were utilized for NOx capture,
ecomposition and reduction [7,8]. Recently, the electrochemical

atalysts, such as Pt–BaO/YSZ [9] and Pt–K/�-Al2O3 [10], are also
eveloped to act as both NSR catalyst and sensor for the lean-rich
ycles of the atmosphere in diesel engine.

∗ Corresponding author. Tel.: +86 22 27892275; fax: +86 22 27892275.
∗∗ Corresponding authors.
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Now, perovskite type catalysts in ABO3 formula are broadly uti-
lized in NOx removal processes [11,12]. Their catalytic properties
are mainly due to the abnormal valence of the B site element, which
is induced by the electric neutrality principle. Perovskite oxides
are deemed as potential substitutes for noble metals because of
their prior redox properties, stable structures and low cost. There-
fore, the perovskite type catalysts were ever evaluated for the NOx

storage process [4,13,14]. Hodjati et al. reported one kind of the
perovskite catalyst that the A site element was Ba, Sr, or Ca to stor-
age NOx under the lean-burn conditions, and the B site element was
Sn, Zr, or Ti. They found that the NOx adsorption ability of the per-
ovskite catalysts was in the order of Ba > Sr > Ca and Sn > Zr > Ti, and
the BaSnO3 catalyst possessed the best NOx absorption ability [13].
However, when it was exposed in the mixture of SO2 and NOx, it
was poisoned by sulfation quickly [15]. Yamazaki et al. found that
the existence of Fe2O3 in the Pt/BaO/�-Al2O3 catalyst improved
significantly its sulfur resistance by inhibiting the growth in the
size of the neighboring BaSO4 and accelerating the decomposition
of BaSO4 under the reducing condition [16]. Casapu et al. stud-

ied the Pt/Ba/CeO2 and Pt/Ba/Al2O3 catalysts [17,18]. They found
the formation of the perovskite species BaPtO3 and Ba2PtCeO6
increased the Pt dispersion on the support. Could the iron species
be limited in the crystal lattice of the NSR perovskite catalyst to
improve its sulfur-resistance by increasing iron dispersion? In our

http://www.sciencedirect.com/science/journal/09205861
http://www.elsevier.com/locate/cattod
mailto:xingang_li@tju.edu.cn
dx.doi.org/10.1016/j.cattod.2010.03.026
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revious work, a complex-oxide catalyst Ba–Fe–O containing per-
vskites, spinel, and carbonate species was shortly introduced, and
t presented a good NOx storage ability and an improved sulfur-
esistance [19].

In this study, the perovskite type BaFeO3−x catalyst was pre-
ared by sol–gel method, which was synthesized under the more
evere preparation conditions than the previous study [19], such
s the accurate pH value adjustment to the sol, the calcination
rocedure designed for the xerogel, and the continuous air flow-

ng conditions during calcination to obtain a better perovskite
tructures. The perovskite formation process was determined by
hermogravimetry (TG) and FT-IR. The structure property of the
erovskite catalyst was characterized by XRD, and BET surface area
easurement. The NOx storage behavior over the perovskite cata-

ysts were also investigated and clarified through the NO-TPD and
n situ DRIFTS experiments.

. Experimental

.1. Catalyst preparation

The BaFeO3−x catalysts were prepared by sol–gel method.
riefly, the required amount of Ba(NO3)2 (Tianjin University, Kewei
o.) and Fe(NO3)3·9H2O (Tianjin University, Kewei Co.) was dis-
olved together in diluted water to obtain 0.05 mol L−1 for each,
nd then the solution was ultrasonic-treated for 0.5 h, followed
y addition of 0.05 mol L−1 of citric acid (CA, Tianjin University,
ewei Co.) solution. Meanwhile, the pH value of the aqueous
olution kept at 9.0 with the adjustment of 28% NH3·H2O solu-
ion (Tianjin University, Kewei Co.), and the temperature of the
queous solution was maintained at 80 ◦C. The molar ratio for
ach component was Ba:Fe:CA = 1:1:2. After vigorous stirring and
vaporation, a transparent gel was formed, which was then dried
t 120 ◦C overnight. The obtained xerogel precursor was firstly
alcined from room temperature to 350 ◦C in air with a rate of
◦C min−1, stayed for 2 h to completely remove CA, and was then
alcined at 750 ◦C for 6 h with a rate of 4 ◦C min−1. The whole
alcination process was conducted in a pipe furnace with the con-
inuous air flow (50 mL min−1) to eliminate the produced CO2
uring CA combustion. The catalyst was denoted as Ba–Fe–750F.
oreover, the catalysts prepared with the same precursor syn-

hesis method and the same calcination procedure in static air,
.e. without air flow, with a muffle furnace were also compared

ith the Ba–Fe–750F catalyst. These catalysts were denoted as
a–Fe–750S, Ba–Fe–850S, and Ba–Fe–950S, according to the dif-

erent calcination temperature at 750, 850 and 950 ◦C for 6 h,
espectively.

.2. Catalyst characterizations

The thermogravimetry (TG) analysis was conducted with a
erkin-Elmer Diamond TG instrument. Approximate 30 mg of
he precursor was used. It was implemented in an air flow of
00 mL min−1. The temperature increased from room temperature
o 900 ◦C at a rate of 10 ◦C min−1.

For the FT-IR transmission spectroscopy experiment, a mix-
ure of the sample and the vacuum-dried IR-grade KBr with a
eight ratio of 1:100 was pressed into a disc, and then recorded
ith a Nexus FT-IR spectrometer apparatus (Thermo Nicolet Co.)

quipped with a MCT detector using 64 scans and a resolution of

cm−1 in the range from 400 to 4000 cm−1.

The X-ray diffraction (XRD) measurements were carried out on
n X’pert pro rotatory diffractometer, using Co K� (� = 0.17890 nm)
s radiation source. The X-ray tube was operated at 40 kV and
0 mA.
Fig. 1. TG profiles of the catalyst precursor: DTG (dash line), DTA (dot line), and TG
(solid line).

The BET surface area of the catalysts was determined by N2
physisorption using an automatic gas adsorption system (NOVA
2000, Quantachrome Co.) at −196 ◦C. The sample was outgassed at
300 ◦C for 8 h prior to N2 physisorption.

The in situ Diffuse Reflectance Infrared Fourier Transform Spec-
troscopy (DRIFTS) experiments were carried out on the same Nexus
FT-IR spectrometer as the FT-IR transmission spectroscopy exper-
iments with 32 scans. For the NOx sorption experiment at 400 ◦C
with the various NOx sorption period, the catalyst was pretreated in
5% O2/He at 400 ◦C for 30 min to record the background spectrum,
and then 800 ppm NO and 5% O2 diluted by He was introduced to
the sample cell. The spectra were collected at the different expo-
sure time from 1 to 60 min. The flow rate of the introduced gas for
all of the DRIFTS experiments was 50 mL min−1.

2.3. NOx sorption process

The NOx storage capacity (NSC) measurements were carried
out in a conventional fixed bed quartz reactor (i.d. = 8 mm) under
atmospheric pressure. 0.5 g of the catalyst was used. After the pre-
treatment with 5% O2 in N2 (50 mL min−1) at 500 ◦C for 1 h and then
cooling down to the desired temperature for the NOx sorption, a
gas mixture of 800 ppm NO and 5% O2 balanced with N2 passed
through the loaded catalyst at a space velocity of 50,000 h−1. An
on-line chemi-luminescence NOx analyzer (Model 42i-HL, Thermo
Scientific) was used to determine the concentration of NO, NO2 and
NOx. The duration of the NSC measurement for each catalyst was
30 min.

The NO temperature programmed desorption (NO-TPD) exper-
iments were conducted with the same apparatus as the NSC
measurements. 0.1 g of the catalyst was pretreated in 5% O2/N2
(50 mL min−1) at 500 ◦C for 1 h, and then exposed in 800 ppm NO/5%
O2 balanced with N2 for 1 h with a flow rate of 80 mL min−1 at 300,
400 or 500 ◦C, and then the reactor temperature decreased to room
temperature with the same gas atmosphere, followed by purging
the sample with N2 flow until the NOx concentration was below
15 ppm. Thereafter, the catalyst was heated to 700 ◦C at a rate of
10 ◦C min−1 and the flow rate of the carrier gas N2 was 20 mL min−1.

3. Results and discussion
3.1. Formation process of the BaFeO3−x catalyst

The thermal analysis profiles of the xerogel precursor of the
BaFeO3−x catalyst are presented in Fig. 1. Below 100 ◦C, a small
and broad DTG peak with an endothermic process was observed,
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CO2 derived from citric acid combustion in static air was more dif-
ficultly released out of the muffle furnace than that in flowing air,
which inhibited the perovskite formation. With the increase of the
calcination temperature to 850 (Fig. 3(c)) and 950 ◦C (Fig. 3(d)), the

Table 1
The BET surface area and the NOx storage capacity (NSC) at 400 ◦C of the catalysts.

2 −1 −1
ig. 2. FT-IR spectra of the xerogel precursor calcined at different temperature for
h.

hich was correlated to the free water in the precursor by deli-
uescence. Between 135 and 280 ◦C, an endothermic peak of DTA
as found following the mass loss of 28.3%. It was due to the chem-

cally combined water in the xerogel precursor. With the increase
f calcination temperature, a strong exothermic process occurred
rom 290 to 370 ◦C with the mass loss of 22.4%, which was derived
rom the citric acid combustion. Thereafter, the mass of the sample
ecame stable until 498 ◦C that a shoulder DTG peak ranged from
98 to 620 ◦C, and centered at 573 and 602 ◦C appeared. At the same
ime, an endothermic process with the similar shape as the trend
f the DTG profile on the DTA profile occurred, and the mass of the
ample lost about 13.5%. This process was very complexed involv-
ng the carbonate decomposition, the nitrate from the salt sources
ecomposition, and some solid state reactions to form the spinel
nd perovskite species.

To clarify the formation process of the BaFeO3−x perovskite cat-
lyst, the FT-IR spectra of the xerogel precursor, calcined at 120,
50, 500, 600, or 750 ◦C for 6 h in continuous air flow, are shown in
ig. 2. For the standard Fe(NO3)3 sample, only the vibration bond
f nitrate at 1383 cm−1 was observed. Very strangely, there was
o obviously vibration bond of the standard citric acid was found
n the FT-IR profiles of the xerogel precursors. It might be due to
he strong interaction between citric acid and water in the precur-
or, and, also, the formation of the coordinated complex between
etal ions and citric acid. For the precursor calcined at 120, 250, and

00 ◦C, the bonds at 1414, 1383, 1356, 815, and 730 cm−1 were well
atched with the standard Ba(NO3)2 material, indicating that even

t 500 ◦C barium was still in the form of nitrate. At 120 ◦C, the broad
ond from 1486 to 1770 cm−1 was due to the combined water as
videnced by the TG results in Fig. 1, and it disappeared at the higher
alcination temperature. Moreover, the intensity of the nitrate
ibration bonds decreased a little after the calcination temperature
ncreased from 250 to 500 ◦C because of the partial decomposition
f nitrate. When the calcination temperature increased to 600 ◦C,
he nitrate species were completely decomposed so that the nitrate
ibration bonds disappeared on the FT-IR spectra. Simultaneously,
everal new vibration bonds appeared at 1430, 771, 620, 500, and
70 cm−1. The bond at 1430 cm−1 was related to the vibration
ond of carbonate, while the others belonged to the characteris-

ic vibration bonds of the spinel species [20]. When the calcination
emperature reached 750 ◦C, two strong vibration bonds at 630 and
56 cm−1, ranged from 470 to 750 cm−1, were observed, which was
ue to the stretching vibration of the Fe–O bond in the octahe-
ron cage FeO6 at the B sites of the perovskite BaFeO3 structures
Fig. 3. XRD patterns of the catalysts (a) Ba–Fe–750F; (b) Ba–Fe–750S; (c)
Ba–Fe–850S; and (d) Ba–Fe–950S.

[20,21]. Here, the intensity of the vibration bonds of both the per-
ovskite species and the spinel species was strengthened especially
for the perovskite species. Moreover, the bond at 1430 cm−1 still
remained, indicating the existence of carbonate in the Ba–Fe–750F
catalyst after 750 ◦C calcination. These FT-IR results were coincided
with the previous TG results that the nitrate decomposition, and the
spinel and the perovskite formation occurred at above 500 ◦C. The
high calcination temperature, especially higher than 600 ◦C, was
favorable for the perovskite formation.

The XRD patterns and the BET surface area of the catalysts cal-
cined at the various temperatures in air with or without flow are
depicted in Fig. 3 and Table 1, respectively. In Fig. 3(a), it clearly
shows that the BaFeO3 (PDF number: 75-0426) and BaFeO3−x
phases (PDF number: 70-0034 and 70-1321) were formed on the
Ba–Fe–750F catalyst after the xerogel precursor calcined in the
flowing air at 750 ◦C, and some weak diffraction peaks of the spinel
BaFe2O4 phase (PDF number: 70-2468) was still observed demon-
strating that the perovskite phases were the main the components.
Nevertheless, no diffraction peak attributed to BaCO3 phase was
detected, which disagreed with the FT-IR results in Fig. 2. It is
because the small amount of remnant carbonate might be well
dispersed on the catalyst so that it was hardly detected from the
XRD characterization. The diffraction peak at 30.6◦ was correspond-
ing to the characteristic diffraction peak of the BaFeO3−x (x = 0.27
and 0.33) phases, indicating that a large amount of the defective
perovskite species was formed here.

For comparison, the XRD pattern of the Ba–Fe–750S catalyst is
presented in Fig. 3(b). The diffraction peaks belonging to perovskite
(PDF number: 75-0426, 70-0034, and 70-1321), spinel (PDF num-
ber: 70-2468) and carbonate phases (PDF number: 71-2394) were
observed, and the intensity of the diffraction peaks of the perovskite
phases was much weaker than that of the later two phases. Here,
Temperature BET surface area (m g ) NSC (�mol g )

Ba–Fe–750F 6.0 333.5
Ba–Fe–750S 6.8 817.0
Ba–Fe–850S 5.9 575.6
Ba–Fe–950S 2.6 222.9
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Fig. 5. NO-TPD spectra of the Ba–Fe–750F catalyst at various NOx sorption temper-
ature.
Fig. 4. NSC of the Ba–Fe–750F catalyst.

ntensity of the diffraction peaks of the BaCO3 and BaFe2O4 phases
ecame weaker and weaker, and the diffraction peak of the BaCO3

n the Ba–Fe–950S catalyst, calcined at 950 ◦C, even disappeared.
ontrarily, the intensity of the diffraction peaks of the perovskite
hases became stronger and stronger.

Here, a possible reaction route for the perovskite formation was
roposed. Briefly, the spinel phase was formed at above 600 ◦C
s evidenced by the previous FT-IR results, and the BaCO3 phase
ecomposed gradually to BaO with the increasing of calcination
emperature. BaO might react with the spinel phase to form the
erovskite phases at the high calcination temperature:

aCO3 � BaO + CO2 (1)

aO + BaFe2O4 + (1/2 − x)O2 � 2BaFeO3−x, (0.5 > x > 0) (2)

In Eq. (1), it is obvious that the presence of CO2 would hinder
he BaCO3 decomposition to BaO, and, consequently, the perovskite
ormation in Eq. (2). It well explains the XRD results that, for the
atalyst calcined in flowing air, the perovskite phases could be
asily formed at 750 ◦C because CO2 produced from citric acid
ombustion was purged away from the pipe furnace by air flow
ccelerating the proceeding of the reactions in Eqs. (1) and (2). On
he other hand, the BaCO3 decomposition was an endothermic reac-
ion, and it could be promoted to produce BaO through calcination
t high temperature by thermodynamic force. Thereafter, Eq. (2)
as synergistically enhanced to form the perovskite species. So,

he perovskite phases became the main components only on the
a–Fe–950S catalyst among the catalysts without air purging due
o its high calcination temperature.

Although the perovskite phases were the main components for
oth the Ba–Fe–750F and the Ba–Fe–950S catalysts, a bigger BET
urface area was achieved for the former one as observed in Table 1,
ue to the lower calcination temperature.

.2. NOx storage process

The influence of the NOx storage temperature to the NSC of
he Ba–Fe–750F catalyst is displayed in Fig. 4. The NSC gradually
ncreased following the increase of the storage temperature, and
eached the maximum at 400 ◦C, i.e. 333.5 �mol g−1. When the
torage temperature was above 400 ◦C, the NSC dropped sharply.
his result was in good agreement with our previous study [6]

◦
hat the optimized NOx storage temperature was 400 C over the
t/Ba–Al–O catalyst. Below 400 ◦C, NOx was captured and stored
rom gas phase, and the amount of the stored NOx increased over
he catalyst following the increase of the NOx sorption tempera-
ure [4,6]. However, the stored NOx was unstable. It decomposed
Fig. 6. In situ DRIFTS spectra of the Ba–Fe–750F catalyst (a-f), and the Ba–Fe–950S
catalyst (g) with the different sorption period in 800 ppm NOx/5% O2 flow: (a) 1 min,
(b) 5 min, (c) 10 min, (d) 20 min, (e) 40 min, and (f and g) 60 min.

and released from the catalyst at above 400 ◦C [4,6]. Therefore, a
volcano-like curve was presented during the NSC test. Moreover,
the NSC of the perovskite catalysts adsorbing NOx at 400 ◦C was
compared in Table 1. The NSC of the Ba–Fe–750S catalyst pos-
sessed the much bigger NSC than that of the Ba–Fe–750F catalyst.
It was due to the existence of the large amount of carbonate on
the Ba–Fe–750S catalyst (Fig. 1), which would induce a poor sulfur
resistance.

Fig. 5 presents the NO-TPD spectra of the Ba–Fe–750F cata-
lyst after NOx sorption in 800 ppm/5% O2 at 300, 400 or 500 ◦C
for 1 h. The NOx desorption area of the catalyst, exposed in NOx

and O2 at 400 ◦C, was the biggest among three NOx sorption con-
ditions, which was coincided with the NSC results in Fig. 4 that
the optimized NOx sorption temperature was around 400 ◦C. Very
interestingly, the tiptop of the NOx desorption peak after NOx sorp-
tion at 300 and 400 ◦C was about 505 ◦C, while the tiptop of the
NOx desorption peak after the NOx sorption at 500 ◦C decreased
to 466 ◦C. This shift of the NOx desorption peak to low tempera-
ture was because the formed barium nitrate was unstable at 500 ◦C
leading to the decomposition and the release of the stored nitrate.
Accordingly, it possessed the smallest NOx desorption area.
To investigate the NOx storage behavior of the perovskite cata-
lyst, the in situ DRIFTS spectra of the Ba–Fe–750F and Ba–Fe–950S
catalysts in 800 ppm NO and 5% O2 flow at 400 ◦C for the different
sorption period are depicted in Fig. 6. The bond at 1341 cm−1 can be
attributed to the monodentate nitrate over barium [22,23], while
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he bonds at 1360 and 1418 cm−1 are correlated to the N-bounded
itrate [14,15]. Here, NOx is directly binded with barium in the form
f O–Ba–NO2 due to the oxygen vacancies existing on the ABO3 per-
vskite structures. As seen in Fig. 6, the major stored nitrate species
or the perovskite catalysts was the N-bounded nitrate. The nitro-
en atom was directly binded with barium atom. Therefore, the
efective structure of the perovskites, i.e. oxygen atom vacancy,
as beneficial for the N-bounded nitrate formation.

For the Ba–Fe–750F catalyst, the intensity of the nitrate bond
as very weak at the beginning until the NOx sorption was pro-

onged for 10 min (Fig. 6a–c). After the NOx sorption for more than
0 min, a negative bond at around 1481 cm−1, and two positive
onds at 1360 and 1341 cm−1 were clear observed. In our previ-
us study, the similar negative bond attributed to the elimination
f carbonate at 1466 cm−1 was evidenced during the NOx sorption
ver the Pt/BaCO3–Al2O3 catalyst [24]. The existence of carbonate
n the Ba–Fe–750F catalyst has been confirmed by our FT-IR results
n Fig. 2. Since the Ba–Fe–750F catalyst was calcined at 750 ◦C for
h much higher than that of the NOx sorption temperature (400 ◦C),

he appearance of this negative bond at 1481 cm−1 should be corre-
ated to the direct transformation from carbonate to nitrate instead
f the decomposition of carbonate to BaO and CO2. The shift to the
igher wavenumber in the present study (1481 cm−1) than that

n the previous report (1466 cm−1) [24] may be due to the posi-
ive overlap of the nitrate bonds at 1418 cm−1, correlating to the
-bounded nitrates. It indicates that, after the NOx sorption, the
-bounded nitrate and monodentate nitrate were formed over the
a–Fe–750F catalyst, simultaneously. For each profile in Fig. 6(a–f),
he intensity of the N-bounded nitrate was always higher than
hat of the monodentate nitrate. With the prolonged NOx sorp-
ion period, the intensity of the vibration bonds belonging to both
itrate and carbonate was strengthened indicating more NOx was
tored over the Ba–Fe–750F catalyst.

Here, the in situ DRIFTS experiment of the Ba–Fe–950S catalyst
as also carried out to compare with the Ba–Fe–750F catalyst in

ig. 6(g). No bond belonging to carbonate was found on the pro-
le, while the strong bonds ascribed to N-bounded nitrate at 1418
nd 1360 cm−1 were clearly determined. It was in good agree-
ent with the previous XRD results in Fig. 3 that no carbonate

emaining on this catalyst. Comparison with the DRIFTS spectra of
he Ba–Fe–750F catalyst, the absence of the monodentate nitrate
ond in Fig. 6(g) indicates that the monodentate nitrate formed

n Fig. 6(c–f) might be due to the transformation of carbonate to
itrate, while the N-bounded nitrate was corresponding to the
itrate formed on perovskite in Fig. 6(c–g). Therefore, two kinds of
ctive sites might contribute to NOx storage over the Ba–Fe–750F
atalyst. One was the remnant carbonate transforming to mon-
dentate nitrate. The other was that NOx stored directly on the A site
a in the ABO3 perovskite structure through forming N-bounded
itrate in the form of O–Ba–NO2.
. Conclusions

Perovskite phase could be synthesized from a solid state pro-
ess that BaCO3 decomposed to BaO, which then reacted with the

[

[

y 158 (2010) 215–219 219

spinel species to produce perovskite. Here, the BaCO3 decomposi-
tion played a key role for the perovskite formation, which could be
enhanced by purging with air flow to remove the produced CO2 out
of the pipe furnace or by thermodynamical decomposing carbonate
at high calcination temperature.

During NOx sorption, the optimized NSC, i.e. 333.5 �mol g−1,
was achieved at 400 ◦C and the stored NOx became unstable and
released at high sorption temperature. Moreover, two kinds of the
NOx storage sites existed on the Ba–Fe–750F catalyst, i.e. the rem-
nant carbonate transforming to monodentate nitrate, and the A
site Ba in the ABO3 perovskite structure directly binded with NOx

forming N-bounded nitrate.
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