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BaO Modified Pd-Based Catalysts: Synthesis by Impregnation/Co-Precipitation and
Application in Gasoline-Methanol Exhaust Purification
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Abstract: Barium oxide was developed to modify palladium catalysts supported on CeO,-ZrO,-La,0;-Al1,0; (CZLA)
compound oxides by impregnation/co-precipitation methods. Low temperature N, adsorption-desorption, X-ray
diffraction (XRD), H,-temperature-programmed reduction (H»-TPR), NH;-temperature programmed desorption (NH-
TPD), transmission electron microscopy (TEM) and X-ray photoelectron spectroscopy (XPS) were employed to char-
acterize the influence of the preparation method on physicochemical properties of the catalyst. Catalytic activity per-
formance for methanol, CO, C;Hg and NO conversion was evaluated. Catalytic activity results show that the addition
of BaO has a positive effect on the conversion of all pollutants, and the best results are achieved by the impregnation
method. The light-off temperature decreases by 43, 31, 45 and 35 “C, respectively. The XRD, H,-TPR and XPS re-
sults confirm that the impregnation method is mainly based on the surface modification. The enrichment of Ba®*
strengthens the Pd-Ce interaction in Pd-Ce interface, promoting the reductive ability, thus increasing the catalytic
activity at low temperature. The co-precipitation method results in structure disorder and additional anion vacancies

accompanied by the formation of more Ce™, which may be beneficial to the conversion of CO.
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Alternative fuels become important research

interests owing to an increased concern on
environmental protection and the need to reduce the
dependency on petroleum oil". Methanol (or its
mixture with gasoline) has been suggested as an
alternative fuel due to its larger octane number and
less air pollution?. Although vehicles operating on the
gasoline-methanol fuel produce an exhaust with a
lower carbon monoxide (CO), hydrocarbons (HCs) and
(NO,), etc, it emits various partial

formaldehyde and

unburned methanol vapor®, which are harmful to the

nitrogen oxides
oxidation products such as
environment. Therefore, it is crucial to develop an
efficient catalyst for purification of methanol, CO, HCs
and NO,, simultaneously.

Pd-based catalysts have attracted much attention
for its lower price, more facilities and higher activity for
the oxidation of HCs and CO compared with Rh, Pt-
based catalysts. Ceria species widely used in three-way
catalysts (TWC) exhibit a multiple effects on catalytic
performance, such as increasing in oxygen storage

(0SC) of TWC ¥, improving CO and NO
[5]

capacity

conversion”, promoting low temperature water-gas
shift'® stabilizing noble metal dispersion!” and mini-
mizing the thermally induced sintering of  supports®.
Hence, increasing attentions are focused on TWC with
Pd species as catalytic active sites and ceria as the
support®'®. Barium oxide (BaO) is regarded an effective
promoter for improving OSC of ceria-zirconial'l, NO,
storage capacity!, and thermal stability of ceria-based

3 Moreover, BaO can also improve

catalysts, etc
catalytic activity for the conversion of CO, HC, NO, in
vehicle exhaust ™. So far, there have been available
many kinds of introduction methods, including microe-
mulsion™! sol-gel " impregnation!” and co-precipita-
tion methods "8, These preparation methods play an
important role in promoting the performance of the
catalyst. However, BaO-modified Pd catalysts by
different methods to purify methanol exhaust have not
yet been reported, to the best of our knowledge.

In the present work, Pd-BaO catalysts modified by
impregnation/co-precipitation method were prepared

and applied in purification of gasoline-methanol

exhaust. The effect of preparation methods on textural,
structural, redox, acidity, electron properties and

catalytic performance was investigated.
1 Experimental

1.1 Catalyst preparation

CegasZrosslag 0105 A1,05 (CZLA) solid solution was
prepared by method from the
corresponding raw materials: Ce(NOs);+6H,0, ZrOCO;+
H,0, La(NO3);-6H,0 and AI(NOs);-9H,0. The precur-

sors with a desired stoichiometric ratio were mixed in

co-precipitation

an aqueous solution, then ammonia was added
dropwise to the obtained mixture until pH=10 under
vigorous agitation. The precipitates were filtered,
washed, dried at 105 °C overnight, and then calcined
at 600 °C in air for 3 h to obtain CZLA support. The
theoretical mass percentage of Al,O; in the oxides is
50.0%.

To obtain the Pd/CZLA-Ba
prepared by co-precipitation method (co-catBa), the
BaO-doped CegusZrosslag0,05-AL,0;  (CZLA-Ba) was

prepared according to the same process for CZLA;

mixed oxides

then Pd(NO;), aqueous solution was deposited on
CZLA-Ba support materials by incipient wetness
method. The obtained sample was dried and calcined
at 550 °C for 3 h. The resulting powders were milled
with desired deionized water to obtain slurry, then the
resulting slurry was washcoated onto a honeycomb
cordierite (2.5 cm’, the weight was 1.1 g, Corning,
America). The loading of washcoat was kept about 140
gL, The washcoated catalysts were dried at 120 °C
for 2 h and calcined at 550 °C for 3 h. Another type
of BaO-loaded Pd-Ba/CZLA mixed

obtained by impregnation method (im-catBa). The as-

oxides was

prepared CZLA powders were impregnated in the
aqueous solution of Ba(NOs), and Pd(NO;),. The
successive process followed was the same as the
process for Pd/CZLA-Ba. The loadings of Pd and BaO
2.0wt% and 5.0wt% |,
respectively. In order to compare, the Pd/CZLA

relative to support were

sample without BaO(cat0) was prepared.
1.2 Catalysts characterization

Textural properties were evaluated by low t
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emperature  nitrogen adsorption-desorption on a
QUADRASORB SI Automated Surface Area & Pore
Size Analysizer (U.S.). The samples were evacuated at
300 C for 3 h.

X-ray diffraction (XRD) patterns of catalysts were
recorded on a DX-1000 X-ray diffractometer operated
at 30 kV and 20 mA, using Cu Ka radiation (A=0.154 18
nm). The crystalline phases were identified according
to PDF (The Powder Diffraction File)reference data
from International Centre for Diffraction Data (ICDD)
of Joint Committee on Powder Diffraction Standards
(JCPDS).

Hydrogen temperature-programmed  reduction
(H,-TPR) experiments were performed in a self-
setup with a thermal

assembled  experimental

conductivity detector. All samples (100 mg) were
pretreated in a quartz tubular micro-reactor in a flow
of pure N, at 500 °C for 1 h, and then cooled down to
room temperature. The reduction was carried out in a
flow of 5% H,-95% N, from 200 to 1 000 °C with a
heating rate of 8 C-min™.

of NH;

(NHs-TPD) experiments were carried out in a fixed-

Temperature-programmed  desorption

bed quartz reactor. A typical sample mass of 80 mg

" were used during

and a gas flow rate of 30 mL-min~
the experiments. The experiment included four stages:
(1) degasification of the sample in Ar at 400 °C for
(2) adsorbed 2% NH; at room

temperature for 1 h, (3) isothermal desorption in Ar at

1 h to clear surface,

room temperature until no NH; was detected and (4)
temperature programmed desorption in Ar at 10 C -
min " up to 550 °C. The detector was a thermal
conductivity detector.

The size of the precipitates was observed with
transmission electron microscopy (TEM) using a Tecnai
G2 F20 S-TWIN apparatus operated at 200 kV.
photoelectron (XPS)
measurements were performed on a spectrometer

(XSAM-800, KRATOS Co) using Mg Ka radiation
(hv=1 486.6 V) under ultra-high vacuum condition.

X-ray spectroscopy

The binding energy was determined by reference to
the Cls binding energy of 284.8 eV.
1.3 Activity evaluation

The catalytic purification for methanol exhaust

was evaluated in a continuous flow fixed-bed reactor
by passing mixed gases similar to the gasohol exhaust,
and the

gases were regulated using mass-flow

controllers. The simulated exhaust gas was a mixture
of 0.5% ~0.6% CO, 0.07% ~0.08 % C;H;, 0.08% ~
0.09% NO, 1.9%~2.2% 0,, 0.02% ~0.03% methanol,
and N, as the balance gas. The gas space velocity was
30 000 h™". The organic reaction products were analyzed
by gas chromatography (GC-2000, China) equipped
with FID detector and a Porapak-() column. The
concentrations of CO, HC, NO, O, and CO, were
analyzed online by a five-component FGA-4001.

2 Results and discussion

2.1 XRD
The XRD patterns of Ba-modified Pd/CZLA are

shown in Fig.1.

v Ba,AlLaO,
= Ce, Zr, O

05770572

cat0 iy

30 40 5I0 60 70 80
Temperature / °C
Fig.I XRD patterns of Pd/Ce0,-Zr0,Las0+-ALO,
(PA/CZLA) doped by BaO
As seen from Fig.1, all of the diffractograms show
the main reflections typical of a cubic fluorite-
structured material, with fee unit cells at 29.0°, 33.6°,
48.2°, and 58.6°, corresponding to the (111), (200),
(220) and  (311) planes ™. For co-catBa, no
diffraction peaks for BaO are detected, indicating that
Ba®* ions are doped into Ce0,7Zr0, framework forming
homogeneous Ce0,-ZrO, solid solutions. Based on
Braggs law and Scherrer formula, the lattice
parameters and crystallite sizes of all samples are
calculated and the results are listed in Table 1. It can
be observed that the lattice parameter of co-catBa is

larger than that of catO. The ionic radius of Ba®*
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Table 1 Textural and structural properties of Pd/CZLA mixed oxides doped by BaO
Samples Spir / (m?+g™) Vs / (mL-g™) Rmean / nm Lattice parameter / nm  Mean crystal size / nm
cat0 276 0.28 5.1 05326 43
im-catBa 192 0.33 79 0.523 8 4.1
co-catBa 147 0.22 7.4 0.534 5 4.6

Lattice parameter is derived from (111), (200), (220) and (311) planes based on Braggs law

Crystal size is derived from (111) peaks based on Scherrer Equation

(0.134 nm) is larger than that of Ce*/Ce*™ (0.097 nm/
0.114 nm) or Zr** (0.084 nm). Therefore, the addition
of Ba* into the Ce0,-Zr0, lattice will result in lattice
expansion. However, the lattice parameter of im-catBa
is smaller than that of cat0. The diffraction peak
reveals the phase segregation for the mixed oxide,
with the presence of characteristic Ba,AlLaOs phase
peaks. It may be resulted from the fact that due to
bigger radius of La’* (0.106 nm) than that of Ce*, a
portion of La* ions has been extracted from the mixed
oxides and combined with Ba** forming the Ba,AlLaOs,
which leads to the significant lattice shrinkage of im-
catBa. The similar result has been reported by other
groups®. The XPS results in the following discussion
will give more details on this point. So, it can be
considered that co-precipitation method will lead to
most Ba’* ions into the CeQ,-ZrO, lattice, while the
impregnation method can lead to the most Ba®* ions
remaining on the surface of samples. Besides, no
visible PdO or metallic Pd is present in the XRD
patterns for all the -catalysts, indicating that the
content of Pd is too low to be detected or that the Pd
particles are well dispersed on the supports.
2.2 Nitrogen adsorption-desorption

The textural properties of Pd catalysts modified
by BaO with different methods are summarized in
Table 1. As shown in Table 1, BET specific surface
area of the im-catBa and co-catBa catalyst is 192 m’-
¢ and 147 m?-g™', smaller than that of cat0 (276 m*-
¢ "). But the average pore diameters are obviously
affected and even increased from 5.1 nm to 7.9 nm
(im-catBa) and 7.4 nm (co-catBa), respectively. This
reveals that the introduction of BaO by two methods
does not increase the surface area of samples but can

broaden the average pore diameter. The cumulative

pore volume of im-catBa is 0.33 mL-g™, higher than
that of co-catBa (0.22 mL-g™). This phenomenon may
be resulted from the blocking of small pores or the
formation of larger ones. It is confirmed by the
increase of the average pore diameter. The same

conclusion is also reported in ref. 12!,

Moreover,
previous studies consider that this result can be
explained by the formation of new phases™. So the
increased pore volume may be resulted from the
presence of Ba,AllLaOs as detected by XRD. The
bigger pore volume and average pore diameter are
beneficial to the adsorption/desorption of reaction
species, leading to an improvement of the catalytic
activity. This is further confirmed by the result of the
catalytic performance of the mterial. In summary, the
textural properties of Pd catalyst are enhanced by two
different preparation methods and the impregnation
method is superior to co-precipitation method.
2.3 H,TPR

The TPR profiles of catalysts are shown in Fig.2.
The TPR profile of cat0 shows two peaks B and 7y at
150 °C and 300 °C, which are associated with the
reduction of PdO species and surface oxygen of
Ce0,™. In the case of BaO modified catalysts, the
intensity of the peaks over low-temperature is
decrease of the

simultaneous

peak y. And the

increased with a
intensity of the reduction
temperatures of peaks also shift to lower temperatures.
There is a direct correlation between the peak area
and the amount of reductive species. The reduction
peak areas of co-catBa and im-catBa are larger than
that of cat0. These demonstrate that the addition of
Ba® is beneficial for the reduction of PdO species and

also can increase the amount of reductive species on

the surface of Pd-based catalysts.
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surface modification. The enrichment of Ba* dispersed
” on the surface of samples prepared by impregnation
method will promote the high dispersion of PdO
3 species on the surface of the support, especially
.TE strengthen the interaction between PdO and the
§ co-catBa support. So, except for the highly dispersed PdO, the
E” im-catBa Pd-Ce interaction species formed in the Pd-Ce
interface is another main species. In addition,
reference ™! reports that the hydrogen spillover may

T
0 50 100 150 200 250 300 350 400 450 500 550 600
Temperaure / ‘C

Fig.2 HyTPR profiles of Pd/CZLA doped by BaO with
impregnation/co-precipitation
Compared with cal0O, the im-catBa catalyst shows
two peaks o and B at 80 °C and 110 °C, which is
attributed to the reduction of PdO species highly
dispersed on the surface of the support and the
PdO the

respectively. But, unlike the im-catBa catalyst, co-

interaction  between and support
catBa exhibits only one peak o below 200 °C, and the
intensity of a peak is obviously higher than that of
im-catBa. It indicates that the introduction of BaO by
co-precipitation clearly promotes the high dispersion
of PdO species on the surface of the support and
accelerates the reduction rate of PdO. However, the
im-catBa and co-catBa has

easier reduction of

different reasons. For the co-catBa sample, the
intensity of reduction peak of PdO specie dispersed on
the surface of the support increases obviously. We
may attribute this phenomenon to the structural
modification in the CeQ,-ZrO, lattice when some Ce**
cations are substituted by Ba’* leading to the forma-
tion of more homogeneous solid solution. This is
confirmed by XRD. As reported in refs P> the
introduction of Ba?* in Ce0,-Zr0, lattice can induce
structure  disorder and create additional anion
vacancies, thus increasing the oxygen mobility in the
bulk of solid solution, causing partial O~ anion
diffusion from bulk to surface, and then increasing the
reducibility of Pd catalyst. For the im-catBa sample,
two reduction peaks o and B have been improved, and
the shoulder peak (8 area is distinctly larger than that

of peak a. This fact is mainly associated with the

occur during the PdO reduction and promotes the
reduction of CeOpsupport. The presence of BaO
strongly modifies the dispersion of PdO, facilitating
diffusion of hydrogen between in PdO particles or PdO
particles and the support, which favors the reduction
of PdO and the ceria surface.

Based on the above analyses, co-catBa prepared
by co-precipitation has a better redox property than
im-catBa prepared by impregnation. Different from the
co-catBa samples with structural modification, there
are two kinds of activity species in the im-catBa
sample, such as highly dispersed PdO and the Pd-Ce
species formed in the Pd-Ce interface.

24 NH;-TPD

Fig.3 shows the NH;-TPD of the samples doped
by BaO with different methods. The desorption peak
of the cat0 sample not only has the most wide
temperature range from 100 °C to 700 °C, but also has
the largest peak area. In addition, the NH;-TPD
of exhibits
distinguished desorption peaks a, 8 and 7y at 180, 250

profile un-doped  sample three

|
i im-catBa
N

i co-catBa

300 400 500 600

Temperautre / 'C

200 700

Fig.3 NH;-TPD profiles of Pd/CZLA doped by BaO with

impregnation/co-precipitation
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and 500 °C, respectively, which can be ascribed to the
NHj; desorption of weak acid sites, middle strong acid
sites and strong acid sites on the surface of aluminum-
containing samples.

As for im-catBa and co-catBa, both the peak
temperature and the peak area decrease, and the middle
strong acid sites and strong acid sites nearly fade away.
This is because that BaO is a basic alkaline compound.
The addition of alkaline earth metal oxides will first
neutralize some strong and middle strong acid sites on
the surface, and then neutralize the weak acid sites,
resulting in a decline in the surface acidity. Moreover,
the peak area of co-catBa is smaller than that of im-
catBa. This may be due to the following reasons: (1) the
surface acid sites of catalysts are mainly determined by
the number of hydroxyl groups on the surface of
aluminum and the aluminum atoms, the more hydroxyl
groups and aluminum atoms, the more H* and empty
electron orbital ™. Combined with the results of XRD
and H,-TPR, it can be inferred that co-precipitation
method, leading to almost all of Ba®>* ions into the CZ
lattice, forming homogeneous solid solution, will result
maximum neutralization for all acid sites. The
impregnation method only modifies the surface of the
catalyst by promoting high dispersion of the PdO, which

must neutralize part of the surface acid sites; (2)

Furthermore, the amount of surface acidity vary in the
order of cat0 > im-catBa > co-catBa. This result
corresponds well with the trend of BET specific surface
area. According to the principle of NH; adsorption/
desorption, the higher surface area for a catalyst, the
more surface acid sites. So, the decrease in surface area
of im-catBa and co-catBa catalysts is a crucial factor
leading to the decline of surface acid sites. The co-
catBa has lesser amount of surface acidity than im-
catBa.
2.5 TEM

TEM images of the catalyst after doping BaO by
impregnation/co-precipitation method are shown in Fig.
4. From Fig.4(a) and (b), the average sizes of Pd particle
for co-catBa and im-catBa are about 2 and 4 nm,
respectively. The dispersion of Pd particles of co-catBa
is seemingly higher than that of im-catBa. This may be
due to the formation of homogeneous solid solutions as
implied by XRD result, which leads to a more compact
bond between Pd and the support. So the more highly
dispersed Pd particles, the higher reducibility as proved
by Wang et al™. This conclusion is in good agreement
with the result of H-TPR in this work. Therefore, it can
be concluded that doping with BaO by co-precipitation

is more conductive to the dispersion of Pd particles than

by impregnation.

(a) co-catBa; (b) im-catBa

Fig.4 TEM images of Pd/CZLA doped by BaO with impregnation/co-precipitation

2.6 XPS

Fig.5(a) and (b) show the XPS spectra of Pd3d
and Ce3d after treatment by XPSPEAK, respectively.
Table 2 summarizes the binding energy (BE) values

and the surface atomic ratios calculated from XPS.

As shown in Table 2 and Fig.5(a), the binding
energies of the Pd3ds, electrons of all catalysts fall in
the range of 336.4~337.0 eV. Recent XPS reference
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Fig.5 Pd3d (a) and Ce3d (b) XPS spectra of catalysts

Table 2 Binding energy and surface composition results of three catalysts

BE /eV Surface concentration / at.% Ce¥/
Catalyst
Pd3ds, Ce3dsp Pd Al Ce La Ir Ba (Ce*+Ce*™) / at.%
catQ 336.4 881.8 0.22 23.15 1.29 0.79 1.91 - 22.38
im-catBa 336.9 882.5 0.41 27.36 1.55 1.74 1.94 0.77 25.84
co-catBa 337.0 882.2 0.79 24.08 2.67 1.15 4.64 0.51 26.57

values for the binding energies of PdO and metallic
Pd® are 336.8 and 335.2 eV, respectively . The
catO0 Pd3ds, is 3364 eV,
significantly higher than that of Pd°, but lower than

binding energy of
that of PdO. It indicates that Pd exists in a partly
oxidized state. Compared with the cat0, the Pd3d
peaks of im-catBa and co-catBa shift to higher BE by
0.5~0.6 eV. As reported in Ref.[30], the addition of
BaO could increase the electron density around PdO
as an electron donor, resulting in a decrease in the
binding energy value, which is in contrast to our
results. In this study, the surface atomic ratios of Pd
on the cat0, im-catBa and co-catBa are 0.22%, 0.41%
and 0.79%, respectively. According to the results of
H,-TPR and TEM, it can be speculated that the
binding energy shift is related with the increase of the
Pd species dispersion. Furthermore, the Ce3ds, BE
values of im-catBa and co-catBa are all enhanced
from 881.8 eV to 8825 eV and 8822 eV,
respectively.  Usually, this phenomenon can be
understood as the strong metal-support interaction
(SMSI) effect®. Unlike co-catBa, the im-catBa sample
has more obvious increase for the Ce3ds, BE values

by 0.7 eV. This result implies that impregnation

method is more beneficial to promote the Pd-Ce
interaction than co-precipitation method. SMSI could
change the surface chemical surrounding of PdO and
Ce0, forming chemical bonding such as Pd-O-Ce in
the interface of palladium particles and the support.
This is consisted with the result of H,-TPR.

Fig.5 (b) shows the Ce3d XPS spectra of three
samples. The peaks for Ce3d are complex, and they
are split into the Ce3ds, and Ce3ds, spin-orbit
component of cerium ion. The peaks are assigned as
V, V" and V" for Ce3ds,, while the corresponding
Ce3dy, peaks are labeled as U, U” and U"" ™I
According to the literatures % the peaks at V', U”
represent the presence of Ce’*, while characteristic
peaks of Ce* present at V, V', V' U, U", U". As
seen from (b), all samples display characteristic peaks
of Ce** and Ce**, which indicates that combination of
Ce’* and Ce'* for cerium species coexists in the
samples. The concentrations of surface Ce’* in the
samples, obtained by calculating the relative
integrated areas under the curve of each deconvoluted
peaks, are shown in Table 2. From Table 2, the
concentration of surface Ce* over co-catBa is 26.57%,

higher than that of (25.84% ). The

im-catBa
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concentrations of surface Ce* vary in the order of co-
catBa > im-catBa > cat0. The higher the Ce’*
concentration is, the more Ce**/Ce** redox couples are.
Therefore, the materials with higher Ce™ concentration
will possess better redox property. This observation
agrees well with the H-TPR results.

In addition, the quantitative XPS analysis (Table
2) shows a higher concentration of Ce, Zr, especially
Al and La ions on the surface of im-catBa than that of
cat0 It further the

formation of Ba,AlLaOs compound oxides. Moreover,

and co-catBa. substantiates
the higher concentration of Ce and Zr ions on the
surface of co-catBa may be related to the substitution
Ba®* for Ce* and Zr** ions corresponding to the lattice
expansion. These results have been confirmed by
XRD.
2.7 Catalytic performance of catalysts

The catalytic activities of cat0, im-catBa and co-
catBa catalysts for conversion of methanol, CO, C;Hg
and NO in the simulated exhaust gas are shown in
Fig.6 (a), (b), (c), (d). As seen from Fig.6, the

conversion of methanol, CO, C;Hs and NO over all

catalysts increases continuously with the raising of
temperature. Compared (a) and (b), it can be seen that
the catalytic activity of co-catBa is lower for methanol
conversion, but much higher for CO conversion than
that of im-catBa. The data of light-off temperature (Ts)
(Tyw) obtained

(Tsy and Ty are used

and complete-conversion temperature
from Fig.6 are listed in Table 3.
to evaluate the performances of catalysts. The Ts and
Ty are the temperature at which a given pollutant
conversion reaches 50% and 90%, respectively.) Com-
pared with cat0, the T, of CO over co-catBa is 140 °C,
while over im-catBa is 160 °C. These phenomena
probably relate to the adsorption competition between
CO and CH;OH on the surface of the catalyst. The
interaction between the molecular CO and Pd atom
can result in strongly adsorbed CO on the surface of
Pd the of the Pd-CO
complexes. The strong adsorption of CO on Pd catalyst

catalyst and formation

is unfavorable for methanol oxidation since a

dominating adsorption of CO is achieved during the
competition adsorption process™. From H,-TPR, TEM

and XPS characterizations, the co-catBa catalyst has
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Fig.6
stoichiometric CH;OH+CO+C;Hg+NO+0,

Conversion of methanol (a), CO (b), C;H; (C), NO (d) as a function of reaction temperature under
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the best reducibility, more highly dispersion, maximum metals, which causes a decrease in propane
surface Ce® concentration and the most surface atomic conversion . So it is speculated that the co-

ratio of Pd. So, the catalyst co-catBa has the best
catalytic activity for CO conversion™. Differently, the
best catalytic activity for CH;0H conversion over the
im-catBa catalyst may be related to the chemical bond
Pd-O-Ce formed in the Pd-CZ interface. The doping of
CZ into Pd catalyst will generate plenty of oxygen ad-
species on the Pd/Ce0, interface®™, which can be
desorbed and participate in the methanol oxidation at
lower temperature. Moreover, Arosio et al.®" demon-
bond could
contribute to the catalytic activity of Pd/CeO, for the

strated that the interaction of Pd-Ce
methane oxidation. So it can be inferred that the
higher activity for methanol conversion over the im-
catBa catalyst is related with the strong Pd-Ce
interaction.

Furthermore, we focus on studying C;Hg and NO,
which are the most difficult to convert in exhaust
gases from gasoline-methanol vehicles. As seen from
Fig.6(c), (d) and Table 3, the trend of catalytic activity
for CsHg conversion is consistent with NO conversion.
The conversion of C;Hg and NO varies in the order of
im-catBa > cat0 > co-catBa. This may be ascribed to
the propane-assisted decomposition of NO. Compared
with the catalyst cat0, the T, of C;Hg and NO over the
catalyst im-catBa decreases by 31, 35 °C, but the Ty
increases by 35, 75 °C over the catalyst co-catBa. Tt is
obvious that the addition of BaO with the impregna-
tion method can be more effective to improve the
catalytic activity, and with the co-precipitation method
The NO

dependent upon the amount of acidity, not just its

is negative. activity for reduction is

strength, when saturated hydrocarbons are used as the

]

reducing agent ™. Similarly the surface acidity of

catalysts decreases due to the doping of alkaline earth

precipitation method resulting the lowest acidity is the
important reason leading to the decrease of the C;Hg
and NO conversion.

However, im-catBa has less total acidity, but has
better catalytic activity for C;Hg and NO conversion.
This may be resulted from following reasons: 1) it is
generally accepted that the NOx storage takes place
on multiple types of barium sites which have different
activities toward NOx storage reduction™. BaO on the
Pd-Ba-OSC/ALO; catalyst surface can increases the
amount of active sites for NO reactions at low
temperature as suggested by Tanja et al®. So it can
be considered that the formation of Ba,AlLaOs phases
may be beneficial to the conversion of NO; 2) Pd ions
NO, C;H;

activation. So the more surface enrichment of Pd

are active sites for adsorption and
species, the higher catalytic activity. On the other
hand, the Pd-CZ interface where exists additional sites
(NO) activation has a direct effect on the
NO de-oxidation and C;Hg oxidation™*#. From H,-TPR

and XPS characterizations, the catalyst im-catBa has

for oxidant

more surface enriched Pd species and the Pd-O-Ce
species on the Pd-CZ interface due to the surface
modification. These may be the crucial factors leading
to the excellent catalytic activity towards NO and
C;Hs.

Based on the above analyses, the redox property
and highly dispersed PdO species have an important
the catalytic performance for CO
The Pd-Ce Pd-Ce

interface may be the primary factor leading to the

impact on

conversion. interaction in the
excellent catalytic activity towards methanol, NO and

C;Hg conversion.

Table 3 Light-off (Ts) and complete-conversion temperature (7y) of methanol, CO, C;Hs and NO over catalysts

Ty / C Tw! C
Catalyst
CH;O0H C;Hg CO NO CH;0H C;Hy co NO
catQ 185 205 205 180 210 285 - 195
im-catBa 142 174 160 145 162 265 - 170
co-catBa 161 240 140 255 170 300 160 300
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3 Conclusions

The addition of BaO to Pd-based catalyst by
impregnation/co-precipitation method greatly improves
the textural, redox properties and effectively
strengthens the metal-support interaction. The Pd-Ba
catalysts exhibit better catalytic performance, and im-
catBa is superior to co-catBa. Different synthesis
methods modify Pd-based catalyst in different ways.
Co-precipitation method is mainly based on the lattice
modification when some Ce'* cations are substituted
by Ba?*, causing structure disorder and additional
anion vacancies. So, co-precipitation method will
cause the formation of more Ce™, accompanied by the
creation of more Ce*/Ce** redox couples, which leads
to a better redox property. The redox property of the
helps the CO

impregnation method is mainly based on the surface

catalyst conversion.  However,
modification. The enrichment of dispersed Ba®* on the
surface of the catalyst will promote high dispersion of
PdO species on the surface of the support, especially
will strengthen the Pd-Ce interaction in Pd-Ce
interface of Pd-O-Ce species. The strong Pd-Ce

interaction may be beneficial to the conversion of

methanol, C;Hg and NO.
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