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Abstract

The Cey3Y 020, solid solution was prepared by nitrate sol-gel method, and a series of catalysts with different PdO loading were prepared using
impregnation method. These catalysts were characterized by XRD, Raman, CO-TPR, CO,- and O,-TPD techniques. The PdO is highly dispersed
on the surface of the solid solution when the loading is lower than 0.5 wt.%. As PdO loading increases to 2 wt.%, it begins to form the crystalline
structure. CO,-TPD profiles show that the CO adsorbed on highly dispersed PdO is more easily oxidized to CO, than that adsorbed on crystalline
structure and O,-TPD results indicate that it is more difficult to decompose for highly dispersed PdO than that for crystalline structure. CO-TPR
profiles show that the highly dispersed PdO is easily reduced. Catalytic activities of these catalysts for CO and CH,4 oxidation indicate that both
the highly dispersed and crystalline PdO are the active site for CO oxidation, while the crystalline structure is the active site for CH4 oxidation.

© 2006 Elsevier B.V. All rights reserved.
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1. Introduction

Ceria has been the subject of intense studies in recent years
because of its broad applications in various fields, such as cata-
lyst, polishing material and solid fuel cell [1-4]. In the field of
catalysis, cerium oxide has been used as a promoter in three-way
catalysts for removing exhaust gas due to its enhanced oxygen
storage capacity (OSC) [5]. Also, it has been reported that CeO;
and rare earth oxide can significantly promote the dispersion of
noble metal or increase the thermal stability, thus favor catalytic
activity [6,7], among which its foremost role is to act as an oxy-
gen storage component [5,8].

The high OSC of CeO; is associated with its rich oxygen
vacancies and easy shift between CeO, and Ce; O3 under corre-
sponding conditions [9-11]. The capabilities of redox and ther-
mal stability of cerium oxide under high temperature are strongly
enhanced by introducing other elements into the CeO; lattice to
form solid solution [12—14]. More recently, it was reported that
the introduction of ZrQO, in ceria lattice leads to remarkable
improvement in thermal stability and oxygen storage capac-
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ity [15-18]. With higher OSC, higher conversion efficiency
and resistance to thermal aging are generally observed on the
catalyst.

The catalytic oxidation at low temperature is an efficient way
to convert CO to CO,. The most efficient catalysts are noble
metals, such as Au [19-25], Pt [26] and Pd [25,27], and their
catalytic behaviors have been extensively investigated.

Methane is the main component of natural gas, and its struc-
ture is very different from that of CO. Moreover, methane is
a hydrocarbon that is very difficult to be catalytically oxidized
[28]. The catalytic oxidation of CH4 has been studied as an
alternative for environmental friendly combustion of gas fuels
and this approach has no emission of deleterious gas [29]. It is
well known that some noble metal catalysts such as Pt [30,31]
and Pd [32-36] are most active for complete oxidation of the
hydrocarbons.

In our previous work, a series of PAO/Ce, Y1 _xO1 5405+ cat-
alysts with different x have been studied and it was found
that the PdO/CepgY0.2019 catalyst was the most active cat-
alyst for the oxidation of methane [37]. With regard to the
support, in this paper, the relationship between structure and
activity of the PdO/CepgY 2019 catalyst were further stud-
ied in order to confirm the active sites for CO and methane
oxidation.
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2. Experimental
2.1. Preparation of catalysts

Ce0.8Y0.201.9 mixed oxides was prepared by citrate sol—gel
method which was described in our previous work [37]. The sup-
ported PdO catalysts were prepared by a conventional impreg-
nation method using an aqueous solution of HyPdCly with a
concentration of 8.85 gL~! (in Pd). The samples were dried at
120°C over night, and then calcined at 600 °C in air for 4h
with a heating rate of 20°C min~!. The catalysts are denoted
as PdO/CepsY0201.9, and the loading of Pd was 0.1, 0.5 and
2 wt.%, respectively.

2.2. Characterization

X-ray diffraction (XRD) patterns were collected on a Philips
PW3040/60 automated powder diffractometer, using Cu Ko
radiation (A =0.1542 nm). The intensity data were collected at
room temperature over a 26 range of 20-75° with a step interval
of 0.02°.

Raman spectra measurements were performed on a Renishaw
RM 1000 with a confocal microprobe Raman system with an
excitation wavelength of 632.8 nm.

With the aim of characterizing the desorption characteris-
tics of these catalysts, the temperature-programmed desorp-
tion (TPD) of CO, and O, were performed on a home-made
instrument. For CO,-TPD measurement, a 100 mg of sample
was located in a quartz micro-reactor and pre-treated in He
(30mlmin~") at 500°C for 0.5h, then it was cooled down
to room temperature. Then 10 consecutive pulses of 1 ml of
CO were injected until the adsorption of CO was saturated.
The samples were purged with He at the same temperature
for 1h to remove the physically adsorbed CO. Finally, the
desorption step was conducted in flowing He from room tem-
perature to 950 °C with a constant rate of 20°C min~!. The
procedure of temperature-programmed desorption of O, was
similar to that of CO,-TPD, except that the sample was pre-
treated in O, with a flow rate of 30mlmin~!. The signals
of CO; and O, were analyzed using a Balzers Omnistar 200
mass spectrometer by monitoring m/e =44 (for CO,) and 32
(for Oy).

The reduction properties of the PAO/Ce(3Y 2019 catalysts
were measured by CO-TPR (temperature-programmed reduc-
tion). About 50 mg of the catalyst was placed in a quartz tube
without pretreatment, and then a reduction gas of 5% CO in Ar
(30mlmin~!) was introduced. The reaction temperature rose
from room temperature to 910 °C with a constant rate of 20 °C
min~—!. The amount of CO consumption and the signal of CO,
were monitored by a Balzers Omnistar 200 mass spectrometer
at mle=44.

The Pd dispersion of PdO/Ce3Y201.9 catalysts was cal-
culated from CO chemisorption uptakes measured by pulse
chemisorption with a mass spectrometry (Omnistar TM) at
25°C. The catalysts reduced by hydrogen were treated in a
quartz microreactor with a H, stream of 8 ml min~!. The temper-
ature rose from 25 to 250 °C with a constant rate of 5 °C min~!

and maintained for 0.5 h, followed by a He purge of 30 ml min~!
for 2h at 25°C.

2.3. Activity measurement for carbon monoxide and
methane oxidation

The catalytic activity measurement was carried out in a
fixed bed reactor. The catalysts were pressed to pellets, then
crushed and sieved to 20—40 mesh. A 500 mg of catalyst was
used for reaction. In both reactions, the total gas flow rate was
80 mImin~! and the reaction was stabilized for 1 h. In CO oxi-
dation, the composition of inlet gas mixture was 3% CO, 3%
O; in N». The inlet and outlet gas mixture was analyzed on a
Agilent 6850 gas chromatograph equipped with a TCD detector
attached with a HP PLOT column (30 m x 0.32 mm x 12.0 wm).
In methane oxidation, the inlet gas was 3% methane, 8% O
and 89% Nj. CH4 was analyzed on a Shimadzu GC-14C gas
chromatograph equipped with a FID detector attached with a
supelcowax-10 column (30 m x 0.25 mm x 0.25 pm).

3. Results and discussion

3.1. Structure characterization of PdO/Ce.sY0.20;.9
catalysts

Fig. 1 shows the XRD patterns of PdO/Cep Y2019 cata-
lysts with different Pd loadings calcined at 600 °C for 4 h. From
this figure, only cubic CeO; was observed. The lattice parameter
of PdO/Cep3Y 2019 catalysts is 0.5401 nm, which is smaller
than that of pure CeO; (0.5410 nm) [38,39]. This is because the
radius of Y3* (0.092 nm) is smaller than that of Ce** (0.097 nm),
which leads to the shrink of CeO, lattice when Ce** was partially
substituted with Y3*. This indicates that the CeogYp.2019 solid
solution is formed in these catalysts. No characteristic diffrac-
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Fig. 1. XRD patterns of PdO/Ce3Y 2019 catalysts.
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Fig. 2. Laser Raman spectra of PdO/CegY201 9 catalysts.

tion peaks due to PdO (or Pd) was found for all the samples,
which is probably due to the PdO (or Pd) is low or the PdO
(or Pd) species that are highly dispersed on the surface of the
Cep.8Y 02019 solid solution.

Fig. 2 shows the laser Raman spectra of PdO/Ce gY0201.9
catalysts calcined at 600 °C for 4 h. The Raman band observed
at 467 cm™! is attributed to the CepgYo2019 solid solution
[37] and the characteristic peak of Y,O3 at 372 cem~! was
not observed [40,41]. This further proves the formation of
Cep.8Y 02019 solid solution, which is consistent with the XRD
results. The bands at 558 and 614 cm ™! are likely to be due to the
formation of oxygen vacancies [42], which is also the evidence
for the formation of solid solution.

Furthermore, when the Pd loading is lower than 0.5 wt.%,
only Raman bands due to the solid solution were observed. As
the Pd loading increases to 2%, a weak band at about 652 cm™!
was observed, which was ascribed to PdO [43]. The Raman
signal of PdO (0.5%)/Cep3Y.201.9 catalyst was magnified as
shown in the inset, however, the peak at 652 cm~! ascribed to
PdO was not observed, either. This indicates that the PdO species
were highly dispersed atlow loading. As the Pd loading increases
up to 2%, the particles grow up to form crystalline PdO.

3.2. The CO,-TPD and O>-TPD characterizations of
PdO/Ce 8Yp20;.9 catalysts

The CO,-TPD profiles of PdO/CeygY 2019 with different
Pd loadings are shown in Fig. 3. It was found that no peaks due
to CO desorption were observed (the figure is not shown in this
paper). Only one CO; desorption peak at about 110 °C (o) was
observed when Pd loading is low (0.1 and 0.5 wt.%). While at
high loading (2 wt.%), a new CO; desorption peak at 195°C
(B) appears. From Raman results it could be seen that with low
loading only highly dispersed PdO is existed on the surface of the
solid solution, and it grows to crystalline structure as the loading
increases. So the « and g peaks are likely to be ascribed to the
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Fig. 3. The CO,-TPD profiles of PdO/CegY20; 9 catalysts.

highly dispersed PdO and the crystalline structure, respectively.
This indicates that the CO adsorbed on highly dispersed PdO is
easier to be oxidized to CO; than that adsorbed on crystalline
structure.

Fig. 4 shows the O,-TPD profiles of PAO/Ce3Y0201 9 cat-
alysts with different Pd loadings. In the range of 40-900 °C, no
O, desorption peak was observed when the loading is 0.1 wt.%.
While for the catalyst of 0.5% Pd loading, a peak with moderate
intensity appears. As Pd loading increases to 2%, the intensity of
O, desorption peak is augmented, furthermore, the temperature
of Oy desorption decreases remarkedly. The desorption peak
was attributed to the decomposition of PdO. This indicates that
it is much more difficult to decompose for highly dispersed PdO
than that for crystalline structure PdO, probably due to the strong
interaction between highly dispersed PdO and the Cep g Y2019
solid solution.
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Fig. 4. The O,-TPD profiles of PdO/Ce gY 2019 catalysts.
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Fig. 5. The CO-TPR profiles of PdO/Ce( 3Y (201 9 catalysts.

3.3. The CO-TPR characterization of PdO/Ce.8Yp.207.9
catalysts

The CO-TPR profiles of PdO/CepgY 2019 catalysts with
different Pd loadings are shown in Fig. 5. From Fig. 5, it can
be seen that for the solid solution, no CO, signal was observed
at low temperature (<400 °C), but two peaks appear at higher
temperature region: a strong peak (0) and a weak peak (y). For
the catalysts of 0.1 and 0.5 wt.% Pd, another peak at 105 °C («)
was observed besides the y and 6 peaks. The TPR profile of 2%
Pd loading exhibits four peaks at 100 °C («), 235 °C (8), 381 °C
(y), 682°C (0), respectively. It could be seen that the y and 6
peaks were present for all the catalysts, and the vy peak strongly
shifted to lower temperature and its intensity strengthened as the
PdO loading increased, while the intensity of 6 peak declined
with the increasing Pd loading. Therefore, it could be concluded
that the y peak is the reduction of surface oxygen on the solid
solution and the 6 peak is the reduction of bulk oxygen [44]
and the reduction of surface sites is highly enhanced as PdO
loading increases. Furthermore, the number of y oxygen species
increase and it get more active when the presence of PdO on
the surface of solid solution. The o peak can be seen for all
the cataysts, while the 8 peak could be observed only for the
2 wt.% Pd loading catalyst. Combined with the Raman results,
it is reasonable to conclude that the o peak is ascribed to the
reduction of highly dispersed PdO and the 8 peak is due to the
reduction of crystalline PdO.

3.4. Catalytic activity for CO and CH4 oxidation

Fig. 6 shows the catalytic activity of PdO/CepgY (2019 for
CO oxidation with various Pd loadings. None of these catalysts
was pretreated before the reaction .The reaction was kept at each
temperature for about 1 h to achieve steady activity. The Ty (the
temperature when the conversion is 90%) for PAO/Ce 8 Y20O1.9
catalysts with 0, 0.1, 0.5 and 2 wt.% Pd loadings are 300, 200,
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Fig. 6. The catalytic activity of PdO/Ce gY (201 9 catalysts for CO oxidation.

160 and 140 °C, respectively. It can be seen that the presence
of a small amount of Pd can significantly enhance the catalytic
activity.

Fig. 7 shows that the catalytic activities for CH4 oxidation
with PdO/Cep3Y (2019 catalysts. From Fig. 7, it can be seen
that the Tg9g for PAO/Ceg g Y201 9 catalysts with 0, 0.1, 0.5 and
2 wt.% Pd loadings are 580, 580, 580 and 500 °C, respectively.
It implies that with low Pd loading (0.1 and 0.5 wt.%), the con-
tribution of Pd species to the activity was limited. When the
loading increases to 2 wt.%, the activity was enhanced.

In order to clarify the active site for CO and CH4 oxidation,
turnover frequency (TOF) [26] for CO and CH4 oxidation over
the catalysts were calculated based on Pd dispersion results and
are listed in Table 1. The dispersion of PdO for 0.1, 0.5, 2 wt.%
catalysts are 97.8%, 27.0% and 7.7%, respectively. The TOFs
were calculated by subtracting the activity of the support, so the
TOFs indicate the intrinsic activity of the PdO species. Since the
support was inactive for CO oxidation at 140 °C (Fig. 6), while
for CHy oxidation at 460 °C, the catalysts with 0.1 and 0.5 wt.%
Pd loading had same activities as the support (Fig. 7). Note that
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Fig. 7. The catalytic activity of PdO/Ce g Y201 9 catalysts for CHy4 oxidation.
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Table 1
Turnover frequency (s~!) comparison between CO and CHy oxidation

PdO loading (wt.%) Turnover frequency s
CO oxidation® CHy4 oxidation®
0.1 0.045 0
0.5 0.083 0
2.0 0.230 0.104

? Calculated at 140 °C by subtracting the activity of support.
b Calculated at 460 °C by subtracting the activity of support.

the activity of 0.1 wt.% Pd loading catalyst was slightly lower
than support for CH,4 oxidation, probably due to experimental
error. From Table 1, it can be seen that for CO oxidation, the
intrinsic activity was enhanced with increasing Pd loading. For
CH4 oxidation, the catalysts with 0.1 and 0.5 wt.% Pd loading
have no contribution to the activity; while with 2 wt.% Pd loading
the activity was improved.

The difference between the TOFs for CO and CHy oxidation
clearly shows that the different active sites for the two reac-
tions. For CO oxidation, both highly dispersed PdO species and
crystalline PdO are active sites. For CHy oxidation, only crys-
talline PdO was responsible for the activity. However, it should
be noticed that the highly dispersed PdO species could be easily
reduced, as shown in CO-TPR results (Fig. 5), so during the reac-
tion, the PdO sites could be partially reduced by CO and these
reduced sites can activate both CO and O, reactants. Therefore,
a mixed PdO, phase could be present during CO oxidation. In
contrast, the oxidic PdO could hardly be reduced by CHy4 even at
high temperature, so it is more likely that the oxidic PdO species
are the active sites for CH4 oxidation.

4. Conclusions

PdO is highly dispersed on the surface of the CepgY0201.9
solid solution when the loading is low (<0.5 wt.%), and it begins
to form the large crystalline structure when the Pd loading
increases to 2 wt.%. CO-TPR results reveal that highly dispersed
PdO species are present on low Pd loading catalysts (0.1 and
0.5 wt.%), while on the high Pd loading catalyst (2 wt.%) there
is a mixture of highly dispersed PdO and crystalline PdO. By
comparing the turnover frequency of CO and CHy oxidation, it
could be concluded that both the highly dispersed PdO and the
crystalline structure PdO are the active sites for the reaction of
CO oxidation, while the crystalline structure PdO is the active
site for CH4 oxidation.
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