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Abstract

This work reports a ceria solid and Pd/ceria catalyst prepared through a surfactant-templated synthesis route used for simultaneous abasem
of NO and CO emissions. The surface features, textural properties and crystalline structure of ceria and Pd/ceria catalyst were studied by mea
of thermogravimetric analysis (TGA),hysisorption isotherms and in situ Fourier transform infrared (FT-IR) spectroscopy, high resolution
electron transmission microscopy (TEM) and X-ray diffraction (XRD) techniques. In the calcination procedure, part of the adsorbed water
on the surface of the solid was derived into unidentate and bidentate hydroxyls associated with surface cationic ions of ceria. The surfactar
cations were strongly interacted with the solid during the preparation, which induces defects formation in the crystalline structure of the
annealed ceria. The retained surfactant in the solid could be combusted to yigldv&€r and organic molecules with a small amount of
coke-like deposits. The resultant ceria showed mesoporous texture and cubic phase containing lattice defects in the crystalline structure. Tt
Pd/CeQ catalyst was very active for NO reduction via CO with a high selectivity {0AN100% NO conversion with a selectivity to 100%

N was achieved over the Pd/ceria catalyst at a reaction temperature @ 3DBe catalytic activity and selectivity of this catalyst are much
superior to the catalysts of Pt or Rh supported on,Ti®,03, TiO,—Al,O3 and ZrQ—Al,O; prepared by a sol-gel method. A possible
reaction mechanism of NO reduction by CO over the Pd/Cealyst was discussed.

© 2005 Elsevier B.V. All rights reserved.
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1. Introduction surface area and controllable porosity, these mesostructured
metal oxides are very attractive for catalysis. Among
A novel synthesis approach of mesoporous Si-MCM-41 these oxides, ceria is particularly interest in a variety of
materials by using organic molecule as synthetic template catalytic processd®]. For instance, ceria has been used as
reported by Mobil scientists, opens new possibilities in the catalyst or support in the selective oxidation, fine chemicals
design of innovative materials with potential applications in synthesis, methane steam reforming, phenol hydrogenation
a variety of areafl]. By using similar or modified synthesis  at atmospheric pressure and solid oxide fuel cell applications
route, a number of other metal oxides with mesoporous [10-14]}
structures were successfully obtained, these include titania One of the important applications of ceria is the use in the
[2], zirconia[3], niobia[4], ceria[5], alumina[6], tin oxide area of environmental catalysis, particularly in the design of
[7] and manganese oxid8]. Since the enhancement of the new generation of three-way catalysts for simultaneously
controlling NO, CO and hydrocarbon emissions in oxygen-
mpondmg author. Tel.: +52 55 57206000x55124: rich condition;. This is becqqse ceria has Iarge_ oxygen
fax: +52 55 55862728. storage capacity and the ability of fast transferring bulk
E-mail addressjwang@ipn.mx (J.A. Wang). oxygen to its surfacfl5,16] the former may uptake oxygen

1381-1169/$ — see front matter © 2005 Elsevier B.V. All rights reserved.
doi:10.1016/j.molcata.2005.04.056
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under fuel-lean conditions and the latter may release oxygen100°C for 5 days. The solid was then filtered and washed
under reducing conditions, those allow a ceria-containing with water and methanol for several times. The resultant ma-
catalyst to efficiently work in a relatively wide window of terial was dried at 80C for 24 h and then was calcined at
oxygen partial pressure. In addition, ceria may also improve 200, 400 and 600C for 4 h for further characterization.

metal dispersion on it and promotes surface and bulk oxygen

reducibility of the support when it was used as catalysts 2 2 preparation of 3wt.% Pd/CeO

additive[17,18]. All of these properties are very important

for three-way catalysts for the abatement of automobile  The 3wt.% Pd/Ce® catalyst was prepared by impreg-
exhausts. nating the ceria support annealed at 66with a calculated
Differing from ideas used in the traditional synthesis zmount of an aqueous solution of Pd(})©2H,0. The
methods, ceria obtained by using a surfactant-templatedpetgl supported catalyst was dried at 1@0for 4h and
synthetic approach shows larger surface area and ordereghen was calcined at 60 for 4 h. Before the catalytic test,
mesopore structur®,14]. The mesoporous support of ceria e catalyst was reduced by using 99.9% at 400°C for

would give rise to stable and well dispersed metal particles 1 1y jn order to obtain metallic palladium particles on the
on its surface, as a result, enhancement of catalytic perfor-catayst.

mance may be achieved. It is reported that CO conversion
on the Pd/ceria prepared by using myristyltrimethylammo-
nium bromide as synthetic template is always higher than
that achieved on the one prepared by using a precipitation

. The textural properties of the ceria solids were measured
method, this resulted from larger surface area and better metal - . :
dispersior{s]. in a Digisorb 2405 sorptometer by means offthysisorption

. isotherms at—195°C. Before the N adsorption, 0.5g of
In the current work, mesoporous ceria nanophase was
. . o . the sample was thermally treated at 2@0under vacuum
obtained in a base condition, through a templated synthesis o .
. X . . condition for 6 h in order to remove water from the sample.
route, using cetyltrimethylammonium chloride as the . .
. The surface area was determined according to the standard
template. The surface features and texture properties of
. . . Brunaur—-Emmett—Teller method and the total pore volume
the resultant ceria are characterized by thermograwmet-Was evaluated from the amount of adsorbedaa relative
ric analysis (TGA), Fourier transform infrared (FT-IR),

Brunaur—-Emmett-Teller (BET) and transmission electron pressure R/Po) of about 0.99. The pore d'af_“et‘?r distribu-
. . . tions were calculated based on the desorption isotherms by
microscope (TEM) techniques. Its crystalline structure

was refined by applying Rietveld method on the basis of the Barrett—Joyner—Halenda (BJH) algorithm.

X-ray diffraction (XRD) analysis. Evidence of surfactant ) ) ) )
association with the pores of the solid is provided and the 2-4. Analysis of thermogravimetric—Fourier transform
catalytic activity and selectivity of NO reduction via cO infrared (TG-FT-IR)

over the ceria and Pd/ceria catalyst are reported.

2.3. Textural properties

TG analysis was carried out in flow air using a Dupont
Model 950 thermoanalyzer from 25 to 800 at a heating rate
of 20°C/min to determine weight losses during the thermal
treatment and to verify if the CTACI incorporation with the
2.1. Ceria preparation solid materials. The gaseous products produced during TG
procedure were simultaneously monitored by means of an on

To prepare ceria solid, two solutions were pre- line coupled FT-IR spectroscopic technique.
pared: the first solution was prepared by dissolving
16.0 g of cetyltrimethylammonium chloride (GH(CH2)15 2.5. Surface characterization by in situ FT-IR
N(CH3)3Cl, referred as CTACI) in 500 ml deionized hot wa-
ter (around 50C) with stirring, followed by adding 120 ml The surface dehydroxylation and removal of the residual
of agueous ammonia (28 wt.%) to obtain a clear micellar so- surfactants from the dried samples were characterized by
lution; the second solution was prepared by dissolving 21.7 g using in situ FT-IR spectroscopic technique on a Nicolet
of Ce(NG;)3-6H20 in 500 ml deionized water. The cerium Magna-IR 550 spectrometer. The sample was ground by
solution was added, drop-by-drop, into the surfactant solu- hand with a pestle in a mortar and then pressed at 4 tonnes to
tion with a proper agitation to disperse the droplets before give a self-supporting wafer (10 nm in diameter). The sample
local concentrations become excessive. The pH value of thewafer (around 10 mg) was placed inside an IR cell, which
mixture remained at approximately 11 in order to induce the was coupled with a vacuum and heating systems. The sample
hydrolysis and the polycondensation of the inorganic precur- could be exposed to various gaseous environments with
sor around the formed micelles. Afterwards, the slurry was different pressures at different temperatures not exceeding
continuously stirred for 4 h until gel was formed, and then it 400°C. The in situ FT-IR spectra reported herein were
was sealed in a Teflon bottle for hydrothermal treatment at recorded at 25, 100, 200, 300 and 4Q0) respectively.

2. Experimental
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Table 1

Atomic coordinate of the cubic structure with space gréuBm (22 5)
Atom Site X y z

Ce 4e 0.00 0.00 0.00
o 4e 0.25 0.25 0.25

2.6. X-ray diffraction analysis and Rietveld refinement

The power X-ray diffraction data were collected at room
temperature in a Siemens D-5000 diffractometer with Gu K

radiation and a secondary beam monochromator. Intensities

of the diffraction lines were obtained in thé ange between
20° and 110 with a step of 0.02and a measuring time of
2.5s at each point. Crystalline structures were refined with
the Rietveld technique by using FULLPROF98 cdd®8].
The atom atomic coordinates used to refine the ceria with
cubic structure are reported fable 1 For the crystalline
structure refinement, the solid structure was fitted with
a cubic unit cell with space groupm3m. The Rietveld

refinement provided not only the concentration and average
crystallite size of each phase present in the sample but also

the lattice parameter and lattice defect information and
microstrain in the crystalline structures. The lattice defects

were determined by comparing the cation occupancy number

with that present in the perfect ideal ceria. The standard
deviations, corresponding to the variation of the last signifi-
cantfigures, are given in parentheses. When they correspon
to refined parameters, their values are not estimates of th
probable error in the analysis as a whole, but only of the
minimum possible errors based on their normal distribution.

2.7. Images of transmission electron microscope

High resolution TEM images of Ceand Pd/Ce@were
carried outin a JEOL 4000 EX electron microscope equipped
with a pole piece with spherical aberration coefficient of
Cs=1.00 mm. The Ce®and Pd/Ce@powder samples were
grounded softly in an agate mortar and dispersed in isopropy!
alcohol in an ultrasonic bath for several minutes. A few drops

were then deposited on 200-mesh copper grids covered with

a holey carbon film. The electron micrographs were recorded
in electron negative films and in a digital PC system attached
to the electron microscope. The mean particle diamefer (
was calculated by using this=> "dini/>_n; formula, where,

n; is the number of particles amklthe diameter of the particle

i, and the observed particles were arranged by class differingg

by 0.5nmin size.

2.8. Catalytic test

The catalytic evaluation of the Pd/ceria for NO reduction
by CO was performed on a microreactor system. The reac-
tants mixture fed into the microreactor consisted of 1.5vol.%
CO and 0.5vo0l.% NO, the balance was helium. The reactant
flow was 30 cm/min and reaction temperature ranged from

e
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50 to 400°C. Catalyst loading was 50mg. The effluent
discharged from the reactor after the reaction was analyzed
by on-line gas chromatography—FT-IR analysis system (HP-
5890 Chemical Station and Nicolet-8220 Gas Analyzer).
N> and CQ were analyzed by gas chromatography and
CO, NO, NO, NO were analyzed by IR. The light-off
temperatureTsg, is defined as the temperature at which the
conversion of CO and NO reaches 50%, respectively.

3. Results and discussion
3.1. Thermal analysis

Fig. 1shows a TG-DTG profiles of an as-made ceria solid.
The temperature range was set between 25 and©@00wo
weight loss stages were observed in the TG profile: the first
stage T<150°C) led to a 2.41 wt.% weight loss that is as-
signed to desorption of adsorbed water on the sample. The
second stage located in the temperature range between 150
and 400°C which exhibited a maximal rate of weight loss
around 3wt.%/min, showing a pronounced weight loss of
17 wt.%. Above 400C, the base line slightly declined down,
resulting in a weight loss less than 1 wt.%.

For identifying the gaseous products produced at various
weight loss stages ifrig. 1, infrared analysis was simul-

&aneously carried oufig. 2 shows a set of FT-IR spectra

of the gaseous mixture discharged from the TG system.
In the first stage of TG test (<15C), the IR spectrum
exhibited several groups of peaks: for example, one between
3900 and 3500cm' attributed to surface hydroxyls, and
another between 1700 and 1300¢h{Fig. 2a), these were
characteristic of molecular water. This confirms that the
first weight loss stage in TG profile is resulted from the
desorption of water adsorbed on the sample. It is noted
that CQ was present in the exit stream because double
peaks between 2400 and 2300cand the ones around
650 cnT 1 in the IR spectra were formed. Taking into account
the fact that the surfactant is thermal stable below 150
obviously, the CQ observed in this temperature range was
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g. 1. TG-DTG profiles of the as-prepared ceria dried &t@&0
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Fig. 2. A set of in situ FT-IR spectra of the exit gases discharged from TG
system. The sample used for TG analysis was ceria solid dried°&.&8&)
60°C; (b) 180°C; (c) 200°C; (d) 220°C; (e) 500°C.

not produced by surfactant decomposition but likely by the
desorption of adsorbed Gn the sample because it was
exposed to air before the TG measurement.

In the second weight loss stage (150-4Q0), very sharp
IR bands corresponding to GGand HO were observed
(Fig. 2b—d). The intensities of the bands related to,CO
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Fig. 3. Asetofin situ FT-IR spectra of the as-prepared ceriarecorded during
the heating procedure in the IR cell. (a) Z5; (b) 100°C; (c) 200°C; (d)
300°C; (e) 400°C.

in good agreement with the TG-IR characterization shown in
Figs. 1 and 2There are twin bands at 2950 and 2875¢m
which are characteristic of the stretching vibrations eHC

greatly increased as the temperature was increased until theyyond in hydrocarbons)CHaasandv(CHaas+ vCHzad), i.€.,

reached a maximum at approximately 2@ This result
indicates that surfactant combustion to produce, @ikes

herein the surfactant. In the-C stretching and €H defor-
mation vibrations regions, two very tense bands located at

place and its burning-off rate increases with increasing of approximately 1575 and 1325 cth and the third appeared

the temperature. Two bands at 2950 and 2800%cmere

at 720 cnT, these peaks are assigned to the vibrations of

also Observed, these are ascribed to the StretChing Vibratiorbending mode (Scissoring and rocking Vibrations) of thelC

modes of G-H bonds in the hydrocarbon compounds in the

bonds in the groups e6fCH,— and—CHg in the surfactants

outlet gases. Appearance of hydrocarbon compounds alsq20,21] It was also observed that a sharp band appeared
indicates that some residual surfactants were decomposeround 1080 cm?, it was due to the (Ck)sN— group in

into small organic molecules and left from the solid to outlet the surfactant. These observations confirm, once again, that
stream. In addition, it is possible, during the synthesis, the surfactant cations were indeed strongly interacted with
that polyhydrous cerium oxide Ce(Oy™-yH,O was  the solid during the preparation, and they were not removed
formed. The decomposition of the hydrous cerium oxide in washing step. In addition, the small double peaks around
usually occurs in the temperature range between 200 and2300 cnt! were related to the presence of £Gince the
300°C. Therefore, the largest weight loss in the TG profile sample was exposed to the air before the IR measurement, it
probably resulted from both the combustion/oxidation of the probab|y adsorbed some GOn the surface, as stated above.

surfactant and decomposition of hydrous cerium oxide.
In the temperature above 400, CO, together with trace
water was identifiedHig. 2e). This is likely resulted from the

When the temperature in the IR cell was increased to
100°C, the intensity of the wide band between 3700 and
3000 cnT! was remarkably decreased, and it was replaced

combustion of trace residual coke-like deposits produced by py two bands at 3550 and 3625ch These two bands

surfactant decomposition.

3.2. Surface characterization by in situ FT-IR

were attributed to the stretching frequencies of the unidentate
(Ce-OH) and bidentate (HECe-OH) species, respectively;
while, the double bands corresponding teiChbonds at 2950
and 2875 cm?! seem to become sharper in comparison with

In orderto analyze the changes of the ceria surface featureghese at 25C; however, when the covering effect resulted

during the calcination, in situ FT-IR technique was applied.

from the broad peak of the adsorbed water at@%s taken

Fig. 3shows a set of in situ FT-IR spectra of the as-prepared into account, they almost remained unchanged. The bands in
ceria sample recorded at various temperatures in the IR cell.the region between 1200 and 1700chalso remained the

When the IR spectrum was recorded at25a broad absorp-
tion band covers the region between 3700 and 3000¢m

same as that at 2%&. These results show that most of the
adsorbed water is desorbed, however, the surfactants inside

which is due to water adsorbed on the sample surface. This isthe pores are not yet removed at 2@
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As the temperature was raised up to 20Qthe intensities
of the bands around 2800—-3000chelearly reduced and the
ones at 1325 and 1575 crhwere derived into triple bands
at 1375, 1460 and 1575 crh, with a shoulder at 1630 cni.
The 1375 and 1575 cn, based on the assignments above,
they are related to the vibrations of bending modes of the
C—H bonds in the groups efCH>— and—CHjs in the surfac-
tants. The new one at 1460 ctis probably produced by

carbonate-like species consideration the surfactant combus

tion at this temperatuff@1]. The shoulder band at 1630 cth
is attributed to flexion vibration of €H bond. The inten-
sities of the GH bonds at 1080 and 720crh are also
strongly diminished due to the partial removal of the linked
surfactant.

When the temperature was increased to 300 and @04l
the bands in the region of 3500-3700th2800-3000 cm
and 1200-1600cmt were further reduced. The one at
1630 cnt! completely disappeared. Since the IR cell could
be only performed at temperatures not exceeding @)€ur-
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Fig. 4. Pore diameter distribution of the sample calcined at°@0Qrhe
inserted figure is the loop of Nadsorption—desorption isotherms.

incorporation and calcination temperature: at low tempera-
ture, i.e., 200C, not all the surfactant were removed, some

ther in situ IR characterization at higher temperature was not of these species retained in the pores of the solid that may

possible. However, from the information obtained from the
TG and FT-IR techniques, the residual coke resulted from

occupy some area. Therefore, the surface area of ceria is rel-
atively lower at this temperature; as the calcination temper-

the decomposition of surfactant retained on the sample isature was increased, i.e., to 40D, most of the surfactants

less than 1wt.%, which could be removed by calcinations
the sample above 60C.

3.3. Textural properties

were burnt off, the surface area reached maximum,; further
calcination the sample, i.e., at 600, resulted in pore diam-
eter larger, thus lowering the surface area. The surface area is
strongly affected by the pore structure in terms of the equation
S=1(Vp/Rp), wheref is dependent of the pore geometry, and

The textural properties of the ceria annealed at 200, 400 Vp andR, are the pore volume and pore radius, respectively

and 600 C were studied by BET method. The values of sur-

[23]. Either increasing the pore diameter or decreasing the

face area, mean pore diameter and pore volume are reportegore volume or both must lead to the surface area diminishing.

in Table 2 Fig. 4shows the pore diameter distribution and a
loop of Np adsorption—desorption isotherms of ceria solid an-
nealed at 400C. The pore diameter was sharply distributed

3.4. X-ray diffraction analysis and Rietveld refinement

inanarrow range centered atapproximately 3.3nmat200and 1 ¢rystalline structure of the ceria solid was analyzed

400°C. However, the peak maximum shifted to 7.6 nm when
the annealing temperature was increased to®@0@Vith re-
spect to the IUPAC classificatid22], the loop of the N
adsorption—desorption isotherms belongs to type IV profiles
(theinsetirFig. 4). The lack of the sharp steps in both the low
relative pressureR{Pyg<0.2) and the high relative pressure
range P/Pg > 0.8) strongly indicates that this material has no
micro- and macropores.

The surface area increased from 1502grat 200°C to
178.9 n?/g at 400°C, and then it decreased to 104.3/gat
600°C. This can be explained by the effects of the surfactant

Table 2
Textural property of ceria measured by BET method

Calcination temperaturéC)

200 400 600
Surface area (Rig) 1502 1789 1043
Mean pore diameter (nm) 3 33 7.6
Pore volume (crifg) 0.4012 03921 03748

by XRD technique and it was carefully refined by the Ri-
etveld methodFig. 5shows a Rietveld refinement plot of the
Pd/ceriaannealed at 60C. The XRD analysis shows that the
solid contained ceria nanocrystals with pure cubic structure.
The crystallite size of ceria was within hanoscale which in-
creased from 7.2to0 19.5 nm as the annealing temperature was
raised from 80 to 600C (Table 3. Metallic Pd phase was
not observed by XRD analysis, indicating that the average
crystallite size of Pd was less than 1 nm and the dispersion
of the metallic Pd was very high. An interesting result ob-
tained from the structure refinement by the Rietveld method
is the formation of many lattice defects in the ceria structure,

Table 3
Average crystallite size, lattice parameter, cation occupancy number and
defect concentration of Cebtained by the Rietveld refinement

Average crystallite size (nm) .Z (4) 73(1) 195 (9)
Lattice cell parameter (nm) .B322 (2)  05315(3) 05109 (0.7)
Cation occupancy number  .01843 (11) 001926 (6) 002004 (2)
Defect concentration (%) 19 75 38

The sample was annealed at 6@

The sample was annealed at 6@
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Fig. 5. A Rietveld refinement plot of the Pd/Cg@atalyst annealed at
600°C. Experimental data are indicated by square while the calculated curve Fig. 6. TEMimage of the 39%Pd/ceria sample annealed at60The metal-

obtained after the refinement is indicated with a continuous line. The tick . h . L . ;

. - . . lic Pd crystals with a size of 0.5—1 nm distributed on the ceria particles were
masks correspond to cubic ceria. The continuous curve under the tick marksindicated by arrows
represents the difference between the experimental and the calculated data. y '

Rg =0.11.

defects in ceria, high resolution TEM technique is applied.
The TEM image of the Pd/ceria sample annealed at @08
shown inFig. 6. Many particles with a size of approximately
'20 nm were observed in a Pd/ceria sample, these correspond

as reported inrable 3 the cation occupancy number in the . . . .
structure of the ceria obtained by the method herein presents aﬁ;ﬁr:;;gstgsé;@ilsl?;;ly\,’v?he t%gsrf!mtes S;E?a?::?;;o{ﬁg

value always less than 0.02083. The defect concentration de-

N . XRD analysis Table 3. Many nanoclusters with a size be-
creased as the calcination temperature was increased. The def\_/veen 0.3 and 2 nm. most between 0.5 and 0.9 nm. indicated
gree of crystalline structure imperfection is largely dependent ' ' ’ : !

: . S by white arrows, were also observed, these correspond to
of the surfactant cations incorporation into or removal from y ! ’ P

the materials that can be explained by a assumed mechanisrrﬁnEta”'C palladium crystals distributed on the surface of the

: . . .. ceria particles. The statistical analysis of the dimension of
responsible for phase transformation during the calcination, . . . o
; : . . the metallic Pd particles resulted in a very narrow distribu-
which may include continuous bond rupture and formation, . ) . B .

. . b tion with a mean diameter aroung, = 0.9 nm. InFig. 7, not
local temperature rises, microdeformation of the surface andOnI lattice point defects but also manv lattice line defects lo-
hydrostatic stress¢4,25}, The strong interactions between cat)éd in thep crystalline structure of cgria could be observed
the deprotonated hydroxyl groups and the positively charged Y '

S It is, once again, in good agreement with the results of the
surfactant headgroups, leads to surfactant cationic incorpo- : X .
. L . . . structural defects obtained from the Rietveld refinement and
rating within the CeO—Ce solid, thus forming a polymeric

network of hydrous oxides. Removal of these surfactants at a.the XRD analyses. Itis expected that these structural defects

proper calcination temperature, resulted in defects generatior’n:rm:)a(:t on the ?ﬁ‘tilyt!ﬁ E rofperr?es dv_vhen ce(rjlq |shus;a?| as 'cata—

in the corresponding locations of the crystalline structure. ystgupport,w ich will be further discussed in the following
The lattice cell parametera) of the ceria slightly section.

decreased when the calcination temperature was increase

indicating a contraction of the lattice cell volunmitabple 2.

Worth to notice is that the population of the structural defects

decreased with increasing of the calcination temperature, oo the Ce@ solid and a Pd/Cefcatalyst are reported in
too. Therefore, it is possible that formation of the lattice T5p1e 4 Above 150°C of reaction, the bare ceria support
defect enlarges the lattice volume, and when the population .4 catalyze both reactions of CO oxidation and NO reduc-
of structural defects diminished, the lattice cell trends to tion, a selectivity to 100% pwas achieved. This result shows
shrink to its normal dimension, as observed at @00 that CeQ is not an inert support although its catalytic activity
is low. When 3wt.% Pd was loaded on ceria, the catalytic
3.5. Morphological features activities for both CO oxidation and NO reduction were
remarkably enhanced. The light-off temperatufeg) for
To study the surface morphology of the Pd/ceria catalyst CO oxidation and NO reduction was between 100 and
and to directly observe Pd particles distribution and structural 150°C. N>O was formed during the reaction, but the

as indicated by the deficiency of the cation occupancy in the
crystalline structure. In a perfectideal ceria crystal with cubic
structure, the cation occupancy number is 0.02083, however

d3.6. Catalytic activity and selectivity

Catalytic activity and selectivity of NO reduction by CO
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Fig. 7. TEM image of the ceria support annealed at800Many structural defects were observed.

Table 4
Activity and selectivity of NO reduction by CO over 3% Pd/Ce€atalyst
Temperature®C) CO conversion (%) NO conversion (%) Selectivity (%)
CeO Pd/CeQ CeO Pd/CeQ CeO Pd/CeQ
N2 N2O N2 N2O

50 0 6 0 5 0 0 65 35
100 0 8 0 7 0 0 63 37
150 2 52 1 92 100 0 92 8
200 2 53 2 96 100 0 97 3
250 3 54 3 97 100 0 98 2
300 7 56 5 100 100 0 100 0
350 9 57 5 100 100 0 100 0
400 22 61 8 100 100 0 100 0

selectivity to NO strongly depended upon the reaction The Pd/ceria catalyst is also superior to other catalysts of
temperature. It rapidly decreased from 35 to 2% when the Rh supported sol-gel oxide$able § [27]. Over the 1 wt.%
reaction temperature was increased from 50 to °Zh0 Rh/TiOy-SG and 1wt.% Rh/AIO3-SG catalysts, at 200
Above 300°C, the NO conversion over the Pd/Cg€atalyst of reaction, the NO conversion was only 4.6 and 3.7% and

reached 100%, and the selectivity to i 100%, too. In- the selectivity to N was 57 and 60%, respectively. However,
creasing reaction temperature probably induces metallic Pdat the same reaction condition, 96% of NO was reduced with
catalyzing the forward reaction ofJ® + CO = N3 + COy, a selectivity to 97% M over our Pd/CeQcatalyst.

this accelerates theJ® decomposition and thus decreases It should be pointed out that in the whole reaction temper-
N2O selectivity, the M selectivity is accordingly enhanced. ature range between 50 and 4@) NO, was not produced at

In comparison with other catalysts of PthR3—Zr0,-SG all when NO was reduced by CO over our Pd/ceria catalyst,
and Pt/AbOs—TiO,-SG prepared by a sol-gel method re-
ported by Castillo et a[26], the Pd/Ce@ catalyst reported
herein shows the highest activity and highest selectivity to Eab'e5 ,  the activity and selectivity of NO reduction by €O
N, at an identical reaction conditioigble 5. For example, omparison of the activity and selectivity of L reduction by L over
. | 1
at a reaction temperature of 150, only 19% NO and various catalysts tested at 150

17% CO were converted over a 1wt.% P#@®5—ZrO, Catalysts Conversion (%)  Selectivity (%)
catalyst and the selectivity toJNvas 71%. On the 1wt.% NO CO N N20 NG
Pt/Al,03—TiO,-SG catalyst, only 10% of NO was reduced by  3wt.% PdiceG 92 52 92 8 0
CO with a N> selectivity 69%. While, by using our Pd/ceria  1wt.% P/ALO3-Zr0,-SG* 19 17 71 21 8
catalyst, 92% NO conversion with 92% selectivity tp\Mas 1wt.% PYARO3-TIO-SG* 10 20 69 31 0

achieved. a For detailed information see R¢P6).
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Table 6 reaction temperature. As a result, CO might preferentially

Comparison of the activity and selectivity of NO reduction by CO over the adsorb on the lattice oxygen species because CO. from the
i talysts tested at 20D . . . . L . ’

various calalys's fested & acid—base reaction point of view, is an acidic gas molecule,

Catalysts Conversion (%) Selectivity (%) while, the lattice oxygen ions are usually base sites (electron
NO CO N NO  NO donors) due to its electron rich character.
3Wt.% Pd/CeQ 96 53 97 3 0 Because no any oxygen was supplied from outside the
1wt.% Rh/TiQ-SG 46 42 57 39 5 reaction system, oxygen consumed for CO oxidation must
1wt.% Rh/AbOs-SG* 37 37 60 32 8 come from the ceria support, i.e., surface lattice oxygen
a For detailed information see Ré27]. and free-like oxygen ion in the defects in the bulk of ceria,

and/or oxygen from NO dissociation catalyzed by metallic

which is also much better than the two reference groups of Pd. Since the population of the surface lattice oxygen and
catalysts on those NfQvas usually formed in both conditions  free like oxygen species in the bulk of ceria is limit, the oxy-
with or without oxygen in the reaction mixture. gen species produced NO dissociation is mainly responsible

The difference of the catalytic behaviors between the for CO oxidation. In this sense, CO conversion is strongly
Pd/ceria herein and the referred catalysts may relate to thedependent of NO dissociation which is the key step deter-
defective structure of the ceria support. As showmable 2 mining CO oxidation. One may image that if the reaction
there are many defects existing in the crystalline structure of of NO reduced via CO proceeds by a stoichiometric way as
ceria. Around these defects, some oxygen ions are not fully NO + CO =0.5N + CO,, equal molar NO and CO must be
bounded and, they are mobile compared to fully bounded consumed, and the CO conversion should be the same as
ones. These lattice oxygen ions may be released to formthat of NO. However, the experimental data show that NO
free-like oxygen species by breaking the-® bond when conversion is always higher than that of CO. The lower CO
additional energy is supplied. When CO adsorb on the sur- conversion indicates that the reaction does not follow the
face of the catalyst where ceria is the support, the free-like stoichiometric pathway. Apart from the effect of association
oxygen species may transfer from the bulk to surface, to reactcompetition of CO and NO taking place on the Pd surface, an-
with the adsorbed CO and yields g@articularly inthe case  other possible reason responsible for the low CO conversion
of oxygen absence in the reaction mixture. Therefore, the fastis that not all the oxygen species generated from NO dissoci-
lattice oxygen transport within the ceria is a plausible origin ation move to the sites where CO are adsorbed, to oxidize CO
of the low light-off behavior on the Pd/ceria that may lead to to CO,. Some of oxygen species might be stored in oxygen
0xygen vacancies generation in the bulk of ceria. The other vacancies in the bulk of ceria by forming lattice oxygen.
factors, for instance, high metal dispersion achieved on ce- Based onthe above results and discussion, a possible reac-
ria, as observed by TEM and indicated by XRD analysis, may tion mechanism on NO reduction and CO oxidation over the
also influence the catalytic behavior and enhances catalyticPd/ceria catalystis proposed: in the beginning of the reaction,
activity. NO might preferentially adsorb on metallic Paanoclusters

In the reduction of NO, metallic Pd takes a key role. First where the adsorbed NO is dissociated to yiefdahd O
of all, NO might preferentially adsorb on the metallic Pd intermediates. As the reaction proceeds, the further adsorbed
clusters where it was dissociated, yielding adsorb&duht NO might be attacked by the'Nntermediate to form Nand
O* intermediate$28-30] The ability of Pd to dissociate the  O* or N2O. Simultaneously, CO mainly adsorb on the surface
adsorbed NO, from an electronic point of view, might be lattice oxygen ions (@) to form CO— OE_ intermediate
resulted from the d-electrons from 4d atomic orbital in Pd species, which further produce G@rough a reaction of CO
atoms back-donation to ther2-antibonding orbital of ad-  with lattice oxygen, leaving an oxygen vacancy in the corre-
sorbed NO molecule, that activates the NO—Pd complex andsponding location and two reduced®éons as neighbors to
weakens the bond of-ND, and finally it leads to NO bond balance the electrical neutralization of the local structure. The
destabilization and breaking. Without the metallic Pd, NO oxygen species around the structural defects in the bulk of
dissociation on bare ceria is quilt difficult; therefore, the pure ceria may fast move to surface and occupy the surface oxygen
ceria shows low catalytic activity. On the other hand, itis also vacancies, and oxidize the reduced®Cins to Cé* ions.
possible that CO dissociation takes place on the surface ofThus, a complete cycle of reduction—oxidation is finished.
Pd metals to yield Cand O species. However, in terms of It is also possible that some of the activé §pecies might
the results reported by Giannakas efal], the energy de-  attack the adsorbed CO, yielding €@nd other O species
manded for NO association with metals is much lower than might occupy the surface oxygen vacancies or penetrate into
that for CO association on a variety of catalysts, the energy the bulk to occupy the lattice defects, forming lattice oxygen.
for NO dissociation is only 60% of that for CO association
in both low (T <250°C) and high T> 250°C) reaction tem-
perature ranges. Therefore, in the competition of association4. Conclusions
between NO and CO on the surface of Pd metals, NO asso-
ciation may be dominant. This is in agreement with the fact It has been possible to obtain mesostructured ceria
that conversion of NO is always higher than CO on the same nanophase with structural defects by a surfactant-templated
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approach. The strong interaction of the surfactant cations
with ceria solid may result in lattice defect formation in the
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