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Abstract

The catalysts Pd/Ti@) Pd/CeQ, and Pd/Ce®@-TiO, for CO oxidation at low temperature together with their corresponding supports
TiO, CeQ, and CeQ-TiO, prepared by sol—gel precipitation followed by supiical fluid drying were characterized by means of N
adsorption, XRD, diffuse reflectance infrared Fourier transform spectroscopy (DRIFTS) of CO adsorption and temperature-programmed
reduction (TPR) with H and CO as reducing agents. The results showed that PdO is finely dispersed on the supports with high surface area.
DRIFTS of CO adsorption further indicated that boti?Pcind P& species coexist in Pd/CeQwhile only P& is detected in Pd/Ti@and
Pd/CeQ-TiO,. Hp-TPR showed that no bulk Cef@xists in Ce@-TiO, and the reduction of Ce2TiO, is more difficult than that of the
surface oxygen in the individual Ce@robably due to the formation of Ce@TiO, solid solution. PdO in Pd/Ti®@can be fully reduced
by Ho at ambient temperature, whereas PdO in Pd/Ca Pd/Ce@-TiO, is reduced respectively at 162 and°&) accompanied by
the reduction of surface CeOCO-TPR showed that the reduction of PdO in PdOATiI®limited within the outermost layer at ambient
temperature and the core PdO can only be redudéd avfurther increase of temperature. PdO/@é®also reduced both at ambient
temperature and with the increase of temperature during the CO-TPR process, and the reduction temperatpideofé&zs@d significantly
in the presence of PdO, which may be due to the different degrees of interaction between PdO and Ce@rast, a complete reduction
of PdO in Pd/Ce@-TiO, by CO is observed at ambient temperatwecompanied by the partial reduction of Ce@hich may indicate
that the special Pd—Ce-Ti interaction in Pd/GelO> is favorable for the reduction of PdO and interfacial Gespecies. The water—gas
shift (WGS) between CO and the hydroxyl groups in the catalysts is detected at a temperature highert@aon2dl0of the Pd-supported
catalysts as well as the individual Cg@nd TiO, supports.

0 2004 Elsevier Inc. All rights reserved.
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1. Introduction temperature oxidation of CO and hydrocarbons compared
with Pt and Rh-supported cataly$is3] and the theoretical
The catalytic oxidation of COds attracted considerable significance for the interpretation of the metal-supportinter-
attention due to the increasing applications in the automo- action.
tive emission control, trace CO removal in the enclosed at-  Since Tauster et al. reported the strong metal-support in-
mospheres, and carbon dioxide lasers exhaust abatementeraction (SMSI)[14], a great deal of effort has been de-
Catalysts containing noble metals such a§ 6], Pt[7,8], voted to this subjecl5]. The SMSI reported for M/Ti@
and Pd9-12]have been proved very effective for CO oxida- after reduction at high temperatures has been attributed to
tion at low temperature. Pd supported catalysts have drawnpoth electronic and geometric effects (metal decorations).
much attention due to the excellent activity for the low- Although there is still some disputation, the Fi®ased no-
ble metal catalysts exhibited significantly high activities for
~ * Corresponding author. Fax: +86 351 4041153, the methane or methanol synthesis from syngas due to the
E-mail address: iccjgw@sxicc.ac.cn (J. Wang). SMSiI effect{16,17] Au supported on Ti@showed high ac-
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tivity for CO oxidation even atelatively low temperatures
due to the synergistic effect between gold and sT§0pport
[18]. Kochubey et al[9] and Pavlova et a[10,11]reported
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flectance infrared Fourier transform spectroscopy (DRIFTS)
of CO adsorption, and TPR with Hand CO as reducing
agents.

that the CO oxidation at room temperature over Pd supported
on TiO, SiO,, andy -Al 03 was structure-sensitive and pro-
ceeded via the interaction between weakly bounded CO and2. Experimental
oxygen located at the defect centf@s11]

Recently, there has been great interest in the use of ceria2.1. Catalyst preparation
as a promoter in the three-way catalysis since it was sug-
gested to improve the noble metal dispersion and the thermal The CeQ, TiO2, and CeQ@-TiO, supports were prepared
stability of support alumina, to enhance the activity of CO by sol-gel precipitation followed by SCFD, as described
oxidation and water—gas shift reaction, and to improve the elsewherg31]. Briefly, a hydrosolof titanium hydroxide
ability of oxygen storage and releasifi®,20] Fernandez-  was obtained through the hydrolysis of TiClhen the aque-
Garcia et al. investigated the CO oxidation performance of ous solution of Ce(Ng)3 - 6H,O was added under stirring.
Pd supported on AD3, CeQ, and CeQ@-Al,03 [21]; ce- The precipitation was achiedewith the concentrated am-
ria facilitated the activation of CO and oxygen respectively monia solution at ambient temperature. After aging, wash-
through the promoted formaticof metallic Pd and the pres-  ing, and exchanging water with ethanol, the wet precipitate
ence of reactive vacancies at the Pd—Ce interface. For thewas dried with supercritical ethanol and finally calcined at
catalysts of precious metals supported on ceria, temperature500°C in air for 3 h. The individual TiQ and CeQ sup-
programmed desorption (TPD) of the adsorbed CO hasports were also prepared in a similar way. Pd supported
shown that CO adsorbed on the metals can reacted withcatalysts were prepared through incipient wetness impreg-

oxygen from the support cer[a2—24] This ceria-mediated
process can also lead to largghancements of reaction rate
for the steady-state CO oxidati§®5—29] The ceria loaded
with platinum is also an effeisie catalyst for the water—gas
shift (WGS). Bunluesin and Gor{80] studied the kinetics

nation at ambient temperature with aqueous RdGlution
as Pd precursor. The catalysts were then dried at CX0r
20 h and calcined at 50@ for 3 h. The mole ratio of titania
to ceria is 5 for the Ce®-TiO, support, and the Pd loading
is 1 wt% for the Pd supported catalysts.

over ceria-supported Pt, Rh, and Pd and proposed a redox
reaction mechanism, whereby CO adsorbed on the preciou2.2. Catalyst characterization

metal is oxidized by ceria which in turn is oxidized by water.

Both the ceria-mediated CO oxidation and WGS appear to

The surface area and textural properties of the cata-

be controlled by two steps: the transfer of oxygen from ceria lysts were measured by nitrogen adsorption at 77.4 K with

to the metal interface and the reaction rate of ceria reoxi-

ASAP2000 (Micromeritics Instrument Co., USA). The cat-

dation. Therefore, the oxygen-storage capacity and oxygenalyst samples were degassed at 20@nd 6.7 Pa for 4-5 h

mobility in such catalyst are very important, which usually

can be determined by temperature-programmed reduction

(TPR) with Hp.

In our previous work31], Pd supported over ceria—titania
mixed oxides prepared by sol-gel precipitation followed by
supercritical fluid drying (SCFD) exhibited high activity for
CO oxidation at low temperatures. Pd/Ce@iO, was more
active than Pd/CePand Pd/TiQ; with a Pd loading of
1.0 wt% and the mole ratio of titania to ceria ranging from 7
to 5, COin the stream (0.57 vol% CO, 1.5 vol%,®alance
Ar, and GHSV= 3-4x 10* h~1) could be fully converted
to CO, at ambient temperature over 8 h without any deac-
tivation. The objective of this work is to gain insight into

prior to the measurement.

XRD characterization of the catalyst samples was pre-
formed on a Rigaku D/max-2500 X-ray diffraction spec-
trometer. The diffraction patterns were recorded at room
temperature using Cu-Kradiation (0.15418 nm, 40 KV,
and 100 mA). The average crystallite size was determined
from the diffraction peak broadening with the Scherrer for-
mula[32].

DRIFTS of CO adsorption was measured with a Vector
22 spectrometer (Bruker) equipped with a DTGS detector,
and the cell was fitted with ZnSe windows and a heating
chamber allowed samples to be heated up to°@0The
DRIFTS spectra were obtaiddrom single beam spectra

the roles of Pd active species and the surface oxygen of re-with a resolution of 4 cm?! recorded against a background
ducible supports in the CO oxidation at low temperatures, to spectrum of the sample purified just prior to introducing the
elaborate the Pd—supportinteraction and the variation of cat-adsorbates and 50 scans weaken to improve the signal-

alytic activity of different catajsts, and then to correlate the

to-noise level. Approximately 40 mg sample was used per

catalytic behaviors with the preparation parameters and pre-run. The sample was purified in a He (99.999%) flow of ca.

treatment of the catalysts. Ascamnsequence, the catalysts
Pd/TIO,, Pd/CeQ, and Pd/Ce@-TiO, for CO oxidation

at low temperature together with their corresponding sup-

ports TiQ, CeQ, and Ce@-TiO2 were characterized by
means of N adsorption, X-ray diffraction (XRD), diffuse re-

30 ml/min at 500°C for 1 h and cooled down to 2%, then
exposed to the flow of 5.01% CO in Ar (ca. 30 miin) to
a saturated adsorption andshed with He flow again. The
spectra of CO adsorption at 26 after purging with He flow
were then recorded. The specbf CO adsorption with the
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sample being exposed to the CO/Ar flow were also recorded
at different temperatures.
H>-TPR was performed in a quartz microreactor, and

about 50 mg sample was used in each measurement. The

samples were first pretreated under an air flow at°&Débr

1 h, followed by purging with Mat the same temperature for

1 h and cooling down to room temperature. The flow of 6%
H2 in N2 (30 ml/min) was then switched into the system,
and the sample was heated up to 820from room tem-
perature at a rate of X@&/min. The amount of K uptake
during the reduction was measured by a thermal conductiv-
ity detector (TCD), which was calibrated by the quantitative
reduction of CuO to the metallic copper.

CO-TPR was operated in the same way asTPR ex-
cepting that the purge gas was Ar instead of &hd the
reducing agent was 2% CO in Ar. CO-TPR was then con-
ducted from room temperature to 50D at a heating rate of
10°C/min. CO, CQ, and H in the outlet gas were mea-
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Fig. 1. XRD patterns of the ceihed catalysts (a) Pd/CeQ(b) Pd/TiO,
and (c) Pd/Ce@-TiO,.

sured by a mass spectrometer OmniStar equipped with the

software Quadstar 32-bit. The intensity of CO andsignals

is calibrated by using CO(2%)/Ar andxt6%)/Ny, respec-
tively. CO, signal is calibrated by the pulse of pure £0O
with an eight-port pulsing valve. The uptakes of CO and the
amounts of CQ and H evolved during the measurement
were then determined from the mass signals and the flow
rate (30 mfmin) of reducing agent.

3. Resultsand discussion
3.1. Surface area and textural structure

The BET surface area and the textural structure of
Pd/CeQ, Pd/TiO; and Pd/Ce@-TiO, are listed inTable 1
Pd/TiO; exhibits a comparable surface area with Pd/geO
but with larger pore volume and average pore size than
Pd/CeQ. However, the surface area and pore volume of
Pd/CeQ-TiO, are much larger than those of both Pd/7iO
and Pd/Ce®, which may contribute to the high activity for
the CO oxidation at low temperature.

3.2. XRD

The XRD patterns of Pd/CeQPd/Ti®,, and Pd/Ce@-
TiOy catalysts are shown iRig. 1 Cerianite and anatase
phases are observed in Pd/Geshd Pd/TiQ, respectively.

In the case of Pd/Ce2TiO,, the anatase phase is still
present, but the cerianite phase is replaced by an amorphou

Table 1
Surface area and pore structure of the catalysts

phase with two broad peaks. The PdO phase is not observed
in all the samples, indicating that either PdO is present as a
noncrystalline phase or the particle size is smaller than 3 nm

and finely dispersed on the supports.

The crystal sizes of CeQin Pd/CeQ and Ti& in
Pd/TiG, calculated from cerianite (111) plane and anatase
(101) plane are 7 and 10 nm, respectively, while the crystal
size of TIG in Pd/CeQ-TiO; is approximately 30 nm from
the calculation of anatase (101) plane. Dong d&] found
that the large crystallite anatase particles in the mixed oxide
were originated from the SCFD of gel during the prepara-
tion process. The XRD patterns indicated that Cions do
not incorporate into the lattice of Tito replace the Ti"
ions in the large crystallites because the ionic radii of'Ce
(0.993 A) is much larger than that of “ti (0.68 A) [34].
Thus, it is concluded that two kinds of particles are present
in the CeQ-TiO, support: the Ti@-rich anatase phase with
large particle size of 30 nm and Cg@ch amorphous phase
with fine particles. Moreover, the fine particles could be a
solid solution of Ce@-TiO, with good thermal stability and
are able to endure the calcination at 5@) which is consis-
tent with those reported by Dauscher et[8B], Luo et al.
[36], and Rynkowsk[37].

3.3. DRIFTSof CO adsorption
The DRIFTS spectra of CO adsorbed at°250n Pd/

CeQ, PA/TiOp, and Pd/Ce@-TiO, are shown irFig. 2 For
all the samples, the band in the region of 2300-2400%is

Catalyst Surface area Pore volume Average pore size  Compounds identified
(m?/g) (cm*/g) (nm) by XRD

Pd/TIO, 959 0.3 14 Anatase

Pd/CeQ 89.0 0.2 7 Cerianite

Pd/CeQ-TiO, 1673 0.5 12 Anatase, amorphous
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Fig. 2. DRIFTS of CO adsorption at 2& on (a) Pd/Ce®, (b) Pd/TiCy, Fig. 3. Hp-TPR profiles of (a) TiQ, (b) CeQ, (c) CeQ-TiOy, (d)
and (c) Pd/Ce@-TiO5 after purging with He for 15 min. Pd/TIO,, (e) Pd/CeQ, and (f) Pd/Ce@-TiO.
3.4. H>-TPR

assigned to the gaseous £®or the Pd/Ce@catalyst, the
peaks at 2156 and 2085 cthare ascribed to the linear ad-
sorption of CO on P& and Pd, respectively[21,38-41] The H-TPR profiles of Pd/Ce§) Pd/TiG;, and Pd/
The asymmetrical broad band at 1940 dnis attributed ~ CeQ—TiO2 along with the corresponding supports are
to the bridge adsorption of CO on Pdites. The initial Pd ~ Shown inFig. 3

species should be in the form of PdO @} because the H>-TPR of individual TiQ shows two poorly identified
fresh catalyst was calcined in air at 5@ for 3 h. The ap-  Peaks at 575 and 6T&, respectively. However, the reduc-
pearance of Pd species in lower valence indicates tihtt Pd  tion of Pd/TiC; takes place immediately after the/Miz flow

in the calcined catalyst has been partially reduced by CO atWas switched into the system at ambient temperature and no
ambient temperature. The linear bond of CO orf 62110  evident TPR peak is observeraepting a small broad peak
cm~1 was not detected, indicating that¥dmay be directly at ca. 600C that may be ascribed to the reduction of 7iO
reduced to metallic palladium by CO rather than through the Support. These suggest that PdO in PdTaan be fully re-
intermediate PH. The weak bands in the region of 1800~ duced by the diluted Kat ambient temperature.

800 cnt! should be assigned to the carbonate-like species H2-TPR has been extensively used to characterize the
formed on Ce® suppor{42,43] reducibility of oxygen species in CeGand CeQ contain-

The DRIFTS spectra of CO adsorbed on PdAig ing materials. It was found that the reduction peaks of the
25°C exhibit a linear adsorption of CO on metallic Pd at Surface-capping oxygen and the bulk oxygen of ge@re
2081 cntL. The bridged bond of CO with Pd atoms was also centered at 500 and 80Q, respectively44]. The reduc-
observed below 2000 cm. The P&+/Pd+ species (linear tion of ceria depended strongly on the ceria crystallite size
adsorption at 2158 cr for PP+ and 2110 cm? for Pd*) [19,45], and the oxygen migration in Rh/ceria catalyst was
were not detected, indicating that the surface PdO has beersignificantly affected by the structure of cef#6]. For the
completely reduced to PdNo band for the carbonate-like ~H2-TPRof CeQ inthis work, the reduction of Cef>tarts at
species was detectedtime region of 1800—1000 cr. 280°C and two broad peaks are observed at 510 and 800

For Pd/Ce®-TiO,, the DRIFTS spectra of CO adsorp- respectively. The peak at 51C, which was assigned to the
tion show that PdO in the calcined Pd/Ge®iO, has been  reduction of surface-capping oxygen of ce['rat],. corre-
completely reduced to Bdlinear adsorption at 2189 cr sponds to a bl consumption of 1153 umgg, as listed in
and bridged adsorption at 1965 th). It should be noted Table 2 The peak at 800C can be ascribed to the reduction
that the intensity of the adsorbed CO on Pd/GeDO, of bulk CeQ with a H, uptake of 1702 pmgh. Stoichio-
is much lower than those on Pd/Cg@nd Pd/TiQ. This metrically, 1 g CeQ requires 2905 pmol gifor a complete
may suggest that the interaction of adsorbed CO with Pd reduction by assuming the following reduction process
in Pd/CeQ-TiO2 is much weaker. Like the spectra for
Pd/TiOy, there were also no carbonate-like species detected2ceQ +Hz > Ce0s+ H20.
in the region of 1800—1000 cm. It should be noted that the Therefore, Ce®@is almost totally reduced at 82C with
catalysts Pd/Cef) Pd/TiC, and Pd/Ce@-TiO, are differ- a Hy consumption of 2855 pmpd) and the proportion of
ent in the exact band positions of the linear adsorption on CeG reducible at low temperatures (280-5&) is ap-
metallic Pd, which may imply that they are also differentin proximately 40% with a Kl consumption of 1153 pmgdy.
the electronic effects of metal-support interaction. Such a H consumption at low temperatures corresponds to
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Table 2

H>-TPR and CO-TPR results

Samplé Ce(, content H, uptaké (umol/g) CO, evolved (umol/g) Reducible Ce6f (%)
(umol/g) Low High RT TPR H-TPR CO-TPR

CeO 5810 1153 1702 40

CeO-TiOy 1750 870 100

PdITIO, — — — 18 64 - —

Pd/CeQ 5752 1250 1685 71 776 40 26

Pd/CeQ-TiOy 1732 965 - 123 805 100 96

& The mole ratio of TiQ to CeQ is 5 for the support Ce©-TiO,; Pd loading is 1 wt% (94 umgpd) for the Pd-supported catalysts.

b “Low” and “High” represent respectively the low and high temperature bandiTPR profiles shown iifig. 3.

¢ The amounts of C@evolved at room temperature (RT) were calcudagecording to the corresponding curves showfi 6, and those during CO-TPR
process were calculated from the corresponding curves shokig.i for Pd/CeQ, Fig. 10for Pd/TiO,, andFig. 13for Pd/CeQ-TiOo, respectively.

d For the H-TPR, the reducible Cefis the proportion of H uptake at low temperature (with the deduction of theugtake due to the PdO reduction in
the case of Pd-supported catalysts). For the CO-TPR, the reduciblg £&0otal amounts of C®evolved— CO, evolved due to reduction of PdO H»
productionyCeQ, content.

5.0 x 108 oxygerym? (the BET area of ceria used in this CeQ; the H, consumption corresponding to the reduction of
work is 137 nf/g), which implies significant bulk reduc- CeQ is 870 umo}g, which is close to the stoichiometrical
tion besides the surface reduction. This may be due to thatamounts of H (875 umofg) necessary for a complete re-
the oxygen transfer and reduction are enhanced by the grainduction of CeQ in CeQ-TiO». These may suggest that no
boundaries and defects in the small ceria crystallites (aboutbulk CeQ species exist in the mixed oxides support, which
70 A) [46]. is in accordance witkhe results of XRD.

H>-TPR of Pd/Ce@ shows two reduction peaks at 162 For Pd/Ce@-TiO,, Ho-TPR gives one single sharp peak
and 770°C, respectively. The peak at 770 with a H, con- at about 80C with the H consumption of 965 umgi),
sumption of 1685 umgl is ascribed to the reduction of which can be assigned to the reduction of both PdO (94
lattice oxygen in bulk Ce@ while the peak at 162C with a umol-Hy/g) and CeQ@ (875 umol-t/g). The reduction
H> consumption of 1250 umpg is assigned to the reduction  temperature of Cefdecreases greatly due to the Pd—Ce in-
of the species related to the PdO-Gé@eraction. Stoichio- teraction in Pd/Ce®-TiO, although the reduction of CeO
metrically, the B consumption for the reduction of PdO to  in CeQ-TiO; in the absence of Pd is much more difficult
Pd is 94 umaolg for the catalysts with a Pd loading of 1 wt%, compared with the individual CeQ
ie.,

PAO+ H — Pd+ H,0. 3.5. CO-TPR

The H consumption due to the reduction of both PdO  aAjthough CO was rarely used as reducing agent in the
(94 umol-H/g) and the proportion of CeQOreducible at  1pR characterization compared with #CO-TPR is one of
low temperatures (1153 pmolzAy) contribute simultane- ¢ pest probes to investigate the reducibility of both the PdO
ously to the reduction peak at 162 (1250 pmol-H/g), and the supports for CO-involved reactions and is helpful to

which suggests that PdO is well-dispersed on the suppOrtigenity the surface oxygen species and the finely dispersed
and only part of Ce@interacts with PdO. Such results are PdO[12,48,49]

also consistent with the general considerations that the re- During the CO-TPR process,zHand CQ are formed

duction temperature of PdO in Pd/Cg6hifts to a higher .+ the consumption of CO. Hand CQ may be produced
value compared with the individual PdO, while the reduction from the water—gas shift due to the interaction of CO with

temperature of Ce®in Pd/CeQ is lower than that of indi- the hydroxyl groups in the catalysts
vidual CeQ, due to the interaction between PdO and geO

[12,47] CO(ad9 + 20H " (suppor}
H>-TPR profile of Ce@-TiO, exhibits one broad reduc- o
tion band that starts at 37C with a maximum at 536C, — CO2(9) + Ha(g) + O™ (suppory.

followed by a small shoulder at 62&. Compared with the o, is also formed through either the reduction of reducible
Ho-TPR profiles of individual TiQ and CeQ, the small species such as PdO and GeO

shoulder at 613C should be assigned to the reduction of

TiO2, while the band at 53%C should be ascribed to the re- CO+ PdO— Pd+ COy,
duction of CeQ. The increase of the reduction temperature

indicates that Ce®in CeQ—-TiO, support becomes much CO+2CeQ — Ce03 + COy,
more difficult to be reduced due to the possible formation of or the disproportionation of CO
a CeQ-TiOy solid solution. There is no evident reduction of

bulk CeQ at high temperatures as opposed to the individual 2CO— CO; + C,
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Fig. 4. CO-TPR profiles of reference sample (1% Pd supported on quartz Fig. 5. CO-TPR profiles of the calcined CeO

sand).

carbonate species on ceria. Because pis@onsumed due

which would lead to carbon deposition on the catalyst sur- to the oxidation of deposited C, the CO disproportionation
face. On the other hand, the formation of carbonate speciesduring the CO-TPR of Cefis negligible under the present
at certain circumstance willlso cause the consumption of  conditions. This is consistent with the results reported by
CO, while the decomposition of carbonate species will con- Serre et al[48] and Martinez-Arias et aJ49].
tribute to the evolution of C& The production of H is related to the WGS reaction

In order to investigate the behaviors of CO-TPR of dif- between the CO and the hydroxyl groups in the sample.
ferent catalysts, a blank tesas first carried out on quartz  The suggestion is confirmed by the second TPR process
sand with 1 wt% Pd loading, as shown Fig. 4. CO;, is after @-TPO, where the peaks oftbignals were weak-
formed from about 200C and peaks at 33@ with the con-  ened due to the diminishing of the hydroxyl groups in the
sumption of CO. The C®production should be ascribed sample. The same phenomena were also found by Serre
to the reduction of bulk PdO. NoHormation is detected et al. [48], where the consumption of CO and simultane-
during the TPR process. The amount of £@oduced is  ous formation of CQ at temperatures above 490 during
56.6 pmofg, which accounts for 60% PdO in the sample. the CO-TPR ofy-alumina were assigned to the reaction
This may suggest that the reduction of bulk PdO is stepwise of gaseous CO with the hydroxyl groups remaining on the

by CO. alumina surface. Martinez-Arias et 9] detected the W
formation during the CO-TPR on Cef&l,03, Pt/Al,Og,
3.5.1. CeO, and Pd/CeO; and Pt/Ce@/Al 03, indicating the onset of the WGS reac-
For the CO-TPR of Ce§ as shown irFig. 5 two CO tion.
consumption peaks are observed at 305 and®@2%5espec- Therefore, the CO-TPR pattes may be associated with
tively. The production of C@ shows two peaks at 32C the formation of various nonstoichiometrical cerium oxide

(shoulder) and 430C, respectively. bl emission starts at  species. Itis interesting that CO can reduce the surface CeO
350°C and becomes significant at temperatures higher thaneven at a lower temperature compared withad the reduc-
450°C. Because the bulk Ce@an only be reduced atatem- ing agent, although it is generally considered that CO is a
perature higher than 50C as revealed by HTPR, the CQ weaker reducing agent tharpHThe reason may be that the
evolved between 200 and 500 should be attributed to the  dissociation of adsorbedxHs necessary for the reduction by
reduction of lattice oxygen on the Ce@urface and/or the  Hj, while CO can directly attack the surface oxygen in @eO
WGS reaction. sample.

To check whether the CO disproportionation occurred, For the CO-TPR of Pd/CefQCQO; is first released at am-
the sample after the CO-TPR process is purged with Ar flow bient temperature (sefeig. 6 and Table 2, which can be
and then subjected to anp,'PO from room temperature to  ascribed to the reduction of PdO. With the increase of tem-
500°C in a O(2.5%)/Ar flow. No evident Q consumption perature (se€ig. 7), the CQ production shows three peaks
is detected during the heating; however, a large amount ofwith apexes at 70, 220 (as a shoulder), and ZB0respec-
COy is detected at a temperature above 200 This may tively. The amount of C@evolved at ambient temperature is
suggest that G&®3 formed during the CO-TPR has been 71 umo)g, which indicates that the reduction of PdO is not
oxidized to CeQ@ at room temperature, since the oxidation completed at ambient terapature, because the @@roduc-
of Ce0O3 by Oy is known to occur at such a low temper- tion will be 94 umojg for a complete reduction. The peak
ature. The release of GGat high temperature without any at 70°C should be assigned to the reduction of both PdO
O, consumption should be assigned to the decomposition ofand CeQ®, which presents likely as an interfacial species;
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] ways of PdO—Ce®interaction or different orientations of
i = PdO combined to the support. The easily reducibfeRiat
v can be reduced at ambient temperature may locate on the
] 0 outermost surface of PdAO-CgQwhile the band at higher
1 ¢ temperatures (32—-15C, peaked at 70C) involves the re-
] ::C duction of both PdO and CeQwhich is most likely due to
I the formation of a kind of PdO—CeGnterfacial species.
i The WGS on ceria-based catalysts is thought to pro-
1 .. b ceed mainly through the regerative (redox) mechanism
J\,\\ S~ e ___ a and the associative mechamisThe regenerative mecha-
— - nism involves successive oxidation and reduction of the
‘0 10 20 30 40 surface, while the associativeaghanism involves reaction
) ) through an adsorbed surface intermediate. Bunluesin et al.
Time (min) have recently proposed a mechanism that involves a ceria-
Fig. 6. Amounts of CQ evolved in CO-TPR at ambient temperature on medlated re‘?'ox PrQCeSS' Whereby CQ adsorbed .On the pre-
(@) PA/TIOy, (b) Pd/CeQ, and (c) Pd/ICe@-TiO,. cious metal is oxidized by ceria that in turn is oxidized by
water [30]. Shido and co-workerf50,51] investigated the
catalytic WGS on Rh-doped Cey using TPD and in-
frared spectroscopy and found that the intermediate for the
CcO reaction is a bidentate formate which is produced by the re-
action of CO with terminal surface hydroxyl groups on Ce
] ions. The rate-determining step is the decomposition of the
bidentate formate to Hand a unidentate carbonate. The
IR studies reported by Jacobs et al. also favor the biden-
N - tate formate mechanism in exgihing the WGS reaction on
1 --7 M<..co Pt/CeQ [52].
1 ) Saent In order to examine the intermediates formed here during
I s T H, the CO-TPR, the DRIFTS are carried out with the sample be-
r—————————— ing exposed to CO (5.01%) in Ar at different temperatures.
0 100 200 300 400 500 As shown inFig. 8, the spectrum at 28C shows that the
Temperature (°C) bands located at 2358 and 2336 chare ascribed to the ab-
sorbance of gaseous GO'he bands at 2158 and 2100 ¢h
Fig. 7. CO-TPR profilesfahe calcined Pd/Ce overlapped by the absorption of gaseous CO are ascribed
to the linearly CO adsorbed on Pdand P4, respectively,
the CQ production above 150C should be attributed to the  while the band at 1940 cnt is assigned to the bridged bond
reduction of lattice oxygen on the Ce®urface. In the suc-  CO on P§ as discussed above. The carbonate-like species
cessive @-TPO process, a large amount of £ released  are detected at room temperature in the region of 1800-
at a temperature above 370 without evident @ consump- 800 cntL. With the increase of temperature, the carbonates
tion, which confirms that the CO disproportionation in the remain in the sample. However, when the temperature in-
CO-TPR process is negligible and the £@@rmation in creased to about 20C, the negative band located at 3642
0O,-TPO is originated fromhe decomposition of carbon- and 3665 cm? assigned to the geminal OH groups on Ce
ates. Compared with the individual CgChe interaction  ions appears, indicating the decrease of OH groups. Simul-
between Pd and CeQowers the reduction temperature of taneously, the bands at 2943 and 2860 ¢wvere detected,
CeQ, which is consistent with the result obH'PR. The H which should be assigned to the absorption of bidentate for-
formation starts at 270C and reaches a maximum at about mate species on Ce iofd2,53] With the further increase of
340°C due to the WGS reaction between the adsorbed COtemperature, OH groups are continuously decreased and the
and the hydroxyl groups on the support. This was confirmed formate species are constgrincreased accompanied with
by the second CO-TPR aften&PO: the signal of b was an increase of the carbonate species. Therefore, we suggest
decreased due to the diminution of the hydroxyl groups dur- that WGS here follows the assiative mechanism: the ad-
ing the first TPR. The reproduction of the CO-TPR profiles sorbed CO on Pd reacts with the geminal hydroxyl groups
is obtained when the sample was exposed to the water vapoon ceria to form bidentate formate species, and the formate
at 120°C, indicating that the hydroxyl groups and then the decomposition will give carbonate ang H
WGS reactivity can be restored.
DRIFTS of CO adsorption indicates that¥dand P& 3.5.2. TiO, and Pd/TiO»
coexist in Pd/Ce@catalyst (se€ig. 2). The variance of the For the CO-TPR of individual Ti@ a small amount of
PdO reducibility in Pd/Ce@should be from the different CO; is released from 310C accompanied with i for-

MS signal (a.u.)

MS signal (a.u.)
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Fig. 8. DRIFTS of CO adsorption in 5% CO/Ar flow on Pd/Ce@t Fig. 10. CO-TPR profilesfahe calcined Pd/TiQ.
(@) 25°C, (b) 50°C, (c) 100°C, (d) 150°C, (e) 200°C, (f) 250°C, and
(g) 300°C.

ent temperature and 68% is reduced during the CO-TPR at
low temperature.
However, the DRIFTS of CO adsorption at room temper-
g ature revealed that only metallic Pd is detected. Tessier et
E cO al. [54] showed that PdO in Pd/AD3 could be partially re-
duced to metallic Pd by CO at room temperature to form
B an outer palladium layer around the core of palladium ox-
ide. The reduction of Pd/Ti®may be similar to the case of
Pd/AlLO3. Only the outermost layer of the PdO cluster con-
] tacted directly with CO can be reduced at room temperature.
The formation of CQ at ambient temperature is related to
_______ 2 the reduction of the outermost layer of PO and that at higher
] T T oo sTm s ST AR H, temperature may be ascribedie further reduction of core
0 160 260 360 460 560 Pdf“) .second band of CO consumption starts at 2@4and
0
Temperature ('C) peaks at about 30% accompanied with the production of
Fig. 9. CO-TPR profiles of the calcined T30 CO, and H, which may be ascribed to the WGS reaction be-
tween adsorbed CO and the hydroxyl groups in the support.
CO disproportionation is also excluded by the successive
mation as shown irFig. 9, indicating the occurrence of  O,-TPO. Compared to the case of individual BiGhe pres-
the WGS reaction. The production of @@annot be at- ence of Pd enhances the WGS reaction greatly.
tributed to the reduction of Ti@at such a low temperature The DRIFTS of CO adsorption on Pd/Ti@ CO/Ar flow
as proved by BTPR measuremeniherefore, the C® at different temperatures are showrFig. 11 Itis noted that
evolved seems to be only from the WGS reaction betweenthe saturated adsorption ofdCat room temperature causes

MS signal (a.u.)

the CO and the surface hydroxyl groups in the sample. the absorbance of gaseous £0@400-2300 cm?). The lin-
For Pd/TiQ, CO, alone is produced as soon as the CO/Ar ear adsorption of CO on Bq2085 cn1?) is overlapped by
flow was switched into the system as showrfig. 6, indi- the absorption of gaseous CO (2175 and 2120 9mNo

cating that the reduction of PdO species occurs at ambientevident absorption is detected in the carbonate region (1800—
temperature. Further incremsf temperature leads to a fur- 800 cnt!). As the temperature increased, the free water
ther release of C@alone with the apex around 17G and appeared at 3720 cmh accompanied with the occurrence of
the amounts of C® evolved correspond almost with the bicarbonate species adsorbed on Ti ions at 859'cwhen
stoichiometrical CO consumption (s&&y. 10. This peak the temperature increased to £@ the bands 1504, 1442,
should be also assigned to the reduction of PdO, becausel341, and 1220 cm" ascribed to carbonate-like species ad-
TiO2 cannot be reduced at this temperature. As shown in sorbed on titania are detectib]. Meanwhile, the intensity
Table 2 the amounts of C@evolved at ambient temper-  of free water increased and the negative bands at 363% cm
ature and thereafter up to 21€@ (the peak with the apex assigned to the OH groups on Ti ions are observed. Above
around 170C) is 18 and 64 umgl, respectively. Because 250°C, the free water disappears and the decrease of OH
the CQ production corresponding to a complete reduction group is more evident. Because Li@annot be reduced at

of PdO is 94 umalg, only 19% PdO is reduced under ambi- the relative low temperatar the WGS reaction between CO
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and OH groups on Ti@may follow the associative mecha- from the reduction of PdO alone in the sample. This may
nism with the formate or bicarbonate species as intermedi-imply that the reduction of PdO is fully achieved; moreover,

ates. part of CeQ in the sample is also reduced at ambient tem-
perature.
3.5.3. CeOx—TiO7 and Pd/CeO>—TiO; With the increase of temperature (96g. 13, CO, pro-
For CeQ-TiO,, the consumption of CO starts at around duction shows three main peaks at 95, 205, and°830e-
300°C accompanied by the production of g@eeFig. 12). spectively, which were accorapied by nearly stoichiomet-

H> is not detected, indicating that the WGS reaction is neg- rical CO consumption. piproduction is detected at 24C
ligible for the CO-TPR of Ce@-TiO; at the temperature  and shows a peak at 33G. As discussed above, these peaks
investigated here. The CO consumption and>QiBoduc- should be ascribed to the reduction of surface oxygen in
tion should be attributed to the reaction between CO and the CeG—TiO, support, which results in the formation of vari-
surface oxygen in Ce£2TiOo. Compared with the individ-  ous nonstoichiometric cerium oxide species. The third peak
ual CeQ, the initial reduction temperature and peak position is also partially ascribed to the WGS between the adsorbed
shift to higher temperatures, indicating that the reduction of CO and the hydroxyl groups.
CeO—TiO, becomes much more difficult, just as suggested  The DRIFTS of CO adsorption on Pd/Cg&riO, in
by the results of B+ TPR measurement. CO/Ar flow at different temperatures are showrFig. 14

For Pd/CeG-TiO, as shown irFig. 6, a large quantity of ~ The absorbance of gaseous £6 2400-2300 cm is also
CO; is released after being switched to a CO/Ar atmosphere, detected at room temperagurThe linear adsorption of CO
indicating that a remarkable reduction takes place at ambienton P (2089 cntl) is overlapped by the absorption of
temperature. The Cevolved in this stage is 123.2 unig|, gaseous CO (2175 and 2120 th No evident absorbance
which is markedly larger than the amount of £@roduced is detected in the carbonate region (1800-800 HmThe
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negative bands in 3400-3800 cfrcorresponding to the hy-
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Pd/CeQ-TiO; is reduced respectively at 162 and°&x) ac-

droxyl are detected with the increase of temperature. Only companied by the partial reduction of CeO

a band at 1120 cnt is observed in the carbonates region,

CO-TPR showed that the reduction of PdO over Jiy

which is ascribed to the bridged carbonate according to the CO is limited within the outermost layer at ambient tem-

assignment of Holmgren et 463]. Therefore, the WGS re-

perature and the core PdO can be reduced further with the

action between adsorbed CO and the hydroxyl groups onincrease of temperature. PdO/Cei® also reduced both at

ceria may proceed through the redox mechanism,

CO(ads + 2CeQ =CO, + Ce03,
OH + Ce03 = 2CeQ + 3Ha,

where CeQ s reduced to CGgO3 by CO to give CQ and the
hydroxyl group then react with G&3 to give CeQ and H.

In comparison with Pd/Cef) the reduction temperature
of PdO-CeQ interface species in Pd/CeOriO, decreased.
Although the mixed Ce®-TiO, support is more difficult to
be reduced than the individual CeChe presence of Pd
changes such a situation; i.e., Geil@ Pd/CeQ-TiO, be-
comes more easily redad than that in Pd/CeOAs shown
in Table 2 the easily reducible CeOby CO in Pd/CeQ@
is 26%, while 96% of Ce®in Pd/CeQ-TiO; is reduced
in the CO-TPR process. The reduction of PdO and interfa-
cial CeQ in Pd/CeQ-TiO2 becomes much easier than that
in Pd/CeQ due to the special Pd—Ce—Ti interaction, which
may contribute to the high activity for the CO oxidation at

ambient temperature and withe increase of temperature
during the CO-TPR process; and the reduction temperature
of CeQ decreased significantly with the presence of PdO.
The reducibility variance of PdO in Pd/Ce@atalyst may

be due to the different locations of PdO on Ge® com-
plete reduction of PdO in Pd/CeQTiO; by CO is achieved

at ambient temperature, accompanied by the partial reduc-
tion of CeQ, which may indicate that the special Pd—Ce—Ti
interaction in Pd/Ce®-TiOs is favorable for the reduction

of PdO and interfacial Cefspecies. This may contribute to
the high activity for the CO oxidation at low temperature.
The special Pd—Ce-Ti interaction in Pd/Ce®iO2 may be
originated from both the eleanic effect that affects the CO
adsorption and the geometric effect that may contribute to
the reducibility variance of PdO.

Both H-TPR and CO-TPR proved that the reduction of
CeQ-TiOy is more difficult than that of the surface oxy-
gen in the individual Ce®probably due to the formation
of CeQ-TiO solid solution. However, the addition of PdO

low temperaturef31]. The interaction between Pd and sup- changes the situation: the reduction of Pd/geDO; be-

ports has an effect on the adsorption properties of CO, which

may indicate the different eleciic effects in the catalysts.
On the other hand, the geometric effects also play an im-

portant role for the Pd—support interactions, the variance of

the reducibility may be caused by the different locations of
Pd on the supports or the different orientations of Pd combi-
nation to the supports. The special Pd—Ce—Ti interaction in
Pd/CeQ-TiO2 may be originated from both the electronic
effect that affects the CO adstion and the geometric ef-
fect that may contribute to the reducibility variance of PdO.

However, such assumptions should be confirmed by the fur-

ther works such as XPS and HREM characterization.

4. Conclusions

The catalysts Pd/Tig) Pd/CeQ, and Pd/Ce@-TiO, for
the CO oxidation at low temperatures together with their cor-
responding supports were characterized by means @id\
sorption, XRD, DRIFTS, H-TPR, and CO-TPR. The char-
acteristics and reducibility of Pd and other active species
involved in CO oxidation were then investigated. The results
showed that PdO is finely dispersed on the supports with
high surface area. DRIFTS of CO adsorption further indi-
cated that both Pd and P4 species coexist in Pd/CeQ
while only Pd is detected in Pd/Ti@and Pd/Ce@-TiO5.
H>-TPR showed that no bulk Ce@xists in CeQ-TiO2
and the reduction of CeTiO, is more difficult than that
of the individual Ce@. PdO in Pd/TiQ can be fully reduced
by H, at ambient temperature, whereas PdO in Pd/Catd

comes much easier than that of Pd/GeO

The WGS between CO and the hydroxyl groups in the
catalysts is detected at a temperature higher thad@Hr-
ing the CO-TPR process on all of the Pd supported catalysts
as well as the individual Cefand TiQ supports. More-
over, the WGS in the CO-TPR for various catalysts may be
different in the reaction meemism, and the presence of Pd
is favorable for the WGS reaction.
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