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Abstract CO oxidation at low temperature over

Pd/CeO2–TiO2 catalyst was carried out in the feed con-

taining different contents of water vapor (H2O). A positive

effect of H2O was observed on the catalytic performance of

Pd/CeO2–TiO2 in CO oxidation at low temperature. The

extent of this effect depends on the content of H2O in the

feed; with a H2O content being 2.5 vol%, the catalyst Pd/

CeO2–TiO2 exhibits the highest stability (longest life time

for CO oxidation at 80 �C). The results of in situ diffuse

reflectance infrared Fourier transform spectroscopy

(DRIFTS) and temperature-programmed reaction (TPRe-

action) reaction illustrated that H2O in the feed supplies

sufficient OH groups in the presence of O2, which can react

with adsorbed CO on Pd species to produce CO2. More-

over, H2O may also enhance the adsorption of CO and

suppress the formation of some carbonate species.

Keywords Carbon monoxide oxidation �
Low temperature � Pd/CeO2–TiO2 � Water vapor �
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1 Introduction

The catalytic oxidation of CO at low temperature has

attracted considerable attention because of its wide

applications in the exhaust abatement for CO2 lasers, trace

CO removal in enclosed atmospheres, automotive emission

control, and CO preferential oxidation (COPROX) for pro-

ton exchange membrane fuel cells (PEMFC) [1]. For a

practical application of CO catalytic oxidation, the feedstock

often contains inevitably certain amounts of water vapor

(H2O). Although many efforts have been made to investigate

the effects of H2O on CO oxidation, there are still a lot of

controversies on clarifying the function of H2O in CO oxi-

dation. Positive effects of H2O were ever claimed for Au/

TiO2 [2], Au/Fe2O3 [2–4], Au/CeO2 [5], Au/Al2O3 [2, 6], Pt/

c-Al2O3 [3, 7], Pt/SnO2 [8], Pt–Mg/Al2O3 [9], Pt–Pd/CeO2

[10] and Pd/CeO2/ZrO2 [11] catalysts. On the other hand,

however, negative effects of H2O were reported for Au/TiO2

[12], Au/TiO2–In2O3 [12], Ru/C and Pt/C (porous carbona-

ceous material) [13], Pd–Fe–Ox/NaZSM-5 [14], CuO/CeO2

[3, 15, 16] and CeO2-promoted Cu/c-Al2O3 catalysts [17].

For Au catalysts, both positive and negative effects of

H2O on CO oxidation or COPROX in H2-rich stream were

reported. Grunwaldt et al. [18] reported a reduced activity

over Au/TiO2 for low temperature CO oxidation when

0.1 vol% H2O was presented in the reaction atmosphere,

but this negative effect was easily reverted by simply

switching to a dry mixture. Nevertheless, Daté and

coworkers [19, 20] reported that the effect of H2O on the

catalytic performance of Au/TiO2 in CO oxidation is

strongly dependent on the moisture content in the feed; a

low content of H2O (0.1–200 ppm) was beneficial to CO

oxidation, while higher H2O content (ca. 6,000 ppm)

brought on a decrease in the catalytic activity. In contrast,

Schubert et al. [21] reported a positive effect of H2O

addition on the selective CO oxidation in H2-rich gases

over Au/a–Fe2O3; H2O may promote CO oxidation and

suppress the competitive H2 oxidation. Meanwhile, the

deactivation was significantly diminished due to the
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transformation of surface carbonates into thermally less

stable bicarbonate species.

For Pt catalysts, the effect of H2O on the CO oxidation or

COPROX in H2-rich gases was depended on the types of the

supports. With metal oxides (Al2O3 [3, 7, 22], SnO2 [8], etc.)

as supports, the positive effect of H2O on CO oxidation or

COPROX in H2-rich stream predominated in the known

reports. The existence of H2O dramatically enhanced CO

conversion on Pt/c-Al2O3 catalyst in the range of

110–190 �C, and reduced the activation energy for CO oxi-

dation to about 37 kJ from 74 kJ in the absence of H2O [22].

On the other hand, the negative effect of H2O was observed

on some porous materials [13] supported Pt catalysts.

Snytnikov et al. [13] reported that the outlet CO concentra-

tion for CO selective oxidation over Ru/C and Pt/C catalysts

increased with the addition of H2O in the feed; this might be

relevant to the blockage of catalyst active sites by H2O

adsorption as well as to the formation of CO–H2O surface

complexes that were less active than the adsorbed CO.

For non-noble metal catalysts, especially Cu–Ce based

catalysts, only negative effect of H2O on CO oxidation or

COPROX in H2-rich stream was found in the literatures

[15–17], which was generally accused to the blocking of

active sites on the catalyst by H2O adsorption.

It is noteworthy that supported Pd catalyst also performs

well in CO oxidation; however, few researches about the

effects of H2O in the feed (especially with different H2O

contents) on CO oxidation over Pd catalysts have been

reported. In our previous work, Pd supported on the ceria–

titania composite oxides (Pd/CeO2–TiO2) prepared by the

method of sol–gel precipitation followed by supercritical

fluid dry (SCFD) exhibited high activity for CO oxidation in

a moisture-free atmosphere at low temperature [23]. Further

works on the temperature-programmed reduction (TPR)

using H2 and CO as reducing agents suggested that the Pd–Ce

interaction in Pd/CeO2–TiO2 favored the reduction of both

PdO and CeO2, which contributed to the high activity for CO

oxidation at low temperature [24–26]. These works also

suggested that the pretreatments of calcination and reduction

might exhibit significant effects on the catalytic behavior of

Pd/CeO2–TiO2 [27, 28]. To evaluate whether Pd/CeO2–TiO2

can still perform well in CO oxidation under the relatively

actual conditions, it is essential to investigate the influence of

H2O on the CO oxidation behaviors.

In this work, an effort was made to investigate the effect

of H2O on the catalytic performance of Pd/CeO2–TiO2 in

CO oxidation at low temperature. For this purpose, CO

oxidation at low temperature over Pd/CeO2–TiO2 catalyst

was carried out in the feed containing different contents of

H2O. In addition, in situ diffuse reflectance infrared Fourier

transform spectroscopy (DRIFTS) and temperature-pro-

grammed reaction (TPReaction) were used to elucidate the

role of H2O in the process of CO oxidation.

2 Experimental

2.1 Catalyst Preparation

The catalyst Pd/CeO2–TiO2 was prepared in the similar

procedures as described previously [24, 27, 28]. Briefly,

CeO2–TiO2 support was prepared through sol–gel precip-

itation with TiCl4 and Ce(NO3)3 � 6H2O as precursors.

After aging, washing and exchanging water with pure

ethanol, the precipitate was dried at 120 �C for 24 h and

calcined at 500 �C in air for 3 h. Pd supported catalyst was

prepared by incipient wetness impregnation of CeO2–TiO2

with aqueous PdCl2 solution. In this work, Ti/Ce atomic

ratio is 5.0 for the CeO2–TiO2 support and Pd loading is

1.0 wt% for the Pd/CeO2–TiO2 catalyst.

2.2 Catalytic Tests and Analytic Procedures

The catalytic tests for CO oxidation over Pd/CeO2–TiO2

catalyst were carried out in a quartz tubular flow micro

reactor with an internal diameter of 6.0 mm at atmospheric

pressure, with the similar procedures described previously

[27, 28]. Briefly, about 200 mg of catalyst sample

(40–60 mesh) was used per run; the catalyst bed was about

1.0 cm in height and placed in the constant temperature

zone (3–4 cm high) of the micro reactor and embedded

between glass wool plugs. Prior to the measurement, the

catalysts underwent an on-line pre-reduction in hydrogen

(50 ml/min) at 150 �C, namely, low temperature reduction

(LTR) pretreatment.

Light-off test of CO oxidation was conducted from room

temperature (RT) at a heating rate of 1.0 �C min-1; long-

term stability of Pd/CeO2–TiO2 was examined at 80 �C. The

reaction stream consisted of 1.0 vol% CO and 5.0 vol% O2

balanced with argon; GHSV was 45,000 ml g-1 h-1

(W/F = 0.080 g s cm-3). A bubbler saturator was used to

introduce H2O into the feed and the content of H2O in the

feed was controlled by the evaporating temperature. The gas

line leading to the reactor was heated and kept at 120 �C to

avoid any H2O condensation.

The effluent gas from the reactor was periodically ana-

lyzed online with a gas chromatograph (SHIMADZU GC-

8A) equipped with a 3 mm 9 2 m stainless-steel column

packed with carbon molecular sieve, a post-column meth-

anator that converted CO and CO2 into CH4, and a flame

ionization detector (FID).

2.3 Catalyst Characterization

In situ DRIFTS of CO adsorption and oxidation were

carried out on a Nicolet 380 FT-IR spectrometer equip-

ped with a MCT/A detector at a spectral resolution of

4 cm-1 (accumulating 32 scans). About 40 mg of the
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powder catalyst was placed in the diffuse reflectance cell

and underwent an on-line LTR pretreatment. The back-

ground spectra were recorded in a flow of pure argon

just prior to the measurement. The spectra were col-

lected at 80 �C after the catalyst sample was exposed

to the corresponding reactive stream (30 ml min-1,

W/F = 0.080 g s cm-3) for about 20 min. For CO

adsorption, the stream was 5.0 vol% CO and 2.6 vol%

H2O (when used) with balanced argon; for CO oxidation,

it contained 1.0 vol% CO, 5.0 vol% O2 and 2.8 vol%

H2O (when used) with balanced argon.

TPReaction between CO and H2O over Pd/CeO2–TiO2

was performed in the same quartz micro reactor as used

in the catalytic tests. Here, about 100 mg of catalyst

sample was used in each run; CO, H2O, CO2 and H2 in

the outlet gas were measured on-line by a quadrupole

mass spectrometer (QMS, OmniStarTM) instead. The cat-

alyst sample was first pretreated following the

aforementioned LTR procedure. After that, the catalyst

sample was cooled down to RT under an argon flow

(50 ml min-1), and then the argon stream was shifted to a

reacting stream of 5.0 vol% CO and 2.6 vol% H2O in

argon at a GHSV of 30,000 ml g-1 h-1 (W/F =

0.12 g s cm-3). After a stable composition in the outlet

gas was attained, the TPReaction profiles of each com-

ponent were recorded from RT to 500 �C with a heating

rate of 10 �C/min.

3 Results and Discussion

3.1 Catalyst Textural Properties

As reported previously [29], BET surface area of the

composite CeO2–TiO2 as prepared is 207.9 m2 g-1. By

comparison, the surface areas of single TiO2 and CeO2

prepared using the same procedure are only 62.9 and

108.6 m2 g-1, respectively. TEM images of CeO2, TiO2

and CeO2–TiO2 suggested that CeO2–TiO2 has lost the

appearance of both CeO2 and TiO2. The powder XRD

patterns showed that CeO2–TiO2 composite oxide is in an

amorphous structure; a solid solution of CeO2–TiO2 may

be formed with Ti4? replacing Ce4? into the CeO2 lattice

or its precursor [24].

The XRD pattern of Pd/CeO2–TiO2 is almost the same

as that of CeO2–TiO2, which proves that the preparation

of Pd/CeO2–TiO2 through impregnation and calcination

does not cause any recrystallization of CeO2–TiO2 sup-

port. PdO phase is not observed in the XRD patterns of

the Pd supported catalyst, indicating that either PdO is

present as a non-crystalline phase or finely dispersed on

the supports with the particle size being smaller than

3 nm [24, 29].

3.2 Effect of H2O on the Performance of Pd/CeO2–TiO2

for CO Oxidation

To examine the effect of moisture on the CO oxidation

over Pd/CeO2–TiO2, the light-off profiles of CO oxida-

tion on the Pd/CeO2–TiO2 catalyst under dry and wet

conditions are compared in Fig. 1. A positive effect of

H2O on the catalytic activity of Pd/CeO2–TiO2 in CO

oxidation at low temperature is observed; to achieve a

complete CO conversion, the catalyst needs much lower

temperature in the presence of H2O than in the absence

of H2O.

Long-term stability tests were carried out at 80 �C in the

reaction stream (1.0 vol% CO ? 5.0 vol% O2 ? balanced

argon) containing different contents of H2O. As shown in

Fig. 2, the presence of 1.1–10.2 vol% H2O in the reaction

stream prolongs the life of Pd/CeO2–TiO2 catalyst in CO

oxidation, especially with a H2O content of 2.5 vol%. The

prolongation of catalyst life time by H2O is dependent on

the H2O content in the feed (in the order of

2.5 [ 1.1 [ 5.1 [ 10.2 vol%). By introducing 2.5 vol%

H2O into the feed, the catalytic stability is enhanced most

significantly; the duration for CO conversion decreasing

from 100.0 to 95.1% extends from only 0.43 h in the

absence of H2O to about 49.50 h.

Current results then strongly suggest that the presence of

H2O in the feed has a positive effect on the catalytic per-

formance of Pd/CeO2–TiO2 in CO oxidation at low

temperature. With a H2O content being 2.5 vol% in the

feed at the established conditions, this effect is most sig-

nificant; the catalyst Pd/CeO2–TiO2 exhibits much higher

stability (longer life time for CO oxidation at 80 �C) than

that in the absence of H2O.
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Fig. 1 Light-off profiles of Pd/CeO2–TiO2 in CO oxidation under dry

and wet conditions in the reaction stream of CO 1.0, 5.0 vol% O2 and

balanced argon, GHSV = 45,000 h-1

Positive Effect of Water Vapor on CO Oxidation at Low Temperature over Pd/CeO2–TiO2 Catalyst 355

123



3.3 In situ DRIFTS of CO Adsorption and Oxidation

on Pd/CeO2–TiO2

To estimate the influence of H2O on CO adsorption and

oxidation on the LTR-pretreated Pd/CeO2–TiO2 catalyst,

the DRIFTS spectra of CO adsorption in a 5.0 vol% CO/Ar

flow both in the absence and presence of 2.6 vol% H2O as

well as CO oxidation in a 1.0 vol% CO ? 5.0 vol% O2 flow

(balanced with Ar) both in the absence and in the presence

of 2.8 vol% H2O are obtained at 80 �C, as shown in Fig. 3.

The O–H stretching vibration of H2O and OH groups is

located between 3,800 and 3,000 cm-1 (Fig. 3(1)). The

ascriptions of the bands appeared in this region can be

summarized as follows: (1) the band at 3,743 cm-1 is

ascribed to free H2O [30]; (2) the bands in 3,710–

3,500 cm-1 region are related to the stretching vibration of

ceria hydroxyl groups [31–34]; (3) the broad band at ca.

3,400 cm-1 is due to the physisorbed H2O molecules

bound by weak hydrogen bonds with each other and with

OH groups on CeO2 and TiO2 surface [35]. It is noticed

that certain physisorbed H2O is formed during the LTR

pretreatment even if no additional H2O is introduced into

the feed (Fig. 3(1a)). A negative band at ca. 3,400 cm-1 is

accidentally detected for CO oxidation in the absence of

H2O (Fig. 3(1c)), but not observable in the process of CO

adsorption in the absence/presence of H2O (Fig. 3(1a, b)).

These may suggest that the physisorbed H2O on the support

is consumed in the process of CO oxidation.

The absorption bands of gaseous CO2 at 2,400–

2,300 cm-1 are all detectable for CO adsorption and oxi-

dation both in the absence and in the presence of H2O

(Fig. 3(1)). Because no gaseous CO2 is introduced into the

stream for DRIFTS measurements (gaseous CO2 is not

detected in the DRIFTS of H2O adsorption alone), CO2

detected for CO adsorption (Fig. 3(1a, b)) may be produced

through two routes: (1) the reaction between CO and active

oxygen provided by the support; (2) the reaction between

CO and residual H2O/OH groups on the support surface.

The first route is supported by the fact that CeO2 usually

acts as an oxygen buffer by releasing-uptaking oxygen

through redox processes involving the Ce4?/Ce3? couple in

the catalyst [36]. However, H2-TPR results reveal that only

metallic Pd0 and Ce3? are present in the Pd/CeO2–TiO2

catalyst after LTR pretreatment [24, 26], indicating that the

reaction between CO and oxygen species in CeO2 on the

support is negligible here for the formation of CO2.

Therefore, the gaseous CO2 detected in the course of CO

adsorption in the absence/presence of H2O should be
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Fig. 2 Catalytic stability of Pd/CeO2–TiO2 in CO oxidation at 80 �C

with different H2O contents in the reaction stream of 1.0 vol% CO,

5.0 vol% O2 and balanced argon, GHSV = 45,000 h-1
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produced via the reaction between CO and H2O/OH groups

on the catalyst surface. Furthermore, because CO2 is not

formed from CO adsorption on CeO2–TiO2 support alone

(not shown), the buildup of CO2 here may originate from

the CO adsorbed on Pd0 and the reaction between CO and

H2O/OH then takes place on the interface of metal and

support. The presence of H2O in the feed supplies abundant

H2O/OH groups which react ulteriorly with CO on the

surface of Pd/CeO2–TiO2 catalyst; this then leads to a

significant increase of the CO2 absorbance intensity in the

DRIFTS spectra (Fig. 3(1a, b)). When introducing O2 into

the feed together with CO (either in the absence or in the

presence of H2O), CO2 can then be produced through the

aforementioned two routes (Fig. 3(1c, d)).

In the carbonyl region (2,250–1,800 cm-1), as shown in

Fig. 3(2), four bands are detected for DRIFTS of CO

adsorption in the absence of H2O; the bands at 2,174 and

2,120 cm-1 are related to gaseous CO [24], and the bands

at 2,077 and 1,917 cm-1 should be ascribed to the linear

and bridged CO adsorption on Pd0, respectively

(Fig. 3(2a)). With the presence of H2O in the stream, both

the linear and the bridged adsorption bands of CO on Pd0

become more intense (Fig. 3(2b)). The band for CO

bridged species at 1,917 cm-1 splits into two overlapped

bands located at 1,906 and 1,962 cm-1, which are together

ascribed to the special CO bridged adsorbed structure [37];

they should be related to the active species for CO oxida-

tion over Pd/CeO2–TiO2 in the presence of H2O. These

then support that the presence of H2O improves the

adsorption of CO on Pd/CeO2–TiO2 catalyst. An enhanced

CO adsorption on the surface of gold particles in the

presence of water was previously pointed out by Boccuzzi

et al. [38], but little was known about how it occurred.

When introducing O2 into the stream both in the absence

and in the presence of H2O (Fig. 3(2c, d)), no carbonyl

band is observable; this is in agreement with the high CO

oxidation rate as shown in Fig. 2 that CO can be converted

completely to CO2 in the established conditions.

In the region of carbonate-like species (1,800–

1,000 cm-1), as shown in Fig. 3(3), the main ascriptions

for the DRIFTS spectra are: (1) the band at 1,599 cm-1 is

due to hydrogen carbonate species [32, 39]; (2) the band at

1,529 cm-1 is related to carboxylate species [40]; (3) the

bands at 1,471, 1,446, 1,417, 1,396 and 1,359 cm-1 are

related to unidentate carbonate species [41, 42]; (4) the

band at 1,275 cm-1 corresponds to a kind of bidentate

carbonate species [43]; (5) a broad band at 1,067 cm-1 is

ascribed to internal polydentate carbonate [31, 43]. More-

over, after introducing H2O into the stream (Fig. 3(3b, d)),

an intense band appears at ca. 1,637 cm-1, which should be

attributed to the scissor-bending of free H2O.

For CO adsorption in the absence of H2O (Fig. 3(3a)),

few carbonate species are formed on the surface of

Pd/CeO2–TiO2 catalyst. When introducing H2O into the

feed together with CO, two bands at 1,471 and 1,396 cm-1

ascribed to the unidentate carbonate species are detected

(Fig. 3(3b)).

For CO oxidation in the absence of H2O, some intense

bands for carbonate species are formed in this region.

Besides two bands corresponding to the unidentate car-

bonate species at 1,446 and 1,359 cm-1, hydrogen

carbonate (e.g., 1,599 cm-1), carboxylate species (e.g.,

1,529 cm-1) and polydentate carbonate species (e.g.,

1,067 cm-1) are also detected (Fig. 3(3c)). For CO oxida-

tion in the presence of H2O, however, the intensity of the

bands in the carbonate region is prominently weakened by

introducing H2O (Fig. 3(3d)). The band at 1,599 cm-1 is

overlapped by the band at 1,637 cm-1. Two weak bands

appear at 1,417 and 1,275 cm-1; the former band should be

ascribed to the unidentate carbonate species, while the latter

one is corresponding to a kind of bidentate carbonate spe-

cies. In comparison, some kinds of carbonate species are not

detected in the presence of H2O, which is in agreement with

the results for Pd/CeO2 reported by Hilaire et al. [39]. The

presence of H2O may suppress the accumulation of some

kinds of carbonate species, which is favorable for CO oxi-

dation; this may act as another crucial factor for the positive

effect of H2O on CO oxidation over Pd/CeO2–TiO2 catalyst.

3.4 TPReaction of CO and H2O

To confirm the interaction between CO and H2O on the

catalyst surface at low temperature, TPReaction of CO and

H2O over LTR-pretreated Pd/CeO2–TiO2 catalyst is per-

formed; the QMS signals of CO, H2O, CO2 and H2 in the

reactor outlet along with the temperature are shown in Fig. 4.
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Fig. 4 TPReaction profiles of CO and H2O over LTR-pretreated

Pd/CeO2–TiO2 catalyst in a stream of 5.0 vol% CO ? 2.6 vol% H2O

(balanced with argon) at a temperature from RT to 500 �C with a

heating rate of 10 �C/min: (a) CO; (b) H2O; (c) CO2; and (d) H2
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CO consumption begins at about 75 �C, comes to a peak

at 124 �C, speeds up from 161 �C, and then reaches a

steady value at about 360 �C. The process of CO2 pro-

duction matches exactly that of CO consumption.

However, H2 production starts at a temperature higher than

170 �C and reaches a steady value at 360 �C. The first peak

of CO consumption or CO2 production at 124 �C corre-

sponds to neither the formation of H2 nor the consumption

of H2O. These can exclude the gaseous reaction between

CO and H2O at low temperature (\170 �C) and suggest

that CO2 is produced from the reaction of CO and OH

group on the surface of Pd/CeO2–TiO2 catalyst:

CO + OHs ! CO2 + Hs ð1Þ

where OHs corresponds to the OH group originated from

the support and Hs to hydrogen atom adsorbed on the

support. On the other side, the water–gas shift between CO

and H2O only turns to be significant at a higher temperature

([200 �C).

3.5 Role of H2O in Low Temperature CO Oxidation

over LTR-pretreated Pd/CeO2–TiO2

For CO oxidation at low temperature over noble metal

supported catalyst, it is generally accepted that noble

metal is covered by CO, while O2 is activated on the sites

in the reducible supports or on the partially oxidized

patches of reducible additives, such as Ce(ox) [44, 45],

Sn(ox) [46] and Fe(ox) [47]. CO oxidation may follow a

so-called bifunctional reaction pathway [48] at the noble

metal/oxide interface; O2 diffuses to the interface sites

and reacts with CO adsorbed on the noble metal at its

perimeter. The bi-functional path is also supported by the

results of CO oxidation in the absence of H2O over the

reduced Pd/CeO2–TiO2 catalyst in our previous work

[27], which involves the reaction between CO adsorbed

on the noble metal and oxygen from ceria at the metal–

ceria interface.

The catalytic tests in this work reveal a positive effect of

H2O on the catalytic performance of Pd/CeO2–TiO2 in CO

oxidation at low temperature. The DRIFTS of CO

adsorption in the presence of H2O and TPReaction between

CO and H2O illustrate that H2O may participate in the CO

oxidation via the reaction between CO and OH groups

whose formation is promoted by H2O. On the basis of these

observations, the following reaction pathways are then

proposed to explain the role of H2O in the CO oxidation

over the LTR-pretreated Pd/CeO2–TiO2:

CO + Pd$ Pd� CO ð2Þ
1

2
O2 þ OCeO½ �CeOð Þs$ ðOCeO O½ �CeO)s ð3Þ

Pd� COþ OCeO O½ �CeOð Þs! Pd + CO2

þ OCeO½ �CeOð Þs ð4Þ

H2Os þ OCeO O½ �CeOð Þs$ ðOCeO½ �CeO)s + 2OHs ð5Þ

Pd� COþ OHs ! Pd + CO2 + Hs ð6Þ
Hs þ OCeO O½ �CeOð Þs! OCeO½ �CeOð Þs + H2O ð7Þ

where the symbol [ ] indicates the oxygen vacancy in

Ce2O3, [O] denotes the oxygen captured and activated by

the vacancy, and the suffix ‘s’ means the support surface.

Reactions (2)–(4) represent the reaction pathway in the

absence of H2O as discussed in the reference [27], namely,

the aforementioned bi-functional reaction pathway. Briefly,

CO is adsorbed and activated on Pd0 at the beginning

(reaction (2)), while O2 is captured and activated by the

oxygen vacancy in the reduced ceria (reaction (3)). Then

CO2 is formed from the reaction between the adsorbed CO

on Pd0 and the captured oxygen by ceria at the metal–ceria

interface (reaction (4)).

When H2O is present in the feedstock, H2O may take

part in CO oxidation through the reactions (5)–(7). H2O is

generally adsorbed on the metal oxide support rather than

on the precious metal [11]. The negative band at ca.

3,400 cm-1 for CO and O2 coadsorption in Fig. 3(1c)

suggests that CO oxidation consumes certain H2O physi-

sorbed on the supports. Besides, as the TPReaction tests

confirmed (Fig. 4), the reaction temperature (80 �C) is so

low that the water–gas shift reaction between CO and H2O

is negligible. It is then reasonable to presume that H2O

adsorbed on the support reacts with the captured oxygen in

(OCeO[O]CeO)s to give OH groups (reaction (5)). After

that, CO adsorbed on Pd species reacts with OH groups

formed on the support to produce CO2 through the reaction

(6). Simultaneously, Hs is formed, which cannot combine

together to release H2 at current conditions due to the large

amounts of O2 in the stream. Instead of that, Hs may react

with (OCeO[O]CeO)s to liberate H2O and oxygen vacancy

in Ce2O3 (reaction (7)).

As a whole, the presence of H2O can supply abundant

OH groups in the presence of O2, and then OH groups react

with the adsorbed CO on Pd species to produce CO2. In this

way, H2O is thus helpful for O2 activation; it also provides

another route for CO oxidation (the reaction between CO

and the H2O/OH groups formed on the support surface)

besides the route between CO and active oxygen in the

absence of H2O. These then bring on the positive effect on

the catalytic performance of Pd/CeO2–TiO2 in CO oxida-

tion at low temperature.

Meanwhile, H2O may also promote the building of CO2

as well as the leaving of CO2 from the catalyst surface

through reaction (6), which can suppress the accumulation
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of some kinds of carbonate species. The DRIFTS results

prove that Pd/CeO2–TiO2 catalyst accumulates less car-

bonates for CO oxidation in the presence of H2O than in

the absence of H2O (Fig. 3(3)). This will alleviate the

catalyst deactivation due to the carbonate accumulation and

prolong the catalyst life time, which acts as another crucial

factor for the positive effect of H2O on CO oxidation over

Pd/CeO2–TiO2 catalyst.

On the other side, the blockage of active sites by H2O

adsorption on the catalyst can not be excluded when

large amounts of H2O are introduced in the feed. By

taking account of both the negative side (blockage of

active sites by H2O adsorption) and the positive side

(participation of H2O in the CO oxidation and alleviation

of the carbonate accumulation), the extent of H2O posi-

tive effect on the performance of Pd/CeO2–TiO2 catalyst

for CO oxidation then depends strongly on the H2O

content in the feed.

4 Conclusions

A positive effect of H2O on the catalytic performance of

Pd/CeO2–TiO2 in CO oxidation at low temperature is

observed. The extent of this effect depends on the content

of H2O in the feed; with a H2O content being 2.5 vol%, the

catalyst Pd/CeO2–TiO2 exhibits the highest stability.

The DRIFTS of CO adsorption and oxidation in the

absence/presence of H2O and TPReaction between CO and

H2O suggest that H2O participates in CO oxidation at low

temperature indirectly by supplying abundant OH groups in

the presence of O2; OH groups then react with the adsorbed

CO on Pd species to produce CO2. In this way, H2O may

promote O2 activation and then brings on the positive

effect on low temperature CO oxidation over Pd/CeO2–

TiO2.

Moreover, H2O can enhance CO adsorption (both linear

and bridged) and suppress the accumulation of certain

carbonates, which may also contribute to the positive effect

of H2O on the catalytic performance of Pd/CeO2–TiO2 in

CO oxidation at low temperature.
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