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Abstract SOx uptake, thermal regeneration and the

reduction of SOx via H2(g) over ceria-promoted NSR cat-

alysts were investigated. Sulfur poisoning and desulfation

pathways of the complex BaO/Pt/CeO2/Al2O3 NSR system

was investigated using a systematic approach where the

functional sub-components such as Al2O3, CeO2/Al2O3,

BaO/Al2O3, BaO/CeO2/Al2O3, and BaO/Pt/Al2O3 were

studied in a comparative fashion. Incorporation of ceria

significantly increases the S-uptake of Al2O3 and BaO/

Al2O3 under both moderate and extreme S-poisoning

conditions. Under moderate S-poisoning conditions, Pt

sites seem to be the critical species for SOx oxidation and

SOx storage, where BaO/Pt/Al2O3 and BaO/Pt/CeO2/Al2O3

catalysts reveal a comparable extent of sulfation. After

extreme S-poisoning due to the deactivation of most of the

Pt sites, ceria domains are the main SOx storage sites on the

BaO/Pt/CeO2/Al2O3 surface. Thus, under these conditions,

BaO/Pt/CeO2/Al2O3 surface stores more sulfur than that of

BaO/Pt/Al2O3. BaO/Pt/CeO2/Al2O3 reveals a significantly

improved thermal regeneration behavior in vacuum with

respect to the conventional BaO/Pt/Al2O3 catalyst. Ceria

promotion remarkably enhances the SOx reduction with

H2(g).

Keywords NSR � NOx � SOx � Sulfur poisoning � DeNOx �
Ceria

1 Introduction

Conventional three way catalysts (TWC such as Pt/Rh/

CeO2/Al2O3) are known to have a poor nitrogen oxide

(NOx) reduction performance under lean conditions. Thus,

lean burn and diesel engines call for an alternative after

treatment technology for the elimination of toxic NOx

species. The NOx storage and reduction (NSR) catalyst

technology is a promising candidate for NOx reduction

under lean conditions [1–3]. However, NSR technology

suffers from various drawbacks, one of which is associated

with the loss of catalytic activity due to the accumulation

of sulfur on the NOx storage sites of the catalyst [4, 5]. As

the thermodynamic stability of sulfur oxides (SOx) on most

metal oxide surfaces is typically higher than that of

nitrates, sulfur containing species such as sulfates or sul-

fites can readily block catalytic active sites [6] forming

inactive BaSO3, BaSO4, Al2(SO3)3 and Al2(SO4)3 species

[7, 8]. It has been shown in the literature that the sulfur

poisoning tolerance of NSR catalysts can be improved by

modifying the surface chemistry of the catalysts with the

help of additional metal oxide promoters [9]. Ceria has

attracted considerable interest as a catalytic promoter and a

support material in TWC and NSR applications [10, 11].

Furthermore, ceria is also used as an active component in

several important reactions such as water–gas shift (WGS)

and steam reforming reactions [12, 13]. Ceria promotion is

also known to have a strong influence on the dispersion of

precious metals on metal oxide support materials [14]. SO2

adsorption on c-Al2O3 [15, 16] and CeO2 surfaces has been

extensively studied via FTIR spectroscopy. Waqif et al.

[17] investigated a CeO2–Al2O3 mixed-oxide system and

demonstrated that this surface had a higher sulfur uptake

compared to pure c-Al2O3 or CeO2 [18]. Previous inves-

tigations on the sulfur uptake of Pt/CeO2 materials have
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also shown that Pt incorporation onto the ceria support did

not have a significant effect on the nature and amount of

adsorbed sulfate species [19]. In contrast to the Pt/CeO2

system, Yao et al. [20] reported that Pt addition to the pure

alumina surface increased the total sulfur uptake. Sulfur

storage and the formation of surface SOx species on con-

ventional NSR systems such as Pt/BaO/Al2O3 and Pt/

BaCO3/Al2O3 have also been studied in the literature [21,

22], where it was reported that in addition to sulfites, sur-

face and bulk sulfate species were the major SOx species

formed upon oxidation of SO2 on these surfaces.

Thus, in this study, we focus on the SOx uptake, des-

ulfation via thermal regeneration and the reduction of

adsorbed SOx via H2(g) over ceria-promoted NSR cata-

lysts. In order to obtain an in-depth understanding of the

SOx uptake/release properties of the complex BaO/Pt/

CeO2/Al2O3 NSR system, a systematic approach is

employed. In this approach, SOx uptake/release and

reduction properties of the functional sub-components such

as Al2O3, CeO2/Al2O3, BaO/Al2O3, BaO/CeO2/Al2O3, and

BaO/Pt/Al2O3, were studied in a systematic fashion.

Through this comprehensive approach, the interplay

between different functional components of the ceria-pro-

moted NSR catalysts and its implications on the sulfur

tolerance are elucidated.

2 Experimental

2.1 Material Synthesis

All of the materials synthesized in this study were prepared

via incipient wetness impregnation method. Binary oxide

NOx storage materials loaded with 20 wt% CeO2 (i.e.

20CeO2/Al2O3) or 20 wt% BaO (i.e. 20BaO/Al2O3) were

prepared by the impregnation of c-Al2O3 (PURALOX,

200 m2 g-1, SASOL GmbH, Germany) either with a

Ce(NO3)3�6H2O ([99.0 %, Fluka, France) or a Ba(NO3)2

(ACS Reagent, C99 %, Riedel-de Häen, Germany) aque-

ous solution followed by annealing in Ar(g) at 873 K for

2 h.

The 20BaO/20CeO2/Al2O3 sample containing 20 wt%

CeO2 and 20 wt% BaO was synthesized by the impreg-

nation of c-Al2O3 with a Ce(NO3)3�6H2O solution and

calcination in air at 823 K for 2 h followed by impregna-

tion with a Ba(NO3)2 solution (ACS Reagent, C99 %,

Riedel-de Häen, Germany) and a subsequent annealing in

Ar(g) for 2 h at 873 K.

The 20BaO/Pt/Al2O3 sample containing 20 wt% BaO

and 1 wt% Pt was synthesized by impregnating c-Al2O3

with a Pt(NH3)2(NO2)2 solution (Aldrich, Diamminedini-

tritoplatinum(II), 3.4 wt% solution in dilute NH3(aq)) fol-

lowed by calcination in air at 823 K for 2 h and successive

impregnation with a Ba(NO3)2 solution and a final

annealing in Ar(g) at 873 K.

The 20BaO/Pt/20CeO2/Al2O3 sample contained BaO,

Pt, and CeO2 loadings of 20, 1, and 20 wt%, respectively.

This material was prepared by the impregnation of c-Al2O3

with a Ce(NO3)3�6H2O solution and calcination in air at

823 K for 2 h followed by impregnation with a

Pt(NH3)2(NO2)2 solution and a subsequent calcination in

air at 823 K for 2 h. As the final step, the obtained material

was impregnated with a Ba(NO3)2 solution and annealed in

Ar(g) at 873 K for 2 h.

The 20BaO:20CeO2/Pt/Al2O3 material comprised BaO,

Pt, and CeO2 loadings of 20, 1, and 20 wt%, respectively.

For the synthesis of this material, c-Al2O3 was impregnated

with a Pt(NH3)2(NO2)2 solution followed by calcination in

air at 823 K for 2 h. Next, using a solution containing a

dissolved mixture of Ba(NO3)2 and Ce(NO3)3�6H2O, co-

impregnation was performed. After the co-impregnation,

sample was annealed in Ar(g) at 873 K for 2 h.

2.2 Instrumentation

All of the FTIR spectroscopy experiments were conducted

in transmission mode using a Bruker Tensor 27 spec-

trometer coupled to a batch type catalytic reactor whose

details are described elsewhere [23]. All of the FTIR

spectra were acquired at 323 K. Before FTIR analysis,

samples were initially activated in 2 Torr NO2(g) at 323 K

for 5 min followed by annealing at 973 K in vacuum

(\10-3 Torr) for 5 min. The sulfation of the catalyst

samples was carried out by exposing the sample surfaces to

a 2.0 Torr (for moderate poisoning experiments) or

10.0 Torr (for extreme poisoning experiments) SO2 ? O2

gas mixture (SO2:O2 = 1:10) at 673 K for 30 min. After

sulfation, thermal regeneration of the samples was per-

formed by flash-annealing the sulfur-poisoned catalysts to

1,173 K with a heating rate of 12 K min-1 under vacuum.

For the H2(g) assisted desulfation and SOx reduction

experiments, 5.0 Torr of H2(g) was introduced over the

sulfated materials at 323 K followed by annealing at 773 K

for 30 min in the presence of H2(g).

NO2(g) used in the FTIR experiments was synthesized

by the reaction of NO (99.9 % purity, Air Products) with

O2 (99.999 % purity, Linde AG) and further purified by

subsequent freeze–thaw-pump cycles.

Ex-situ XPS analysis was performed using a SPECS XP

spectrometer with a PHOIBOS-100 hemispherical energy

analyzer utilizing monochromatic AlKa X-ray irradiation

(hm = 1,486.74 eV, 200 W).
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3 Results and Discussion

3.1 Qualitative Analysis of the Influence of Ceria

on SOx Oxidation Under Moderate Poisoning

Conditions

The effect of ceria promotion on SOx uptake capacity was

investigated via in situ FTIR (Fig. 1). FTIR spectra pre-

sented in Fig. 1 were recorded in vacuum after sulfation of

each sample with 2.0 Torr of SO2 ? O2 gas mixture

(SO2:O2 = 1:10) at 673 K for 30 min. These experiments

were performed in order to obtain qualitative knowledge

regarding the surface SOx species that are formed on the

synthesized catalysts under moderate poisoning conditions.

As described in the next section, in order to complement

these qualitative FTIR experiments with quantitative

S-uptake data, determination of the extent of sulfur poi-

soning was also studied via XPS. However, due to a rela-

tively lower detection limit of the XPS technique towards

SOx species, quantitative S-uptake measurements were

performed under extreme poisoning conditions using

10.0 Torr of SO2 ? O2 gas mixture (see next section for

details).

c-Al2O3 and 20CeO2/Al2O3 materials were initially

analyzed as benchmark samples in order to demonstrate the

direct effect of ceria domains on alumina in the sulfation

process. The SOx exposure on c-Al2O3 (Fig. 1a, spectrum

i) reveals two major vibrational features at 1,374 and

1,098 cm-1 corresponding to the asymmetric and sym-

metric stretching modes of surface sulfates on alumina

domains, respectively [24]. A set of minor features below

1,080 cm-1 are associated with sulfite species on alumina

sites [25, 26]. Furthermore, a minuscule feature can also be

observed at 1,168 cm-1, which can be attributed to bulk

Al2(SO4)3 species [5]. The introduction of SOx mixture

onto 20CeO2/Al2O3 (Fig. 1a, spectrum ii) leads to the

appearance of surface species relatively similar to that of

c-Al2O3. The vibrational feature at 1,395 cm-1 for

20CeO2/Al2O3 can be assigned to surface sulfate species

on ceria domains [17]. Although the 1,100–1,000 cm-1

region of the FTIR spectra for the 20CeO2/Al2O3 sample is

difficult to analyze due to the convoluted nature of the

vibrational features, these signals can be attributed to sur-

face sulfite (SO3
2-) species on CeO2 [18]. The FTIR

spectra presented in Fig. 1a clearly point to the fact that

ceria promotion of alumina leads to a strong increase in the

formation of sulfate and sulfite species upon exposure to

SO2 ? O2 mixture at 673 K. This qualitative finding is in

very good agreement with the quantitative sulfur uptake

measurements performed via XPS that will be discussed in

the next section. This observation is also in line with the

former investigations, where it was shown that ceria is able

to effectively oxidize SO2 even in the absence of a precious

metal center such as Pt [27]. This effect can be attributed to

the redox properties of ceria such as its ability to undergo

reversible Ce4? $ Ce3? transformations as well as its high

oxygen storage and transport capacity.

Figure 1b also reveals the influence of ceria promotion

on sulfur uptake of BaO-containing NOx storage systems.

FTIR spectrum of 20BaO/Al2O3 (Fig. 1b, spectrum iii)

reveals four different vibrational features at 1,255, 1,167,

1,117 and 1,054 cm-1. While the first couple of vibrational

features can be assigned to bulk BaSO4, the latter two

signals are associated with surface BaSO4 [5]. Although
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Fig. 1 FTIR spectra acquired

after exposing the synthesized

catalysts to SO2 ? O2 mixture

(Ptotal = 2.0 Torr,

SO2:O2 = 1:10) at 673 K for

30 min: (i) c-Al2O3, (ii)

20CeO2/Al2O3, (iii) 20BaO/

Al2O3, (iv) 20BaO/20CeO2/

Al2O3, (v) 20BaO/Pt/20CeO2/

Al2O3, (vi) 20BaO/Pt/Al2O3. All

spectra were acquired at 323 K

in vacuum
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the sulfation of the 20BaO/20CeO2/Al2O3 sample (Fig. 1b,

spectrum iv) leads to vibrational features similar to those of

the 20BaO/Al2O3 surface, vibrational intensities of all of

the adsorbed SOx species are significantly higher for

20BaO/20CeO2/Al2O3. Thus, it is apparent that as in the

case of pure alumina, ceria promotion of 20BaO/Al2O3

also increases the sulfur uptake. Analysis of the behavior of

the Pt-containing NSR catalysts given in Fig. 1b, such as

20BaO/Pt/20CeO2/Al2O3 (Fig. 1b, spectrum v) and

20BaO/Pt/Al2O3 (Fig. 1b, spectrum vi), suggests that after

2.0 Torr of SOx mixture exposure at 673 K for 30 min (i.e.

under moderate S-poisoning conditions), Pt facilitates SOx

oxidation and increases the sulfur uptake of the catalyst

samples. However, under this particular set of sulfation

conditions and in the presence of Pt sites, ceria domains do

not seem to have a major influence on the total SOx uptake,

emphasizing the critical role of the Pt sites in facilitating

SO2 oxidation and SOx storage.

In order to demonstrate the significance of Pt sites in

SO2 oxidation and SOx storage processes, we designed a

control experiment where we synthesized a 20BaO:20-

CeO2/Pt/Al2O3 catalyst by co-impregnation of Ba(NO3)2

and Ce(NO3)3�6H2O onto Pt/Al2O3. On the 20BaO:20-

CeO2/Pt/Al2O3 catalyst surface, Pt sites are expected to be

partially covered with ceria and baria domains, thereby

decreasing the number of available (i.e. exposed) Pt sites

that can take part in SOx oxidation with respect to that of

the 20BaO/Pt/20CeO2/Al2O3 surface. Fig. 2 shows the

FTIR spectra obtained after exposing 20BaO/Pt/20CeO2/

Al2O3 (Fig. 2, spectrum i) and 20BaO:20CeO2/Pt/Al2O3

(Fig. 2, spectrum ii) surfaces to SO2 ? O2 mixture at

673 K (2.0 Torr, SO2:O2 = 1:10) for 30 min. Fig. 2

clearly indicates that all of the vibrational features within

1,350–1,000 cm-1 are markedly suppressed for the co-

impregnation sample. This observation is in harmony with

the presumably smaller number of available exposed Pt

sites on the 20BaO:20CeO2/Pt/Al2O3 surface that can take

part in the SO2 oxidation and SOx storage. The stronger

1,383 cm-1 signal associated with surface sulfates on ceria

domains for the 20BaO:20CeO2/Pt/Al2O3 sample is also

consistent with the presence of a greater extent of available

ceria domains on the co-impregnation sample, as opposed

to the weaker corresponding signal for 20BaO/Pt/20CeO2/

Al2O3, where a larger portion of the ceria domains are

covered by BaO sites due the sequential impregnation

method used in the synthesis of the latter catalyst. Thus, it

can be argued that under moderate S-poisoning conditions,

SO2 oxidation occurs more efficiently on the precious

metal (Pt) sites than the neighboring BaO, CeO2 or Al2O3

domains and the generated sulfite and sulfate species spill

over from the precious metal center onto the oxide domains

where they are stored in an effective manner.

3.2 Quantitative Analysis of the Influence of Ceria

on the Total Sulfur Uptake under Extreme

Poisoning Conditions

Ex-situ XPS analysis was performed in order to gain a

quantitative understanding of the SOx uptake behavior of

the synthesized materials. Prior to the XPS measurements,

each sample was exposed to extreme poisoning conditions,

which included exposure to 10 Torr SO2 ? O2 gas mixture

(SO2:O2 = 1:10) at 673 K for 30 min. As mentioned

above, although these extreme sulfur poisoning conditions

were chosen due to a relatively low sensitivity of the XPS

technique towards S, these conditions also enabled us to

investigate the extensive sulfation of the synthesized

materials and compare these findings with the moderate

S-poisoning conditions analyzed via FTIR. XPS data

revealed that for all samples, S2p region of the corre-

sponding XP spectra typically included a major feature

located at a BE of *168.5 eV which was associated with

S6? state (i.e. sulfates). Figure 3 presents the relative sur-

face concentration of S atoms (in percent) on the investi-

gated surfaces after extensive S-poisoning with respect to

all atoms on the surface (i.e. S, Al, O, Ba, Ce, Pt). Quan-

titative total S-uptake trends measured via XPS upon

extensive S-poisoning (Fig. 3) are generally similar to the

qualitative findings obtained from the current FTIR mea-

surements (Fig. 1). Total S-uptake of the investigated
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Fig. 2 FTIR spectra acquired after SOx (2.0 Torr, SO2:O2 = 1:10)

exposure at 323 K followed by annealing at 673 K in the gas mixture

for 30 min: (i) 20BaO/Pt/20CeO2/Al2O3, (ii) 20BaO:20CeO2/Pt/

Al2O3. All spectra were acquired at 323 K in vacuum
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samples after extensive S-poisoning can be ranked as fol-

lows: c-Al2O3 \ 20BaO/Al2O3 \ 20CeO2/Al2O3 \ 20BaO/

20CeO2/Al2O3 \ 20BaO/Pt/Al2O3 \ 20BaO/Pt/20CeO2/

Al2O3. Figure 3 indicates that ceria incorporation onto the

c-Al2O3 and 20BaO/Al2O3 surfaces significantly increases

the total S-uptake, which is in very good agreement with

the FTIR results. The higher S surface atomic concentra-

tion on poisoned 20CeO2/Al2O3 surface compared to that

of poisoned 20BaO/Al2O3 can be explained by the differ-

ence in the dispersion of ceria and BaO domains on the

alumina surface. Our XPS measurements (data not shown)

indicate that Ce surface atomic concentration on 20CeO2/

Al2O3 is *17 %, while Ba surface atomic concentration

on 20BaO/Al2O3 is *2 %. In other words, unlike BaO,

ceria is dispersed much better on the alumina surface and

the relatively higher S atomic concentrations on the poi-

soned 20CeO2/Al2O3 surface are associated with the high

ceria dispersion. Our XPS results also reveal that BaO

loading on ceria-promoted materials significantly sup-

presses the Ce XPS signal (roughly by a factor of 15). This

finding clearly suggests that BaO preferably covers ceria

domains, and ceria domains function as anchoring sites for

BaO.

Figure 3 also illustrates that addition of Pt centers to

20BaO/Al2O3 and 20BaO/20CeO2/Al2O3 drastically facil-

itates the total S-uptake of the NSR catalysts, suggesting

that Pt centers are the crucial sites for SO2 oxidation. A

noticeable discrepancy between the sulfation trends under

moderate (Fig. 1) and extensive (Fig. 3) poisoning condi-

tions can be realized for the 20BaO/Pt/Al2O3 and 20BaO/

Pt/20CeO2/Al2O3 samples. Although both of these samples

show comparable extent of sulfation under moderate poi-

soning conditions, ceria containing sample (i.e. 20BaO/Pt/

20CeO2/Al2O3) reveals a significantly higher total

S-uptake under extreme poisoning conditions. It is likely

that under moderately poisoning conditions, Pt sites are not

completely deactivated and are able to sustain their func-

tionality in SO2 oxidation and facilitate the spill over of

SOx species on BaO, CeO2, and Al2O3 domains. On the

other hand, under extreme poisoning conditions, presum-

ably a large fraction of the Pt sites are deactivated by SOx,

limiting the SOx spill over particularly on the 20BaO/Pt/

Al2O3 sample. However, even at this later stage of S-poi-

soning, ceria promoted the 20BaO/Pt/20CeO2/Al2O3 sam-

ple seems to be capable of storing SOx species, most likely

due to SO2 oxidation directly on ceria domains with the

help of the oxygen storage and transport properties of ceria.

3.3 Effect of S-Poisoning on NOx Storage Capacity

over Ce-Free and Ce-Promoted NSR Catalysts

Suppression of the NOx storage capacity (NSC) of the NSR

catalysts due to sulfur poisoning is a vital issue directly

affecting the operational lifetime of the catalysts. Since

both NOx(g) and SOx(g) have the acidic character, they

compete for similar basic adsorption sites on the NSR

catalyst surface. This behavior can also be readily noticed

in Figs. 1 and 3, where incorporation of more basic

domains onto the c-Al2O3 surface such as BaO or CeO2

radically increases the S-uptake. As sulfite and sulfate

species typically bind to the BaO, CeO2, and Al2O3

domains stronger than nitrates and nitrites, SOx species can

also effectively block active sites for NOx storage [6, 7].

This can be clearly demonstrated by in situ FTIR mea-

surements. Figure 4 shows such experiments, in which

NOx adsorption characteristics of fresh (Fig. 4, black

spectra) and S-poisoned (Fig. 4, red spectra) c-Al2O3,

20CeO2/Al2O3, 20BaO/Pt/Al2O3, and 20BaO/Pt/20CeO2/

Al2O3 samples were investigated in a comparative fashion

under moderate poisoning conditions (2.0 Torr SO2 ? O2

gas mixture, SO2:O2 = 1:10 at 673 K, 30 min). Figure 4

shows that NO2 adsorption (5.0 Torr NO2(g), 323 K,

10 min) on the investigated samples reveals typical vibra-

tional features within 1,700–1,000 cm-1 corresponding to

various nitrate and nitrite species. A detailed analysis and

assignments for the NOx vibrational features can be made

by referring to the previous studies in the literature [28–33]

as well as our recently published reports [9, 23, 30, 34, 35].

Since the main emphasis of the current work is the sulfur

surface chemistry, here we will mainly focus on the qual-

itative trends associated with the relative suppression of

NSC due to sulfur poisoning.

Figure 4a suggests that in addition to regular nitrite/

nitrate vibrational features, S-poisoned c-Al2O3 (Fig. 4,

spectrum ii) and 20CeO2/Al2O3 samples (Fig. 4, spectrum

iv) also reveal surface sulfate (1,384 cm-1) and sulfite

(1,100–1,000 cm-1) species. Although the extent of NSC

suppression due to S-poisoning on c-Al2O3 is rather minor,
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it is much more significant on 20CeO2/Al2O3. Clearly,

there is a direct correlation between the relative S-uptake

trends presented in Figs. 1, 2, and 3 and the extent of NSC

suppression (Fig. 4). These observations support the fact

that NOx(g) and SOx(g) species compete for similar

adsorption sites on NSR catalysts.

As shown in Fig. 4b (spectra v-viii), analogous sets of

experiments were also performed for Pt-containing cata-

lysts (i.e. 20BaO/Pt/Al2O3 and 20BaO/Pt/20CeO2/Al2O3).

Vibrational features associated with NOx species for these

surfaces appear at 1,639 cm-1 (due to surface nitrates on

c-Al2O3 and/or CeO2), 1,585 and 1,324 cm-1 (due to

surface nitrates on BaO), and 1,436 cm-1 (due to bulk

nitrates on BaO). Extent of NSC suppression of both of

these samples under moderately poisoning conditions is

very similar, which is in perfect agreement with Fig. 1,

suggesting that both of these surfaces have similar SOx

species with comparable surface SOx coverages.

3.4 Influence of Ceria on the Direct Thermal

Regeneration Performance of NSR Catalysts

in Vacuum

In order to investigate the effect of ceria promotion on the

thermal regeneration performance of S-poisoned materials

in vacuum, we have initially poisoned 20BaO/Pt/Al2O3 and

20BaO/Pt/20CeO2/Al2O3 catalysts under moderate poi-

soning conditions (2.0 Torr SO2 ? O2 gas mixture,

SO2:O2 = 1:10 at 673 K, 30 min) and then flash-annealed

these samples to 1,173 K in vacuum. Figure 5 shows the

FTIR spectra obtained after this poisoning and thermal

regeneration treatment of the 20BaO/Pt/Al2O3 (Fig. 5,

spectrum i) and 20BaO/Pt/20CeO2/Al2O3 (Fig. 5, spectrum

ii) catalysts. Comparison of the relative spectra in Figs. 1

and 5 clearly indicates that the remaining amount of SOx

species on the catalyst surfaces after thermal regeneration is

significantly smaller than the original amount of SOx spe-

cies present on the poisoned catalysts (note the difference

between the IR absorbance intensity scales in Figs. 1, 5).
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NO2(g), 323 K, 10 min) of fresh

(black spectra) and S-poisoned

surfaces (red spectra) at

2.0 Torr, 673 K,

SO2:O2 = 1:10: (i,ii) c-Al2O3,

(iii, iv) 20CeO2/Al2O3, (v, vi)

20BaO/Pt/Al2O3, and (vii, viii)

20BaO/Pt/20CeO2/Al2O3. All

spectra were acquired at 323 K

in vacuum
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Fig. 5 FTIR spectra acquired after annealing S-poisoned (2.0 Torr,

673 K, 30 min, SO2:O2 = 1:10): (i) 20BaO/Pt/Al2O3 and (ii) 20BaO/

Pt/20CeO2/Al2O3 surfaces at 1,173 K in vacuum. All spectra were

acquired at 323 K in vacuum
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Furthermore, it is apparent in Fig. 5 that the ceria promoted

NSR catalyst (i.e. 20BaO/Pt/20CeO2/Al2O3) has a signifi-

cantly superior thermal regeneration capability with respect

to ceria-free NSR catalyst. Thus, it is apparent that ceria

promotion of NSR catalysts noticeably improves the sulfur

removal via direct thermal regeneration. One of the possible

explanations for this observation could be the lower ther-

modynamic stability of the adsorbed SOx species on ceria

domains or Pt/CeO2, BaO/CeO2 or Al2O3/CeO2 interfaces.

Alternatively, it is also plausible that ceria sites are partially

reduced during vacuum annealing and the generated oxy-

gen-deficient defect sites on the ceria domains reduce the

sulfate and sulfite species to relatively weakly adsorbed SO2

species which can readily desorb from the surface at ele-

vated temperatures.

3.5 Enhancement of SOx Reduction

with H2(g) via Ceria Promotion of NSR Catalysts

Removal of SOx species on S-poisoned NSR catalysts via

reduction with H2(g) was also investigated with in situ

FTIR spectroscopy over conventional (20BaO/Pt/Al2O3)

and ceria-promoted NSR catalysts (20BaO/Pt/20CeO2/

Al2O3). Spectra i and iii in Fig. 6 were acquired after

2.0 Torr SO2 ? O2 (SO2:O2 = 1:10 at 673 K, 30 min)

adsorption on fresh catalyst surfaces, respectively. These

spectra are in perfect agreement with the corresponding

spectra shown in Fig. 1. On the other hand, spectra ii and iv

correspond to the FTIR spectra obtained after treating the

S-poisoned 20BaO/Pt/Al2O3 and 20BaO/Pt/20CeO2/Al2O3

catalysts with 5.0 Torr of H2(g) at 773 K for 30 min,

respectively. Figure 6 clearly shows that reduction of SOx

species occurs to a limited extent on the conventional NSR

catalyst in which sulfate species are predominantly reduced

to sulfites, while SOx vibrational features almost com-

pletely disappear on the ceria-promoted NSR catalyst. This

experiment evidently demonstrates the strong influence of

ceria promotion on the enhancement of the SOx reduction

with H2(g) on S-poisoned NSR catalysts. It is worth

mentioning that these observations are in line with one of

our recent studies on NOx reduction on ceria-promoted

NSR catalysts with H2(g) [34], where we have observed

that ceria incorporation to the conventional 20BaO/Pt/

Al2O3 NSR catalyst significantly facilitated the reduction

of NOx species to N2O(g) and N2(g). In this recent study

[34], it was suggested that the enhanced NOx reduction

with H2(g) on the 20BaO/Pt/20CeO2/Al2O3 catalyst can be

associated with the reduction of the ceria domains and the

formation of oxygen defect centers which can directly take

part in the reduction of NOx species and/or assist H2(ad)

activation. Furthermore, it was also demonstrated by

Raman spectroscopy and in situ FTIR spectroscopy that the

presence of unique Pt–O–Ce sites at the Pt/CeO2 interface

can also aid the NOx reduction with H2(g) [34, 36]. Thus, it

is possible that similar factors may also play an important

role in the SOx reduction with H2(g) on the 20BaO/Pt/

20CeO2/Al2O3 catalyst.

4 Conclusions

In the current report, we investigated the SOx uptake,

thermal regeneration and the reduction of adsorbed SOx via

H2(g) over ceria-promoted NSR catalysts. In order to elu-

cidate the sulfur poisoning and desulfation pathways of the

complex BaO/Pt/CeO2/Al2O3 NSR system, a systematic

approach was employed where the functional sub-compo-

nents such as Al2O3, CeO2/Al2O3, BaO/Al2O3, BaO/CeO2/

Al2O3, and BaO/Pt/Al2O3 were studied in a systematic

fashion. Our findings can be summarized as follows:

• Incorporation of ceria significantly increases the

S-uptake of Al2O3 and BaO/Al2O3 under both moderate

and extreme S-poisoning conditions.

• Under moderate S-poisoning conditions, Pt sites seem

to be the critical species for SOx oxidation, where BaO/

Pt/Al2O3 and BaO/Pt/CeO2/Al2O3 catalysts reveal a

comparable extent of sulfation.
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Fig. 6 FTIR spectra acquired after sulfation (2.0 Torr, 673 K,

30 min, SO2:O2 = 1:10) followed by reduction with H2(g) (5.0 Torr,

773 K, 30 min): (i, ii) 20BaO/Pt/Al2O3 and (iii, iv) 20BaO/Pt/20CeO2/

Al2O3 (see text for details). All spectra were acquired at 323 K in
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• After extreme S-poisoning, upon deactivation of most

of the Pt sites, ceria promoted NSR catalyst (i.e. BaO/

Pt/CeO2/Al2O3) stores more sulfur than the conven-

tional BaO/Pt/Al2O3 catalyst.

• Suppression of the NOx storage capacity (NSC) of

S-poisoned NSR catalysts monotonically increases with

increasing the total S-uptake.

• Ceria-promoted NSR catalyst (i.e. BaO/Pt/CeO2/Al2O3)

reveals a notably improved thermal regeneration

behavior in vacuum with respect to the conventional

BaO/Pt/Al2O3 catalyst.

• Ceria promotion remarkably enhances the SOx reduc-

tion with H2(g).

• Improvement of the desulfation behavior of the ceria

promoted NSR catalysts is likely to be associated with

the presence of oxygen deficient defect sites on ceria

and the reactive Pt–O–Ce sites at the Pt/CeO2 interface.
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