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In this work, the modification of metal oxide catalysts was conducted to improve the 

sulfur resistance of catalysts and the prepared catalysts were applied to CO oxidation.

First, two kinds of mesoporous cerium-zirconium-aluminum metal oxide were prepared 

by a single-step epoxide-driven sol-gel method and by a co-precipitation method to 

investigate the effect of preparation method for sulfur resistance. Palladium catalysts 

supported on these materials were then prepared by a wet impregnation method. The 

catalyst prepared by sol-gel was denoted as Pd/SGCZA and the catalyst prepared by 

precipitation was denoted as Pd/PCZA. The prepared catalysts were applied to the CO 

oxidation reaction before and after sulfur aging. XRD and N2 adsorption-desorption 
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analyses revealed that these two catalysts retained different physicochemical properties. 

Pd/SGCZA had higher surface area and larger pore volume than Pd/PCZA before and 

after sulfur aging. H2-TPR (Temperature-programmed reduction), CO chemisorption, FT-

IR, and XPS analyses showed that the catalysts were differently influenced by sulfur 

species. Pd/SGCZA formed less sulfate and retained higher palladium dispersion than 

Pd/PCZA after sulfur aging. In the CO oxidation, Pd/PCZA showed better activity than 

Pd/SGCZA before sulfur aging. However, Pd/SGCZA showed higher CO conversion 

than Pd/PCZA after sulfur aging. We concluded that Pd/SGCZA was less poisoned by 

sulfur species than Pd/PCZA.

In the second part, La1-xCaxCoO3 perovskite catalysts were prepared by using citrate 

sol-gel method with various calcium ratios (denoted as La1-xCaxCoO3 (x=0, 0.1, 0.2, 0.3, 

0.4)). The prepared catalysts were poisoned with simulated gas including SO2 to 

investigate sulfur resistance of the catalysts. The catalysts were then applied to CO 

oxidation reaction. X-ray diffraction analysis revealed that the catalysts containing 

calcium showed perovskite structure. In the CO oxidation activity test, La0.8Ca0.2CoO3 

showed the best activity. H2-temperature-programmed reduction showed that reduction 

temperature of Co3+ presented similar behavior with catalytic activity, indicating that 

proper addition of Ca to LaCoO3 promotes the facile reduction of Co3+ explaining the 

higher activity for CO oxidation. The catalytic activity of sulfur-aged catalysts were also 

investigated. Surprisingly, small amounts of SO2 poisoning were observed to be helpful 

for CO oxidation activity in Ca-substituted catalysts, although further exposure of SO2

gave rise to the decline of catalytic activity. Ca-substituted catalysts had better catalytic 

activity than LaCoO3 after sulfur aging. XPS analysis indicated that Ca-substituted 
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catalysts have less residual sulfate on the surface than LaCoO3, confirming that the 

perovskite structure substituted with Ca is more resistant to sulfur poisoning, leading to 

the higher CO oxidation activity.

Key words : CO oxidation, Sulfur resistance, Diesel oxidation catalyst, metal oxide

catalyst

Student Number : 2016-21031
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1. Introduction

Diesel engine has various strengths such as high fuel efficiency, durability and 

therefore it has been widely used for many years[1, 2]. However, diesel engine 

causes harmful gas pollutant including carbon monoxide (CO) and hydrocarbons 

(HC). Three-way catalysts (TWC) which is used for gasoline engine are not 

suitable for diesel engine because of higher Air/Fuel ratio. To remove pollutant in 

diesel exhaust gas, diesel exhaust gas system is required. The component 

following diesel engine for this is diesel oxidation catalyst (DOC) that acts to 

convert CO, HC to carbon dioxide (CO2). As environmental regulation is getting 

stricter, DOC is required to have excellent catalytic activity. For those reasons, 

many researchers have studied DOC for a long time [3]. 

DOC is generally composed of washcoat, the material that has high surface 

area, and precious metal dispersed on it. Among various materials, alumina (Al2O3)

is commonly used for washcoat with others including zeolite, silica (SiO2) or a 

combination of these materials. Each washcoat has different properties and this 

will affect its application. Therefore, suitable material is required to use according 

to target reaction [4, 5]. 

The precious metal of catalysts is regarded as active site. In case of precious 

metal, platinum group metal (PGM) such as Pt and Pd is commonly used and Rh 
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is sometimes used for DOC. Comparing to Pt and Pd, Rh is commonly used in 

gasoline engine due to high catalytic activity for NOx reduction [6]. Various factor 

such as surface structure and particle size of precious metal is important for 

catalytic activity [7]. 

However, the catalytic of DOC drastically decreases when it is poisoned by 

toxic materials. Among those materials, deactivation by sulfur poisoning is one of 

the most severe problems [8]. At first, sulfur existed in form of hydrocarbon 

species such as thiophene. When it reacts with oxygen, sulfur releases as SO2. In 

lean burn condition, SO2 is further oxidized to SO3 over oxidation catalysts above 

300 °C and both sulfur compounds cause deactivation of catalysts [9]. When 

sulfur compounds adsorb at precious metals such as Pd and Pt, they form strong 

bond with sulfur and it blocks the active site for oxidation reaction [8, 10]. In addition, 

sulfur poisoning of support also affect the catalytic activity. It can change the support 

structure, which worsens activation energy and reaction kinetics [11].  

In this work, the modification of metal oxide catalysts was conducted to improve the 

sulfur resistance of catalysts and the prepared catalysts were applied to CO oxidation.

First, two kinds of mesoporous Ce-Zr-Al-O supports were prepared by a single-step 

epoxide-driven sol-gel method and by a co-precipitation method. Palladium catalysts 

supported on these materials were then prepared by a wet impregnation method. The 

prepared catalysts were applied to the CO oxidation reaction before and after sulfur aging. 

The effect of preparation method of Ce-Zr-Al-O on the characteristics and catalytic 
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activities of supported palladium catalysts in the CO oxidation was investigated. In 

addition, La1-xCaxCoO3 catalysts with various contents of calcium and sulfur aging 

time were prepared by citrate sol-gel method. The prepared catalysts were tested 

for CO oxidation reaction. Sulfur-poisoned catalysts were also applied to the 

reaction. The effect of calcium contents and sulfur aging time of La1-xCaxCoO3 on 

the characteristics and catalytic activities of the catalysts before and after sulfur 

poisoning for CO oxidation were investigated.
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2. Theory 

One of the main reactions of DOC is carbon monoxide oxidation reaction.

Initially, it was known that CO oxidation followed Eley-Rideal mechanism which 

indicated the reaction occurred between CO in the gas phase and O2 adsorbed on 

the active site [12]. As the research has been studied, Langmuir-Hinshelwood 

dual-site kinetics which indicated that adsorbed CO reacted with adsorbed O2 on 

the surface is accepted [13, 14]. Reaction steps of CO oxidation is shown in 

following equation [15]. 

CO + [*] ↔ [CO*]                                                (1)

O2 + 2[*] ↔ 2[O*]                                                (2)

[CO*] + [O*] → CO + 2[*]                                         (3)

In general, precious metal such as Pt and Pd is active site. Among various 

precious metals, palladium shows high oxidizing ability especially when it is 

supported on ceria-based mixed metal oxide [16]. Ceria-based support has 

remarkable structural and redox property since it has prominent oxygen storage 

capacity (OSC) by changing oxidation state of cerium between Ce3+ and Ce4+. 

This accumulation and storage of oxygen has been demonstrated to be an 

important factor for oxidation reaction [17]. In addition, ceria enhances precious
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metal dispersion, increases thermal stability and promotes CO oxidation reactions. 

All these effects affect the properties between noble metal and ceria interface, 

which primarily promotes the activation of molecules such as oxygen [13]. 

However, ceria loses its outstanding oxygen storage capacity and surface area 

when it reacts with SO2 contained-fuel gas by forming cerium sulfate (Ce(SO4)) 

which obstructs redox cycle of cerium [18]. It is reported that incorporation of 

zirconium into ceria lattice helps to prevent sulfur poisoning of ceria. When ceria 

reacts with SO2, SO2 oxidizes on ceria and this leads to formation of bulk-type 

cerium sulfate. In case of (Ce-Zr)O2, only surface sulfate is formed on zirconia 

surface, leading to less amount of sulfur adsorption [19]. Recently, it is reported 

that alumina and ceria-zirconia solid solution gets rid of toxic emission of 

automobile and maintain its catalytic performance throughout the life of the car.

Incorporation of alumina into ceria-zirconia inhibits coagulation of particles, 

which is called diffusion barrier [20].

Whereas PGM has outstanding oxidizing ability, alternative material has been 

needed as active phase because cost of PGM is rising consistently. Among many 

candidate materials, perovskite group begins to emerge as promising active 

catalyst, which has favorable activity in oxidizing CO, HC and thermal stability 

[21]. Perovskite group oxides which generally exist in the form of ABO3 consist 

of lanthanides at the A site position and transition metals of first row at the B 

site position. The element at the A site engages in the stability of the perovskite 
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structure, although it is an inactive phase. However, replacement of A site element 

with other element can influence the redox properties of B site which in charge of 

catalytic activity by changing the valence state of B ion. Among various 

perovskite type oxides, LaCoO3 is known to be one of the most active catalysts in 

oxidation reaction, especially CO oxidation [22, 23]. However, perovskite 

catalysts are easily poisoned by sulfur which is converted to diverse sulfur 

compounds though DOC and causes severe deactivation of catalyst. In the case of 

LaCoO3, sulfur compounds give rise to structure collapse of perovskite by 

forming lanthanum sulfate and cobalt oxide. The destroyed structure cannot return 

to its original perovskite structure, leading to decrease of catalytic activity [24, 25].

It is reported that B site ion of perovskite with high valence leads to increase in 

mobility of lattice oxygen and redox activity of catalyst is improved. One of the 

ways to make the B site have higher oxidation state of is substitution of the A site 

with lower valence element. When the A site ion is replaced by the ion with lower 

valence than formal one, the B site ion has higher valence to balance overall 

oxidation state of catalyst. Moreover, basic component can help to hinder sulfur 

poisoning of B site ion because sulfur compounds are acidic.
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3. Experimental

3.1 Preparation of catalysts

3.1.1 Preparation of mesoporous Pd-doped cerium-zirconium-aluminum 

oxide catalyst

A mesoporous cerium-zirconium-aluminum oxide support was prepared by a single-

step epoxide-driven sol-gel method. Aluminum nitrate, cerium nitrate and zirconium 

oxynitrate were dissolved in 40 ml of ethanol at a ratio of 10:1:1. After stirring the 

solution, 20 ml of propylene oxide was added into the solution to initiate gelation. After a 

few minutes, a murky gel was obtained. The gel was aged for 24 h and it was dried at 

80 °C for 48 h. The obtained yellow powder was calcined at 600 °C for 5 h. The prepared 

support was denoted as SGCZA. 

A mesoporous ceria-zirconia-alumina support was also prepared by a co-precipitation 

method. Same amounts of cerium, zirconium, and aluminum precursors used for the 

preparation of SGCZA were dissolved in deionized-water with vigorous stirring. When 

the precursors were fully dissolved, ammonia solution was introduced into the solution 

followed by heating at 60 °C for 12 h. The resulting precipitate was filtered, washed with 

water, and dried at 110 °C overnight. The obtained powder was calcined at 600 °C for 5 h. 
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The prepared support was denoted as PCZA.

Palladium catalysts supported on SGCZA and PCZA were then prepared by a wet 

impregnation method. 0.022 g of palladium acetate and 1 g of support were added into 

acetone. The mixture was then heated to 60 °C under stirring for impregnation. The 

resultant was dried at 80 °C overnight, and it was finally calcined at 500 °C for 4 h. The 

prepared catalysts were denoted as Pd/SGCZA and Pd/PCZA. Pd loading was fixed at 1

wt% in both catalysts.

Sulfur-aged catalysts (S-Pd/SGCZA and S-Pd/PCZA) were obtained by artificial 

sulfur aging treatment. For this, 0.2 g of each catalyst was exposed to aging gas (SO2 (250 

ppm) + O2 (15.8 %) + N2 (balance)) with a flow rate of 100 ml/min at 300 °C for 3 h.

3.1.2 Preparation of Ca-doped LaCoO3 perovskite catalyst

La1-xCaxCoO3 catalysts with different ratio of calcium were prepared by using citrate 

sol-gel method. Lanthanum nitrate hexahydrate and calcium nitrate tetrahydrate were 

dissolved in 60 ml of deionized water so that the sum of mole became 0.2. The molar 

ratio, La : Ca, was 1-x : x (x=0, 0.1, 0.2, 0.3, 0.4). After stirring the solution, 0.2 mol of 

cobalt nitrate hexahydrate and excess of citric acid anhydrous were added into the 

solution in the order named. When all precursors were fully dissolved, the solution was 

heated at 100 °C under stirring until it started to be viscous. Then the solution was dried 

at 120 °C for 6 h in oven. The obtained purple powder was calcined at 700 °C for 6 h. 

The prepared catalysts were denoted as La1-xCaxCoO3 (x=0, 0.1, 0.2, 0.3, 0.4).
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The obtained catalysts were poisoned with aging gas. 0.3 g of each catalyst was 

exposed to simulated gas which was composed of SO2 (20 ppm), O2 (9.5%) and N2

(balance) with a flow rate of 200 ml/min at 300 °C for 1 h. These aged catalysts were 

denoted as S- La1-xCaxCoO3 (x=0, 0.1, 0.2, 0.3, 0.4). Especially, S-La0.8Ca0.2CoO3 was 

poisoned during 2 h and 4 h to investigate the effect of sulfur aging time. These catalysts 

were denoted as S-La0.8Ca0.2CoO3_xh (x=2, 4)

3.2 Characterization

3.2.1 N2 adsorption-desorption measurement

N2 adsorption-desorption experiment was carried out using a BELSORPP-mini II

(BEL Japan) instrument to analyze textural properties of the catalysts. Before the 

measurement, each catalyst was preheated in vacuum condition at 150 °C for 4 h to 

eliminate impurities on the catalyst surface. Brunauer-Emmett-Teller (BET) equation was 

applied to measure surface area of the catalysts.

3.2.2 X-Ray Diffraction (XRD) analysis

X-ray diffraction (XRD) measurement was performed with a D-Max2500-PC (Rigaku) 

diffractometer to identify crystalline phase of the catalysts.

3.2.3 H2 temperature-programmed reduction

Reducibility of the catalysts was investigated. 0.05 g of each catalyst was charged into 
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the U-shaped quarts reactor, and it was reduced with a mixed stream of H2 (2 ml/min) and 

N2 (20ml/min) by heating the reactor from room temperature to 800 °C at a rate of 10 °C

/min. H2-TPR profile was obtained using an ACME 6000 gas chromatograph (Younglin) 

connected to a thermal conductivity detector (TCD)

3.2.4 CO chemisorption

CO chemisorption was conducted to measure palladium dispersion using a BELCAT-B 

(BEL Japan) instrument.

3.2.5 FT-IR analysis

FT-IR analysis was conducted for sulfur-aged catalysts to see how sulfur component 

interacted with the catalysts. FT-IR spectra were obtained using a Nicolet 6700 FT-IR 

spectrometer (Thermo Scientific).

3.2.6 X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) analysis was carried out using a SIGMA 

PROBE (ThermoVG Scientific) instrument equipped with Al Kα radiation.
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4. Results and Discussion

4.1 Mesoporous Pd-doped cerium-zirconium-aluminum oxide 

catalyst

4.1.1. Physicochemical properties

XRD patterns of fresh and sulfur-aged catalysts are presented in Fig. 4.1.1. There 

were no obvious peaks in the Pd/SGCZA, indicating that Pd/SGCZA catalyst existed in 

an amorphous state. Distinct diffraction peaks corresponding CeO2 and γ-alumina were 

observed in case of Pd/PCZA [26, 27]. The peaks indicating CeO2 slightly shifted to 

higher angle in Pd/PCZA. This was due to the incorporation Zr4+ into Ce4+ lattice. Ce4+

(0.098 nm) ion was substituted by smaller-sized Zr4+ (0.084 nm), leading to the shrinkage 

of lattice [28, 29]. This indicates that Pd/PCZA was comprised of ceria-zirconia solid 

solution and alumina. The diffraction peaks of sulfur-aged catalyst showed similar pattern 

compared to those of corresponding fresh catalyst. S-Pd/SGCZA did not show distinct 

peaks, while S-Pd/PCZA exhibited diffraction peaks of CeO2-ZrO2 and Al2O3. This result 

indicates that sulfur aging did not affect crystal structure of the fresh catalysts. All 

catalysts showed no palladium peaks, indicating that palladium was finely dispersed on 

the catalyst surface. 
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N2 adsorption-desorption analyses were performed as shown in Fig. 4.1.2. Fresh and 

sulfur-aged catalysts exhibited identified IV-type isotherms and H2-type hysteresis, 

indicating that they had well-developed mesoporous structure. It also means that 

mesoporous structure was maintained before and after sulfur aging. Surface areas and 

pore volumes of the catalysts are presented in Table 4.1.1. Pd/SGCZA had higher surface 

area and larger pore volume than Pd/PCZA. In addition, S-Pd/SGCZA showed higher 

surface area and larger pore volume than S-Pd/PCZA. Compared to the fresh catalyst, the 

aged catalyst retained low surface area and small pore volume. This indicates that the 

sulfur aging process led to the decrease of surface area and pore volume of the catalyst. 

4.1.2. H2-TPR and CO chemisorption

H2-TPR profiles of fresh and sulfur-aged catalysts are shown in Fig. 4.1.3. Fresh 

catalysts showed two reduction peaks. The peak at low temperature (< 200 °C) was 

relevant to the reduction of PdO which interacted with support [30]. The peak at high 

temperature was due to the reduction of surface ceria [31]. However, sulfur-aged catalyst 

showed different reduction behaviors from fresh catalysts. S-Pd/SGCZA had additional 

reduction peaks at 400-600 °C, while S-Pd/PCZA catalyst exhibited a strong reduction 

peak at 400-600°C. These new reduction peaks at 400-600 °C resulted from the reduction 

of sulfate [32]. Peak area caused by the reduction of sulfate species for S-Pd/PCZA was 

larger than that for S-Pd/SGCZA, indicating that S-Pd/PCZA was much more poisoned 

by sulfur components than S-Pd/SGCZA. The sulfur-aged catalysts were reduced at 

higher temperature than the fresh catalysts. This indicates that sulfur components 
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suppressed reducibility of catalysts.

In order to analyze Pd dispersion, CO chemisorption measurement was conducted as 

listed in Table 4.1.2. Pd dispersion of both Pd/SGCZA and Pd/PCZA drastically 

decreased after sulfur aging. Pd/PCZA showed higher palladium dispersion than 

Pd/SGCZA. However, S-Pd/PCZA showed lower Pd dispersion than S-Pd/SGCZA. This 

indicates that Pd/PCZA was much more poisoned by sulfur components than Pd/SGCZA 

after artificial sulfur aging.

4.1.3. FT-IR and XPS analyses

FT-IR spectra were obtained to examine the state of sulfur species of sulfur-aged 

catalysts as shown in Fig. 4.1.4. Sulfur components form two types of sulfate; bulk 

sulfate and surface sulfate [33]. S-Pd/SGCZA exhibited three peaks. The peaks at 1370 

cm-1 and 1400 cm-1 were related to surface sulfate. Broad peak at 1100 cm-1 was due to 

bulk sulfate [19, 34]. S-Pd/PCZA exhibited two peaks at 1070 cm-1 and 1140cm-1. These 

peaks were related to bulk sulfate. S-Pd/SGCZA formed surface sulfate and small amount 

of bulk sulfate, while S-Pd/PCZA formed large amount of bulk sulfate. This suggests that 

S-Pd/PCZA was more poisoned than S-Pd/SGCZA. This result was in agreement with the 

H2-TPR results in a sense that S-Pd/SGCZA exhibited smaller sulfate reduction peak than 

S-Pd/PCZA. Thus, S-Pd/SGCZA formed less sulfate than S-Pd/PCZA.

XPS spectra of Ce 3d for Pd/SGCZA and S-Pd/SGCZA are shown in Fig. 4.1.5. It is 

reported that Ce 3d spectra are deconvoluted into eight peaks. Six peaks correspond to 
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Ce4+ and two peaks correspond to Ce3+ [35]. Ce 3d5/2 peaks of Ce4+ appeared at 881.6, 

887.0, and 898.9 eV, which were marked as V, V′′, and V′′′, respectively. Ce 3d3/2 peaks of 

Ce4+ appeared at 901.9, 906.0, and 916.6 eV, as marked as U, U′′, and U′′′, respectively. 

On the other hand, Ce 3d peaks for Ce3+ were shown at 884.5 eV (V′) and 904.2 eV (U′). 

As shown in Fig. 5, Ce3+ peak intensity became bigger after sulfur poisoning, indicating 

that the amount of Ce3+ increased. Fig. 4.1.6 exhibits the XPS spectra of Ce 3d for 

Pd/PCZA and S-Pd/PCZA. Ce 3d peaks of Ce4+ appeared at 881.6 (V), 887.2 (V′′), 898.6 

eV (V′′′), 901.5 (U), 905.5 (U′′), and 916.6 eV (U′′′). The peaks of Ce 3d5/2 and Ce 3d3/2 

for Ce3+ were found at 884.4 (V′) and 903.7 eV (U′). Peak intensity of Ce3+ for Pd/PCZA 

also increased after sulfur aging. Ce3+ compositions of fresh and sulfur-aged catalysts are

listed in Table 4.1.3. Ce3+ composition of Pd/SGCZA and Pd/PCZA increased after sulfur 

aging. It is known that ceria is reduced when it reacts with sulfur species by forming 

sulfate [36]. Ce3+ composition of Pd/PCZA was much more increased than that of 

Pd/SGCZA after sulfur aging, indicating that S-Pd/PCZA formed much more sulfate than 

S-Pd/SGCZA, in good agreement with the H2-TPR and FT-IR analyses. Surface atomic 

ratios of Ce:Zr:Al of fresh and sulfur-aged catalysts determined by peak area of XPS 

spectra are presented in Table 4.1.1. There was no noticeable difference in surface atomic 

ratio of the catalysts. 

4.1.4. Catalytic performance in CO oxidation

Catalytic performance of fresh and sulfur-aged catalysts is presented in Fig. 4.1.7. The 
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temperature at which CO conversion became 50% was denoted as T50. Difference between 

T50 of catalyst and sulfur-aged catalyst fresh catalyst was denoted as ∆T50. Before sulfur 

aging, T50 of Pd/SGCZA was 75 °C and T50 of Pd/PCZA was 60 °C. Pd/PCZA showed 

higher catalytic activity than Pd/SGCZA. However, T50 values of S-Pd/SGCZA and S-

Pd/PCZA were 123 °C and 152 °C, respectively. In other words, S-Pd/SGCZA showed 

higher activity than S-Pd/PCZA. ∆T50 of S-Pd/SGCZA was 48 °C, which was smaller 

than ∆T50 of S-Pd/PCZA (92 °C). This indicates that Pd/PCZA worsened catalytic activity 

more severely than Pd/SGCZA after sulfur poisoning, indicating Pd/SGCZA showed 

superior sulfur resistance to Pd/PCZA. This was well supported by characterization 

results. H2-TPR and FT-IR analyses revealed that Pd/SGCZA was less poisoned by sulfur 

than Pd/PCZA. Sulfur poisoning of ceria is crucial for CO oxidation. It has been reported 

that lattice oxygen from ceria takes part in the CO oxidation at low temperature [37]. 

When ceria is poisoned by sulfur components, less lattice oxygen is transferred to Pd site, 

which leads to decrease of oxidizing ability of the catalyst after sulfur aging. The trend of 

Ce3+ composition was well correlated with the trend of catalytic activity. In addition, 

catalytic activity was well correlated with Pd dispersion. T50 decreased with increasing 

palladium dispersion. It is known that CO is adsorbed and oxidized with oxygen on Pd 

site [13]. Thus, Pd dispersion is a crucial factor in the CO oxidation. 
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Fig. 4.1.1. X-ray diffraction patterns of (a) fresh catalysts and (b) sulfur-aged catalysts
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Fig. 4.1.2. N2 adsorption-desorption isotherms of fresh and sulfur-aged catalysts
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Table 4.1.1 Textural properties of fresh and sulfur-aged catalysts

Catalyst
Surface

area
(m2/g)a

Pore
volume
(cm3/g)b

Surface atomic 
ratio

Ce : Zr : Alc

Pd/SGCZA 249.6 0.47 1 : 0.89 : 9.62

Pd/PCZA 188.5 0.32 1 : 0.86 : 10.3

S-Pd/SGCZA 245.8 0.45 1 : 0.86 : 9.63

S-Pd/PCZA 183.5 0.30 1 : 0.85 : 10.0

a Calculated by the BET equation at relative pressure (P/P
0
) = 0.05-0.30

b Total pore volume at P/P
0 

~ 0.99
c Calculated from deconvoluted peak area of XPS spectra
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Fig. 4.1.3. H2 temperature-programed reduction profiles of (a) fresh catalysts and (b) 
sulfur-aged catalysts
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Table 4.1.2 Pd dispersion of fresh and sulfur-aged catalysts

Catalyst Pd dispersion (%)a

Pd/SGCZA 45.2

Pd/PCZA 56.5

S-Pd/SGCZA 14.3

S-Pd/PCZA 11.1

a Calculated from CO chemisorption measurement
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Fig. 4.1.4. FT-IR spectra of sulfur-aged catalysts.



- 22 -

Fig. 4.1.5. Ce 3d XPS spectra of (a) Pd/SGCZA and (b) S-Pd/SGCZA.
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Fig. 4.1.6. Ce 3d XPS spectra of (a) Pd/PCZA and (b) S-Pd/PCZA.
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Table 4.1.3 Ce3+ composition of fresh and sulfur-aged catalysts

Catalyst Ce(III) composition (%)a

Pd/SGCZA 7.9

Pd/PCZA 6.8

S-Pd/SGCZA 24.7

S-Pd/PCZA 33.5

a Calculated from deconvoluted peak area of Ce 3d XPS spectra
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Fig. 4.1.7. CO conversion of fresh and sulfur-aged catalysts in CO oxidation.
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Fig. 4.1.8. A correlation between T50 and Pd dispersion of fresh and sulfur-aged catalysts.
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4.2 Ca-doped LaCoO3 perovskite catalyst

4.2.1 Effect of calcium ratio

XRD patterns of the fresh catalysts with various Ca ratio are shown in Fig. 4.2.1. 

There were perovskite peaks in the fresh catalysts and no other peaks, indicating that 

catalysts maintained perovskite structure though calcium was introduced into catalysts 

[38]. However, it was observed for the fresh catalysts that intensity of perovskite peak 

decreased in the catalysts whose ratio of calcium was more than 0.2. This indicates that 

excessive introduction of calcium reduced the crystallinity of the catalyst. The magnified 

peak of each fresh catalyst whose intensity was the strongest was shown in Fig. 4.2.1(b). 

It was shown that the peak slightly shifted to higher angle with increasing amount of 

calcium. This came from the incorporation of calcium ion into lanthanum ion lattice. 

Lanthanum ion was substituted by calcium ion which was smaller than lanthanum ion, 

which caused the lattice shrinkage [39]. This indicates that calcium ion was well 

introduced to perovskite structure.

The fresh catalysts were applied to the CO oxidation as shown in Fig. 4.2.2. In case of 

the fresh catalysts, La0.8Ca0.2CoO3 showed the best catalytic activity. Activity of the 
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catalysts whose ratio of calcium was more than 0.2 decreased with increasing calcium 

ratio. This trend was well correlated with one of XRD patterns. The crystallinity of 

catalysts diminished when ratio of calcium was more than 0.2. From this viewpoint, the 

decrease in catalytic activity can be interpreted as a result of the decrease in the 

crystallinity of the catalysts. The catalytic activities of sulfur-aged catalysts for CO 

oxidation are shown in Fig. 4.2.3. Meanwhile, sulfur-aged catalysts presented different 

trend from the fresh catalysts. The catalysts with introduction of calcium maintained 

catalytic activity after sulfur aging. Even improvement of catalytic activity was observed 

from sulfur-aged catalysts. The calcium-substituted catalysts showed better catalytic 

activity than fresh catalysts and above all, S-La0.8Ca0.2CoO3 still showed best catalytic 

activity. However, S-LaCoO3 showed critical deactivation in catalytic activity after sulfur 

aging, which demonstrates that S-LaCoO3 was poisoned more severely than the catalysts 

with addition of calcium. T50, the temperature when CO conversion was 50%, of the fresh 

and sulfur-aged catalysts are listed in Table 4.2.1.

XRD patterns of sulfur-aged catalysts are shown in Fig. 4.2.4. In case of sulfur-aged 

catalysts, they showed similar diffraction patterns to those of fresh catalysts. The peaks 

indicative of perovskite were observed. Meanwhile, there were decreases of peak 

intensity in case of sulfur-aged catalysts with calcium introduction while there was no 

sulfate peak. This indicates that sulfur species existed at the surface of the catalysts or 

small amount of sulfate that cannot be detected was formed.

H2-TPR profiles of the fresh and sulfur-aged catalysts are presented in Fig. 4.2.5. In 

case of the fresh catalysts, there were two reduction peaks. These reduction peaks caused 

from reduction of cobalt. It has been known that reduction of cobalt in LaCoO3 perovskite 
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undergoes following two steps [40]. 

LaCoO3 + 0.5H2 → LaCoO2.5 + 0.5H2O                                      (1)

LaCoO2.5 + H2 → 0.5La2O3 + Co0 + H2O                                     (2)

The reduction peak between 400 and 500 °C was assigned to the reduction of Co3+ to 

Co2+ and the peak at around 600 °C was related to the Co2+ to Co0 [41]. The reduction 

peaks of sulfur-aged catalysts showed similar behaviors from fresh catalysts. However, 

there were differences in reduction temperature of cobalt between LaCoO3 and other 

catalysts. In case of LaCoO3, Co3+ of the catalyst after sulfur aging was reduced at higher 

temperature than one of the fresh catalyst. This indicates that sulfur species made 

reduction of Co3+ in LaCoO3 difficult. On the other hands, Co3+ of the catalysts to which 

calcium was introduced reduced lower temperature when the catalysts were poisoned by 

sulfur aging gas including SO2. This indicated that sulfur-aged catalysts to which calcium 

was introduced had better reducibility than the fresh catalysts. The trend of reduction 

temperature of cobalt was similar behavior to the trend of catalytic activity. 

La0.8Ca0.2CoO3 showed the best catalytic activity in CO oxidation and activity of the 

catalysts whose ratio of calcium was more than 0.2 decreased with increasing calcium 

ratio. H2-TPR profiles exhibited that Co3+ reduced the lowest temperature and the 

reduction temperature of Co3+ increased with increasing amount of calcium introduction, 

which reducibility of the catalysts decreased. It is known that CO oxidation over 

perovskite is suprafacial mechanism, where oxygen at the surface plays a crucial role 

[42].When cobalt is reduced, the necessary oxygen is supplied for oxygen reaction and 

the reduced cobalt is reoxidized from the gas phase oxygen. Therefore, the reducibility of 

cobalt in catalysts is very important for catalytic activity [39]. As a result, the catalysts 
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with introduced calcium maintained catalytic activity due to maintenance of reducibility 

of cobalt despite sulfur aging.

4.2.2 Effect of poisoning time

The XRD analysis of sulfur-aged catalysts with various aging time was conducted 

(not be shown). All catalysts had perovskite structure, demonstrating that the catalysts 

formed stable perovskite structure despite a long time aging. However, there was a little 

of decrease in intensity of peak with increasing sulfur aging time. This indicates that 

sulfur species destroy the structure of the catalysts. There was still no sulfate peak in the 

sulfur-aged catalysts with increase of aging time. 

Catalytic performance for La0.8Ca0.2CoO3 with various poisoning time are shown in 

Fig. 4.2.6. There was an advancement of catalytic activity for S-La0.8Ca0.2CoO3 compared 

to La0.8Ca0.2CoO3. However, catalytic activity worsened when sulfur poisoning time was 

more than 1 h. This indicates that the catalysts were deactivated with increasing sulfur 

poisoning time. Interestingly, the aged catalysts with calcium exhibited higher catalytic 

activity than S-LaCoO3 to which calcium was not introduced despite longer sulfur 

poisoning time. It can be demonstrated that introducing calcium into LaCoO3 catalyst 

enhances sulfur resistance of catalyst.

Fig. 4.2.7 shows H2-TPR profiles of the sulfur-aged catalysts with different aging 

time. S-La0.8Ca0.2CoO3_2h and S-La0.8Ca0.2CoO3_4h had also two reduction peaks of 
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cobalt. The peak at lower temperature and the peak at higher temperature were attributed 

to the reduction of Co3+ and Co2+, respectively. The difference between sulfur-aged 

catalysts with different aging time is the reduction temperature of Co3+. Comparing 

La0.8Ca0.2CoO3, S-La0.8Ca0.2CoO3 showed lower reduction temperature of Co3+. This 

indicates that S-La0.8Ca0.2CoO3 has better reducibility than La0.8Ca0.2CoO3. However, the 

reduction temperature of Co3+ increased when the sulfur poisoning time exceeded one 

hour. The increase in the reduction temperature of cobalt caused the decrease in 

reducibility of the catalysts. This indicates that a little of sulfur helps cobalt to reduce 

more easily. However, reduction of cobalt is interrupted when the catalyst is poisoned by

excess sulfur. This result was well correlated with catalytic activity, indicating that 

decline of reducibility caused decline of catalytic activity.

FT-IR spectra of the series of sulfur-aged catalysts are presented in Fig. 4.2.8. It was 

reported that sulfur species form two types of sulfate; surface and bulk sulfate [33]. In 

case of S-La0.8Ca0.2CoO3, there was no obvious peak. S-La0.8Ca0.2CoO3_2h exhibited two 

peaks. The peaks around 1500 cm-1 were related to surface sulfate [34]. S-

La0.8Ca0.2CoO3_4h showed three peaks. There were two peaks around 1500 cm-1 in S-

La0.8Ca0.2CoO3_4h, indicating surface sulfate. A small peak around 1100 cm-1 was related

to bulk sulfate [43]. It was known that sulfur diffuses to the inside of the catalysts and 

reacts with the catalysts as sulfur poisoning time increases [25]. This result was in 

agreement with the reference. This implies that sulfate is formed from the surface of the 

catalyst and is gradually extended to the inside of the catalyst. On the other hand, the 

peak related to sulfate was not observed in XRD patterns. This indicates that tiny amount 

of sulfate which cannot be detected on XRD patterns was formed.
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XPS analysis was conducted to observe the chemical state of catalysts. S 2p spectra 

for the sulfur-aged catalysts are presented in Fig. 4.2.9. On the surface, all sulfur-aged 

catalysts had the peak about 169 eV. It was reported that this binding energy was mainly 

attributed to sulfate [44]. It can be interpreted that sulfur exists as sulfate on the surface. 

In case of S-LaCoO3, the intensity of peak was much stronger than S-La0.8Ca0.2CoO3

which was poisoned during same time (1 h). This result indicates that S-LaCoO3 was 

poisoned severely by sulfur compounds compared with S- La0.8Ca0.2CoO3. This tendency 

was also presented in catalytic activity. The catalytic activity of LaCoO3 drastically 

decreased after sulfur aging while one of La0.8Ca0.2CoO3 did not decrease. This implies 

that La0.8Ca0.2CoO3 has more superb sulfur resistance than LaCoO3. S 2p spectra of S-

La0.8Ca0.2CoO3 with different aging time is also shown in Fig 4.2.9(b). The increase of 

peak intensity corresponding to sulfate is observed with increasing sulfur aging time, 

indicating the amount of sulfate increased. This exhibits same tendency with FT-IR 

analysis. The amount of sulfate increased with increasing aging time by forming surface 

and bulk sulfate. Surface atomic ratio of sulfur of sulfur-aged catalysts analyzed by XPS 

are presented in Table 2. The ratio of sulfur increased as sulfur poisoning time increased. 

However, the gap of increase decreased. 
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Fig. 4.2.1. X-ray diffraction patterns of fresh catalysts in (a) full scale and (b) magnified 
scale
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Fig. 4.2.2. CO conversion of fresh catalysts in CO oxidation.
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Fig. 4.2.3. CO conversion of sulfur-aged catalysts in CO oxidation.
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Table 4.2.1. The value of T
50

for fresh and sulfur-aged catalysts in CO oxidation

T50 (°C) Fresh
Sulfur

-aged

LaCoO3 178 202

La0.9Ca0.1CoO3 170 165

La0.8Ca0.2CoO3 162 158

La0.7Ca0.3CoO3 185 168

La0.6Ca0.4CoO3 200 167
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Fig. 4.2.4. X-ray diffraction patterns of sulfur-aged catalysts.
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Fig. 4.2.5. H2 temperature-programed reduction profiles of fresh catalysts (black line) and sulfur-aged catalysts (red line) (a) 
LaCoO3, (b) La0.9Ca0.1CoO3, (c) La0.8Ca0.2CoO3, (d) La0.7Ca0.3CoO3 and (d) La0.6Ca0.4CoO3.
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Fig. 4.2.6. CO conversion of La0.8Ca0.2CoO3, S-La0.8Ca0.2CoO3 and S-La0.8Ca0.2CoO3_xh 
(x=2,4).
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Fig. 4.2.7. H2 temperature-programed reduction profiles of La0.8Ca0.2CoO3, S-
La0.8Ca0.2CoO3 and S-La0.8Ca0.2CoO3_xh (x=2,4).
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Fig. 4.2.8. FT-IR spectra of sulfur-aged catalysts.
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Fig. 4.2.9. S 2p XPS spectra of (a) S-LaCoO3 and S- La0.8Ca0.2CoO3 and (b) S-
La0.8Ca0.2CoO3 and S-La0.8Ca0.2CoO3_xh (x=2,4).
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Table 4.2.2. Surface atomic ratio of sulfur for sulfur-aged catalysts obtained from XPS 
analysis

Atomic %

S-LaCoO3 1.86

S-La0.8Ca0.2CoO3 0.74

S-La0.8Ca0.2CoO3_2h 1.22

S-La0.8Ca0.2CoO3_4h 1.98
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5. Conclusion

In this work, the modification of metal oxide catalysts was conducted to improve the 

sulfur resistance of catalysts and the prepared catalysts were applied to CO oxidation.

First, two types of cerium-zirconium-aluminum oxide supports were prepared by different 

method. Palladium catalysts were then supported on cerium-zirconium-aluminum oxide

supports for use in the CO oxidation before and after sulfur aging. The effect of support 

preparation method on the physicochemical properties and catalytic activities of catalysts 

was investigated. N2 adsorption-desorption analyses revealed that all catalysts retained a 

mesoporous structure before and after sulfur aging. XRD analyses showed that the 

catalysts prepared by different method retained different crystalline structure. H2-TPR 

and FT-IR analyses revealed that Pd/SGCZA was less poisoned by sulfur than Pd/PCZA. 

XPS analyses showed that poisoning of ceria caused oxygen storage capacity, leading to

the decrease of oxidizing ability of the catalyst. It was revealed that Pd dispersion 

measured by CO chemisorption was closely related to the catalytic activity; the catalytic 

activity increased with increasing Pd dispersion. Pd/PCZA lost more active palladium 

than Pd/SGCZA after sulfur aging. Thus, S-Pd/PCZA exhibited lower catalytic activity 

than S-Pd/SGCZA in the CO oxidation. It was demonstrated that the catalyst prepared via 

sol-gel method had remarkable sulfur resistance in the CO oxidation.

In the second part, calcium-substituted LaCoO3 catalysts were prepared with different 

calcium ratio and poisoning time. The prepared catalysts were then applied to CO 

oxidation before and after sulfur poisoning. In case of the catalysts with different calcium 

ratio, XRD analyses showed that all catalysts had perovskite structure and the 
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crystallinity decreased when the ratio of calcium was more than 0.2. H2-TPR analyses 

showed that all catalysts had two reduction peaks corresponding to reduction of cobalt. 

After 1 h of sulfur aging, the catalysts with introduction of calcium maintained their 

reducibility. The effect of poisoning time was also investigated. XRD analyses showed 

that crystallinity of the catalysts decreased after sulfur aging. H2-TPR analyses revealed 

that excess sulfur poisoning aggravated reducibility of the catalysts. FT-IR and XPS 

analyses showed that the catalysts were severely poisoned with increasing time of sulfur 

aging. It was found that the catalytic activity was highly related to that the reducibility of 

the cobalt in catalyst. It was observed that catalytic activity was correlated with the 

reduction temperature of Co3+. This indicates that the reducibility of cobalt is a decisive 

factor for catalytic activity in CO oxidation. La0.8Ca0.2CoO3 showed best catalytic activity 

in CO oxidation before and after sulfur aging. It was demonstrated that introduce of 

calcium into LaCoO3 perovskite helped to improve sulfur resistance of the catalysts in the 

CO oxidation.



- 46 -

Bibliography

[1] S. Ponce, M. Pena, J. Fierro, "Surface properties and catalytic performance in 

methane combustion of Sr-substituted lanthanum manganites", Appl. Catal. B Environ.

24 (2000) 193-205.

[2] C.K. Rhee, H.-I. Lee, "Co oxidation on LaCoO3 perovskite", Korean J. Chem. Eng.

11 (1994) 48-54.

[3] A. Russell, W.S. Epling, "Diesel oxidation catalysts", Catal. Rev. 53 (2011) 337-423.

[4] T. Maunula, A. Suopanki, K. Torkkell, M. Härkönen, "The optimization of light-duty 

diesel oxidation catalysts for preturbo, closed-coupled and underfloor positions", SAE 

Technical Paper, 2004.

[5] A. Winkler, D. Ferri, M. Aguirre, "The influence of chemical and thermal aging on 

the catalytic activity of a monolithic diesel oxidation catalyst", Appl. Catal. B Environ.

93 (2009) 177-184.

[6] D. Webster, "25 years of catalytic automotive pollution control: a collaborative 

effort", Top. Catal. 16 (2001) 33-38.

[7] T. Mang, B. Breitscheidel, P. Polanek, H. Knözinger, "Adsorption of platinum 

complexes on silica and alumina: Preparation of non-uniform metal distributions 

within support pellets", Appl. Catal. A Gen. 106 (1993) 239-258.

[8] A.K. Neyestanaki, F. Klingstedt, T. Salmi, D.Y. Murzin, "Deactivation of 

postcombustion catalysts, a review", Fuel, 83 (2004) 395-408.

[9] G. Corro, "Sulfur impact on diesel emission control- A review", React. Kinet. Catal.



- 47 -

Lett. 75 (2002) 89-106.

[10] Z. Paál, K. Matusek, M. Muhler, "Sulfur adsorbed on Pt catalyst: its chemical state 

and effect on catalytic properties as studied by electron spectroscopy and n-hexane 

test reactions", Appl. Catal. A Gen. 149 (1997) 113-132.

[11] R.J.F. R.M. Heck, S.T. Gulati, "Catalytic air pollution control: commercial 

technology", New York, NY: Van Nostrand Reinhold (1995).

[12] I. Langmuir, "The mechanism of the catalytic action of platinum in the reactions 

2CO+O2=2CO2 and 2H2+O2=2H2O", Trans. Faraday Soc. 17 (1922) 621–654.
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초 록

본 연구에서는 촉매의 내황성을 향상시키기 위해 금속 산화물 촉매의

modification을 수행하였고, 제조된 촉매를 일산화탄소 산화반응에 적용하였

다. 먼저, 에폭사이드 기반 졸겔법과 공침법을 이용하여 두 종류의 중형 기공

을 가진 세륨-지르코늄-알루미늄 금속 산화물 담체를 제조하여 제조 방법에

대한 황 피독 저항성 차이를 연구하였다. 이에 팔라듐 촉매를 습윤 함침법으

로 제조 하였다. 졸겔법에 의해 제조된 촉매를 Pd/SGCZA로 명명하고, 공침

법에 의해 제조된 촉매를 Pd/PCZA로 명명하였다. 황 피독 전 및 황 피독 후

의 촉매를 일산화탄소 산화 반응에 적용하였다. XRD와 질소 흡탈착 분석 결

과, 두 촉매는 다른 물리 화학적 성질을 갖고 있는 것으로 나타났다.

Pd/SGCZA는 황 피독 전 및 피독 후에 Pd/PCZA보다 더 큰 표면적과 큰 기

공 부피를 갖는다. H2-TPR, CO chemisorption, FT-IR 및 XPS 분석을 통

해 다른 방법을 통해 제조된 두 촉매가 황에 의해 다르게 영향을 받는다는 것

을 알 수 있었다. Pd/SGCZA는 황 피독 후에 Pd/PCZA보다 더 적은 황산염

을 형성하고 더 높은 팔라듐 분산도를 유지하였다. 일산화탄소 산화반응에서

Pd/PCZA는 황 피독 전에 Pd/SGCZA보다 우수한 활성을 보였다. 그러나 황

피독 후 Pd/SGCZA가 Pd/PCZA보다 높은 일산화탄소 전환율을 보였다. 이를
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통해 Pd/SGCZA가 Pd/PCZA보다 황에 의해 덜 피독되었다는 것을 규명하였

다.

다음으로, 다양한 칼슘 비 (La1-xCaxCoO3 (x = 0, 0.1, 0.2, 0.3, 0.4)로

명명)를 갖는 La1-xCaxCoO3 페로브스카이트 촉매를 citrate 졸겔법을 통해

제조하였다. 제조 된 촉매를 SO2를 포함한 피독 가스로 피독하여 촉매의 황

피독 저항성을 연구하였다. 촉매는 일산화탄소 산화 반응에 적용되었다. XRD 

분석 결과, 칼슘 도입 후에도 촉매가 페로브스카이트 구조를 유지하는 것을

확인할 수 있었다. 일산화탄소 산화 반응 실험 결과, La0.8Ca0.2CoO3가 가장

우수한 활성을 나타내었다. H2-TPR 분석 결과, Co3+의 환원 온도가 촉매 활

성과 유사한 거동을 나타내었는데, 이를 통해 LaCoO3에 Ca를 적절하게 첨가

하면 Co3+의 환원을 촉진시켜 일산화탄소 산화 반응에 높은 활성을 나타내는

것을 확인하였다. 황 피둑 후 촉매의 반응 활성 또한 연구하였다. 놀랍게도, 

소량의 SO2 피독은 Ca이 치환된 촉매에서 일산화탄소 산화 반응 활성에 도움

이 되는 것으로 확인되었지만, SO2에 의한 과다 피독은 촉매 활성의 감소를

초래하였다. Ca이 치환된 촉매는 황 피독 후 LaCoO3보다 우수한 촉매 활성을

갖는 것으로 나타났다. 또한 XPS 분석에 따르면 Ca이 치환된 촉매는

LaCoO3보다 표면에 존재하는 황산염이 적은 것으로 나타났으며, 이를 통해

Ca이 도입된 페로브스카이트 구조가 황 피독에 내성이 강하여 피독 후에도

일산화탄소 산화 활성이 높다는 것을 확인하였다.
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