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A design of metal oxide support for Pd was investigated to promote the oxidation of CO at lower 

temperatures. Through a screening study using pure metal oxides, Pd/CeO2 showed the highest activity 

above 100 ºC, while homemade TiO2 was more effective below 100 ºC as a support for Pd. Applying the 

advantages of CeO2 and TiO2, we proposed a TiO2/CeO2 support having monolayer amount of surface 10 

TiO2 supported on CeO2. The Pd/TiO2/CeO2 catalyst showed higher activity than both Pd/TiO2 and 

Pd/CeO2 , which was not achieved by using CeO2-TiO2 mixed-oxide. The light-off temperature over 

Pd/TiO2/CeO2 was 100 ºC lower than Pd/Al2O3. The effect of surface TiO2 was attributed to the 

promotion of reduction-oxidation cycle of supported Pd. 

1. Introduction  15 

In order to reduce carbon dioxide (CO2) emissions from 

automobiles, better fuel economy systems, such as hybrid and 

start-stop systems, are becoming popular. The exhaust gas 

temperature of these systems is lower than ever because of the 

better energy efficiency. Hence, the enhancement of low-20 

temperature activity is strongly required for automobile catalysts, 

especially for combustion of CO and unburned hydrocarbons as 

main components in the low-temperature exhausts.  

Among platinum group metals (Pt, Pd, and Rh) as active 

elements in a three-way catalyst, a supported Pd catalyst is one of 25 

the essential components playing important role in the 

combustion of CO and unburned hydrocarbons. For the 

promotion of low-temperature activity of a supported Pd catalyst, 

we can find various strategies for catalyst design in the literature. 

Generally, the catalytic activity is correlated to the dispersion of 30 

supported Pd. For example, Baylet et al. reported that both higher 

surface area of supports and stability of Pd particles are required 

to achieve higher Pd dispersion on hexaaluminate.1 The higher 

dispersion of Pd can be obtained by metal-support interaction 

under cycles between oxidative and reductive atmospheres 35 

encountered in an exhaust gas. Nishihata et al. developed so 

called "intelligent catalyst" based on Pd-loaded perovskite on 

which supported Pd retained its high metal dispersion by 

reversible incorporation of Pdn+ ions under oxidative atmosphere 

and formation of Pd0 particles under reductive atmosphere.2 The 40 

similar effect on the retention of metal dispersion is observed 

when CeO2 and CeO2-based supports are used as supports by 

forming solid solutions or the formation of metal-O-Ce bonds.3,4 

The catalytic activity of supported Pd is sometimes more 

affected by the oxidation state of Pd. For example, we have 45 

reported very unique dependence of the oxidation activity of 

Pd/CeO2 on surface area of the CeO2 support, i.e., the lower 

surface area of CeO2 was more preferable for the propene 

oxidation depending on the reaction and pre-treatment 

conditions.5 In this case, the propane oxidation at 200 ºC 50 

proceeds preferably on metallic Pd species which is more stable 

in larger Pd particles on CeO2 having low surface area. The 

metallic Pd species plays an important role on the oxidation 

reaction at lower temperatures, such as CO oxidation.6,7 On the 

other hand, oxidized Pd species shows higher activity for the 55 

methane oxidation,8-12 which is rationalized by the role of 

dispersed Pd oxide species as an oxygen provider.13-15 The 

oxidation state of supported Pd is strongly affected by the acid-

base property of supports.3,10 It is also known that incorporated 

Pd species in metal oxide matrix shows activity for the oxidation 60 

reactions. Hedge and co-workers proposed "noble metal ionic 

catalysts" in the formulae of Ce1-xPdxO2-δ and Ce1-x-yTiyPdxO2-δ (x 

= 0.01-0.02, δ ≈ x, y = 0.15-0.25) and Ti1-xPdxO2-x (x = 0.01-0.03), 

which showed very high CO oxidation activity below 100 ºC.16-21 

Kuranatowska and co-workers also reported that nanocrystalline 65 

Ce1-xPdxO2-y exhibited a good performance on the low-

temperature CO oxidation.22 In these catalysts, the low-

temperature activity is assigned to the formation of Pd-O-Ce 

bond as a redox site and activation of lattice oxygen. Actually, 

Colussi et al. clearly demonstrated by means of HRTEM and 70 

DFT calculations that Pd-O sites in Pd-Ce surface enhanced the 

catalytic activity for methane combustion.23  

As for the role of supports, oxygen storage and release capacity 

(abbreviated as OSC, hereafter) strongly controls the catalytic 

activity especially at lower temperatures. Liu et al. demonstrated 75 

an effective contribution of iron oxide support to low-temperature 

CO oxidation.24 They reported that CO oxidation over Pt/FeOx 

and Pd/FeOx proceeds over two adjacent but different active sites 

(Pt, Pd for CO and FeOx for oxygen) with low apparent 
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activation energies (30–34 kJ/mol). Ikeue et al., reported that the 

use of partially Fe-substituted 10Al2O3·2B2O3 as a support of Pd 

gave an effective catalyst for the catalytic NO conversion in a 

fuel rich region because of improved oxygen storage capacity.25 

In the case of CeO2-based supports, it is well known that partial 5 

incorporation of Zr and other elements in CeO2 lattice 

significantly improves OSC.26-31 Several papers demonstrated 

suitable designs of CeO2-based metal oxide supports for 

promotion of CO oxidation activity using CeO2,
32-34 

CeO2/Co3O4,
35-37 and CeO2-TiO2.

38-44 There are two major effects 10 

of CeO2-based supports on the low temperature oxidation: One is 

the promotion of redox cycles of Pd particles, and another is 

supply of lattice oxygen.7 As for the latter effect, the strong 

adsorption of CO on Pd surface strongly suppresses O2 

adsorption and activation on Pd particles in Pd/Al2O3 at lower 15 

temperatures, while CeO2-based supports played a role of oxygen 

supply from lattice even when the Pd surface is fully covered by 

strongly adsorbed CO.7 

On the basis of above mentioned activity-controlling factors 

for supported Pd catalysts, the present study aimed a design of 20 

novel supported Pd catalysts for low-temperature oxidation of CO. 

We focused TiO2 having a limited promotion effect only at lower 

temperatures. Although mixed oxide of CeO2-TiO2 has been 

already proposed,38-44 this study proposed hierarchical 

configuration of TiO2 and CeO2 for the better CO oxidation 25 

activity at lower temperatures.  

 

2. Experimental section 

Supported Pd catalysts with Pd content of 1 wt% were prepared 

by a conventional impregnation method using an aqueous 30 

palladium nitrate, followed by dryness and calcination in air at 

500 ◦C for 3 h. CeO2 (JRC-CEO-3), TiO2(B) (JRC-TIO-8), ZrO2 

(JRC-ZRO-1) were supplied from the committee of reference 

catalyst, Catalysis society of Japan. SiO2 (Fuji Silysia, Q10) and 

Fe2O3 (Kishida Chemical, 98%) were purchased. Al2O3 was 35 

obtained by calcination of boehmite at 900 ºC in air for 3 h.  

TiO2(A) was prepared by hydrolysis of Ti(OC3H7)4 (Kishida 

Chemical, 99%) by an aqueous solution of ammonia followed by  

dryness and calcination in air at 500 ºC for 3 h. CeO2-TiO2 (Ce/Ti 

= 0.2) and TiO2-ZrO2 (Ti/Zr = 5/5)  were prepared by co-40 

precipitation37-45 using TiCl4 (Kishida Chemical, 24%), Ce(NO3)4 

(Kishida Chemical, 98%) and ZrO(NO3)2·2H2O (Kishida 

Chemical, 99%) as precursors. The mixed aqueous solutions were 

neutralized with an aqueous solution of ammonia (Kishida 

Chemical, 28%), and the obtained precipitates were dried and 45 

then calcined in air at 500 ºC for 3 h. TiO2/CeO2 supports were 

prepared by a precipitation method as follows. CeO2 powder and 

distilled water were put in a beaker. After the temperature 

regulation of the beaker in a water bath, a prescribed amount of 

Ti source (TiCl4 or Ti(OC3H7)4) was added to the solution and 50 

stirred for 30 min. Then an aqueous solution of ammonia was 

added to adjust pH of the solution around pH = 8‒9. The 

precipitates were filtrated and washed with distilled water, and 

then dried and calcined at 500 ºC for 3 h in air. The detailed 

preparation conditions are described in the section 3.2. 55 

The catalytic activity was evaluated by CO oxidation using a 

conventional fixed-bed flow reactor at atmospheric pressure with 

a 10 mg of catalyst at a total flow rate of 100 N cm3min-1 which 

corresponds to GHSV = 480,000 h-1.7 A catalyst was at first 

reduced in a flow of 3%H2/He at 400 ºC for 10 min, and the 60 

catalytic run was carried out under a flow of 0.45% CO/10% O2/ 

N2. The effluent gas was analyzed by nondispersive infrared 

(NDIR) CO/CO2 analyzer (Horiba VIA510). 

Temperature programmed reduction by CO (CO-TPR) was 

carried out using a conventional fixed-bed flow reactor as follows. 65 

The sample was oxidized in a flow of 20%O2/N2 (100 N cm3min-

1) at 400 ºC for 30 min. After cooling the sample in a flow of pure 

N2 to room temperature, the CO-TPR measurement was carried 

out in a flow of 0.4%CO/N2 at a rate of 5 ºC min-1 up to 400 ºC. 

The effluent gas was analyzed by nondispersive infrared (NDIR) 70 

CO/CO2 analyzer (Horiba VIA510).  

The dispersion of Pd was estimated by the CO-pulse 

adsorption method.46-48 A catalyst was at first treated in a flow of 

O2 at 400 ◦C for 15 min followed by purge with He for 15 min, 

and then reduced in a flow of H2 at 400 ºC for 15 min followed 75 

by purge with He for 15 min. Then the catalyst was cooled in a 

flow of He, and a series of CO pulses were injected with an 

interval of 2 to 3 min until the amount of slipped CO pulses 

reaches a steady state value. In order to avoid oxidation of CO to 

CO2 followed by adsorption on CeO2 as carbonate, the sample 80 

cell was soaked in a dry ice/ethanol bath and the adsorption of 

CO was carried out at ca. -70 ºC. The BET specific surface area 

was measured by N2 adsorption at liquid N2 temperature by using 

a conventional flow-type adsorption apparatus. 

The oxygen storage-release property was evaluated by weight 85 

deviation under the following O2‒H2 periodic operation at 300 ºC 

using TG-DTA(Shimadzu DTG-60H). In order to suppress the 

reduction-oxidation of  supported Pd, the oxidation step was 

carried out under low oxygen concentration (3%). After 

pretreatment in a flow of 3%O2/N2 at 500 ºC for 30 min, the 90 

oxidized sample was cooled down to 300 ºC in 3%O2/N2. After 

purging with pure N2 for 30 s, a flow gas was switched to 

3%H2/N2 until the catalyst weight loss reaches to a steady state.  

Then the purging in pure N2, oxidation in 3%O2/N2 until the 

catalyst weight recovered, the purging in pure N2, and the 95 

reduction in 3%H2/N2 were repeated for several times at 300 ºC.   

Pd K-edge XANES spectra were measured on BL28B2 of 

SPring-8 (Hyogo, Japan) operated at 8 GeV. The analyses of X-

ray Absorption Near Edge Structure (XANES) were performed 

using the REX version 2.5 program (RIGAKU).  100 

 

3. Results and Discussion 

3.1. Screening study 

At first, a screening study of the effect of support materials on the 

oxidation of CO was carried out as summarized in Table 1. The 105 

temperatures at which the CO conversion reached to 20% and 

80% (T20 and T80) were used as indexes of light-off and nearly 

complete oxidation, respectively.  It should be noted that the 

results were reproducible as far as the activity tests were carried 

out below 500 ºC. The values of T20 for Pd catalysts supported on 110 

TiO2, CeO2, and CeO2-based mixed oxides were below 100 ºC, 

while those were higher than 130 ºC when Al2O3, SiO2, ZrO2, and 

Fe2O3 were used as supports. As discussed in the previous paper,7  
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the reason for the high activity of Pd/CeO2 and Pd/TiO2 can be 

assigned to the promotion of reduction-oxidation cycles of 

supported Pd particles and the oxygen supply from the supports.  

It should be noted that the order of the activity was not dependent 

on the surface area or Pd dispersion. Although Pd dispersion of 5 

Pd/CeO2 is less than a half of that of Pd/Al2O3, T20 of the former 

was 71 ºC lower than that of the latter. The lowest T20 (44 ºC) 

was obtained when homemade TiO2(A) was used as a support. 

Interestingly, Pd/TiO2(B) available in a market did not show such 

high activity at lower temperatures. The higher Pd dispersion on 10 

Pd/TiO2(A) than Pd/TiO2(B) is one of the possible reasons for the 

lowest T20. However, T80 of both the Pd/TiO2 was almost the 

same. The loss of the advantage of Pd/TiO2(A) at higher 

temperature is not caused by sintering of Pd particles on 

Pd/TiO2(A) because the activity patterns of all the catalysts were 15 

reproducible. The result suggests that the promotion effect is 

caused by an interaction between Pd and TiO2(A), which is 

limited below 100 ºC. As shown in Fig. 1S, both the TiO2 

supports showed the diffraction lines of anatase phase, while the 

intensity of the diffraction lines of TiO2(A) were significantly 20 

weaker than those of TiO2(B). The result suggests major 

amorphous phase in TiO2(A) may cause the promotive effect of 

CO oxidation at lower temperatures.  In order to obtain more 

active catalyst, a design of a support is investigated using TiO2 

and CeO2 in the next section. 25 

 

Table 1.  BET surface area (SBET), dispersion of Pd (DPd), and 

temperatures at which CO conversions were 20% and 80% (T20 

and T80) for 1wt% Pd supported catalysts. 

 

Catalysts 

SBET  

/ m2 g-1 

DPd  

/ % 

T20 

/oC 

T80 

/oC 

Pd/TiO2 (A) 56  69 44 147 

Pd/CeO2 84 32  59 122 

Pd/CeO2-ZrO2 36 12 71 168 

Pd/TiO2 (B) 130 23 84 151 

Pd/CeO2-TiO2 200  35 88 138 

Pd/Al2O3 242 71  130 176 

Pd/SiO2 414  16  149 <200 

Pd/ZrO2 11  10  155 195 

Pd/Fe2O3 7.0  0.1 183 200 

 30 

 

3.2. Design of TiO2/CeO2 support 

Fig. 1 shows the activity patterns of Pd catalysts supported on 

CeO2, TiO2(A), and their mixed oxides. The activity pattern of 

Pd/Al2O3 was also plotted as a model of practical catalyst. 35 

Although the conversion of CO on Pd/TiO2 is higher than 

Pd/CeO2 below 110 ºC, the increase in CO conversion on 

Pd/TiO2(A) slowed down above 100 ºC and became the same as 

Pd/Al2O3 above 180 ºC. Assuming that the mixing of CeO2 and 

TiO2 may result in a better performance, two types of supports 40 

were examined, i.e., CeO2-TiO2 mixed oxide38-44 and TiO2/CeO2 

supported oxide. The CO oxidation activity of Pd/CeO2-TiO2 

(Ce/Ti = 0.2) was comparable to Pd/TiO2 below 80 ºC, however, 

that was lower than Pd/CeO2 above 110 ºC. On the other hand, 

after the optimization of chemical composition and preparation 45 

conditions, Pd/TiO2/CeO2 (TiO2 =5.4wt%) showed the best 

activity from the light-off to the 100% conversion. The surface 

area and Pd dispersion of Pd/TiO2/CeO2 were 64 m2g-1 and 35 %, 

respectively. Since the Pd dispersions of Pd/TiO2/CeO2 and 

Pd/CeO2-TiO2 are the same, the better activity of Pd/TiO2/CeO2 50 

than Pd/CeO2-TiO2 is caused by another factor, as discussed in 

the section 3.3. Interestingly, the CO conversion over 

Pd/TiO2/CeO2-ZrO2 (TiO2 = 5.4wt%, Ce/Zr =5/5) did not exceed 

that of Pd/CeO2 (Figure not shown). It should be noted that 

Pd/TiO2/CeO2 showed the CO oxidation activity around 100 ºC 55 

lower than Pd/Al2O3 which is a typical oxidation catalyst. The 

optimization of the chemical compositions and preparation 

conditions is reported below. 

 

 60 

Fig. 1.  Conversion of CO over 1wt% Pd supported catalysts. 

 

 
Fig. 2.  Conversion of CO over Pd/TiO2/CeO2 having various 

TiO2 contents. 65 

 

Fig. 2 shows the effect of TiO2 content on the CO oxidation 

activity of Pd/TiO2/CeO2. The catalytic activity increased with 

the increase in the TiO2 content up to 5.4 wt%, and further 
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addition of TiO2 suppressed the catalytic activity. It is interesting 

that the maximum activity was obtained when the theoretical 

amount of monolayer TiO2 (5.4wt%) was supported on CeO2.  

Fig. 3 shows the effect of TiO2 precursors and precipitation 

temperature on the CO oxidation activity of Pd/TiO2/CeO2. Using 5 

TiCl4 as a precursor, the precipitation at 4 ºC (water/ice bath) 

resulted in the better catalytic performance than that precipitated 

at room temperature. The further decrease in the temperature to 

‒20 ºC (NaCl/water/ice bath) was not effective. The use of 

Ti(OC3H7)4 as a precursor was less effective than that of TiCl4. 10 

The best catalyst performance was obtained when 5.4 wt% TiO2 

was precipitated to CeO2 at 4 ºC using TiCl4 as a precursor. The 

EDX images of the optimized support indicated uniform 

dispersion of TiO2 on CeO2 support, as shown in Fig. 2S. In the 

XRD pattern, there was no diffraction line assignable to TiO2, 15 

indicating TiO2 is in amorphous phase, very small particle, or thin 

layer. The promotion effect of TiO2 layer on the CO oxidation 

suggests contacts between TiO2 and Pd particles. The promotive 

role of surface TiO2 is investigated in the next section. 

 20 

 
 

Fig. 3  Conversion of CO over Pd/TiO2/CeO2 catalysts. The 

TiO2/CeO2 supports were prepared using (a-c) TiCl4, and (d) 

Ti(OC3H7)4 as precursors and precipitated at (a) room 25 

temperature, (b) 4 ºC, (c) -20 ºC, and (d) 4 ºC. 

 

3.3. Promotion effect of surface TiO2 on CeO2. 

As discussed in the previous paper, the catalytic activity of 

supported Pd catalysts for the low temperature oxidation of CO 30 

can be rationalized by the following factors: (1) Reducibility of 

supported Pd species, (2) oxygen storage-release property of the 

supports, and (3) dispersion of Pd.7 The factor (1) is essential for 

the activation of CO because coordinatively unsaturated surface 

sites of Pd metal particles are necessary for CO adsorption. The 35 

factor (2) is essential for the activation of O2. Since the Pd 

dispersions of Pd/TiO2/CeO2, Pd/CeO2, and Pd/CeO2-TiO2 were 

almost the same and lower than Pd/TiO2, the factor (3) can be 

neglected as the reason for the best activity of Pd/TiO2/CeO2. 

Therefore, the factors (1) and (2) of Pd/TiO2/CeO2 are compared 40 

with Pd/CeO2 and Pd/TiO2. 

The oxygen storage-release property was evaluated by weight 

deviation during the O2‒H2 periodic operation at 300 ºC, and the 

results of Pd/TiO2, Pd/CeO2, and Pd/TiO2/CeO2 are shown in Fig. 

4. It is clear that the maximum weight decrease is strongly 45 

dependent on the supports in the following order: Pd/TiO2/CeO2 

(0.19 mmol-O2 g-1) ≥ Pd/CeO2 (0.14 mmol-O2 g-1) >> Pd/TiO2 

(0.07 mmol-O2 g-1). The weight deviation of Pd/CeO2 

corresponds to the reduction of pure CeO2 to CeO2-δ (δ = 0.048), 

which is close to the maximum oxygen storage capacity for pure 50 

CeO2 (δ =0.05).27,29 On the other hand, the released oxygen from 

Pd/TiO2 was only a half of that from Pd/CeO2. The oxygen 

storage capacity of CeO2 was retained after TiO2 modification. 

The trend was the same at 200 ºC: The maximum weight 

decreases were Pd/TiO2/CeO2 (0.17 mmol-O2 g-1) ≥ Pd/CeO2 55 

(0.14 mmol-O2 g-1) >> Pd/TiO2 (undetectable).  The rates for 

oxygen release and storage at 300 ºC was estimated from the 

initial slope of the weight deviation, as shown in Fig. 3S. The 

estimated release rates were 0.54 × 10-6 mol-O2 g-1 s-1 for 

Pd/TiO2(A), and 1.8 × 10-6 mol-O2 g-1 s-1 for Pd/CeO2 and 60 

Pd/TiO2/CeO2. Pd/CeO2 and Pd/TiO2/CeO2 showed 3.3 times 

faster rate than Pd/TiO2(A). The oxygen storage rates of these 

three catalysts are the same (0.94× 10-6 mol-O2 g-1 s-1). The 

results suggest the oxygen storage-release capacity and rate at 

300 ºC of Pd/TiO2/CeO2 were comparable to Pd/CeO2, indicating 65 

the contribution of OSC on higher CO conversion level. The 

lower activity of Pd/TiO2(A) at higher temperatures can be 

rationalized by the lower oxygen storage capacity and release rate. 

Actually, above 180 ºC, Pd/TiO2(A) showed comparable activity 

to Pd/Al2O3 having no oxygen storage capacity.  70 

 

 
 

Fig. 4  Weight deviation of Pd/TiO2, Pd/CeO2, and Pd/TiO2/CeO2 

during O2‒H2 periodic operation at 300 ºC. 75 

 

As discussed above, the contribution of OSC on CO oxidation 

above 100 ºC can be rationalized, but the contribution of OSC on 

the light-off activity cannot be discussed based on TG-DTA 

results because the weight deviation during the H2-O2 periodic 80 

operation was negligible below 100 ºC. Mukri and co-workers 

reported that Ti1-xPdxO2-x prepared by substitution of TiO2 by Pd2+ 

ion showed high catalytic activity for CO oxidation because of 
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activated lattice oxygen.21 In their case, the formation Pd-O-Ti 

interface in lattice improved the catalytic activity due to high 

oxygen storage capacity up to 5.1 mmol g-1, which was more than 

one order of magnitude higher than those for the catalysts in this 

study. Thus, the promotion effect of the TiO2 layer cannot be 5 

attributed only to OSC enhancement. The different type of the 

effect of TiO2 layer on Pd species can be expected. Therefore, 

reduction-oxidation property of the catalysts below 100 ºC was 

evaluated by CO-Temperature Programmed Reduction and in-situ 

XANES. 10 

Fig. 5 shows CO-Temperature Programmed Reduction (CO-

TPR) profiles of selected Pd supported catalysts. Before the TPR 

measurement, the supported Pd was oxidized to PdO, and the 

TPR measurement was carried out in 0.4%CO/N2 without O2. 

Pd/Al2O3 showed a reduction peak around 165 ºC. The amount of 15 

evolved CO2 (0.11 mmol g-1) in the first peak was almost 

equivalent to the stoichiometry of PdO reduction to Pd (0.094 

mmol g-1). The other catalysts showed two reduction peaks below 

150 ºC and above 150 ºC. As for the first peak, the amount of 

evolved CO2 (0.13 mmol g-1 for Pd/TiO2, 0.37 mmol g-1 for 20 

Pd/CeO2, and 0.40 mmol g-1 for Pd/TiO2/CeO2, respectively) was 

higher than the stoichiometry of the PdO reduction to metallic Pd. 

The excess formation of CO2 is caused by the oxygen release 

from the supports.7 The reduction peak above 150 ºC is attributed 

to the contribution of supports or disproportionation of CO. The 25 

maximum reduction temperature of the first peak was in the order 

of Pd/TiO2/CeO2 (78 ºC) < Pd/CeO2 (96 ºC) < Pd/TiO2 (113 ºC) 

<< Pd/Al2O3 (165 ºC). This order was not well in harmony with 

that of CO oxidation activity, because the reduction temperature 

of Pd/TiO2 was higher than Pd/CeO2 and the positions of the first 30 

peak of Pd/TiO2/CeO2 and Pd/CeO2 are too close on both 

temperature and quantity to attribute the big difference in the CO 

conversion at 60 ºC for these catalysts (21% for Pd/CeO2 and 

48% for Pd/TiO2/CeO2, respectively).  From the results of CO-

TPR, we cannot conclude that the catalytic activity is controlled 35 

by the reducibility of supported Pd species from PdOx to Pd or 

OSC. Then, to investigate the oxidation step of supported Pd 

particles (from Pd to PdOx), in-situ XANES spectra are 

compared. 

 40 

 
 

Fig. 5  Effluent CO2 profile during CO-Temperature Programmed 

Reduction of supported Pd catalysts. 

 45 

 

Fig. 6 shows in-situ Pd K-edge XANES spectra of supported Pd 

catalysts under the CO oxidation conditions below 100 ºC. The 

feed gas compositions are the same as in the catalytic tests. Under 

the CO oxidation, the spectra of supported Pd catalysts are 50 

similar to that after the reduction in H2, indicating the supported 

Pd species is basically in metallic state. However, the shift of the 

absorption edge to the higher energy suggests certain contribution 

of oxidized Pd species. The oxidation state of Pd was evaluated in 

the following manner. Because of the interaction between Pd 55 

species and supports, the spectra were not reproduced by the 

combination of the spectra of pure PdO disk and Pd foil. 

Therefore, we used the spectra of catalysts after calcination as a 

reference of oxidized state (Ox. in the figures) and after reduction 

in H2 at 400 ºC as a reference of reduced state (Red. in the 60 

figures). The measured in-situ XANES spectra were well 

reproduced by the combination of these reference spectra. Table 2 

shows the evaluated contribution of oxidized Pd under the CO 

oxidation. The oxidation state of Pd was strongly affected by the 

supports. The contribution of oxidized Pd was less than 10% on 65 

Pd/Al2O3 which was not active for the CO oxidation below 100 

ºC. On the other hand, more than 10% of Pd is oxidized on 

TiO2/CeO2 and TiO2 supports even at room temperature. With the 

increase in the reaction temperature, the oxidation number of Pd 

increased for all the catalysts. Although the contribution of 70 

oxidized Pd in Pd/CeO2 was lower than that of Pd/TiO2/CeO2 

below 50 ºC, they were almost the same at 100 ºC. As for 

Pd/TiO2, the contribution of oxidized Pd was comparable to that 

of Pd/TiO2/CeO2 at room temperature, while that was not 

sensitive to reaction temperature. The trend in the oxidation state 75 

of Pd is in harmony with the CO oxidation activity. The results in 

the table suggest contribution of the oxidation step of Pd under 

the CO oxidation as an activity-controlling factor. 

 

 80 

 

Fig. 6 Pd K-edge XANES spectra of supported Pd catalysts (Ox.) 

after calcination at 500 ºC. in air, (Red.) after reduction in H2 at 

400 ºC for 30 min, and in-situ Pd K-edge XANES spectra under 

the CO oxidation at various temperatures.  85 
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Table 2. Contribution of oxidized Pd in Pd particles (% in total 

Pd) under the CO oxidation at various temperatures evaluated 

from in-situ XANES spectra. 

Catalyst Room temp.  50 ºC 100 ºC 

Pd/TiO2/CeO2 16.2 18.9 23.6 

Pd/CeO2 7.4 13.7 23.7 

Pd/TiO2(A) 10.7 13.1 16.9 

Pd/Al2O3 4.0 4.7 6.8 

 

 5 

  One may wonder above discussion: Although the reducibility of 

Pd is one of the activity-controlling factors, the promotion effect 

of TiO2 modification was attributed to the rate of oxidation of Pd. 

The results can be rationalized by considering the reduction-

oxidation cycle of Pd species during the CO oxidation. The 10 

oxidation of CO over Pd catalyst can be generally depicted in the 

following scheme.  

 

Pd

PdOxCO (ad)

O2CO2

kR kOkG

 
 15 

In lean conditions (oxygen-rich atmospheres), Pd species are 

partially oxidized by gaseous oxygen or oxygen from supports. 

The oxidation of CO proceeds with the reduction of PdOx to 

metallic Pd. The rates for both Pd oxidation (kO) and PdOx 

reduction (kR) determine the activity of gas phase CO oxidation 20 

(kG). Comparing Pd/TiO2/CeO2 and Pd/CeO2, the rates of PdOx 

reduction to Pd (kR) by CO are not much different because the 

reduction peaks in CO-TPR were observed at the same 

temperature range. It suggests that the rate determining step is the 

regeneration of PdOx species (kO). Although the rate of PdOx 25 

regeneration cannot be evaluated, the oxidation state under the 

reaction conditions estimated by XANES spectra indicates the 

equilibrium constant (K = kO/kR) under the reaction conditions. 

The contribution of PdOx under the reaction conditions should 

indicate the relative difference of K in each sample, and Pd 30 

species on Pd/TiO2/CeO2 is more easily oxidized than that on 

Pd/CeO2 at lower temperatures. The results indicate that the 

promotive effect of TiO2 can be attributed to the promotion of the 

regeneration step of oxidized PdOx species. The promotive effect 

was limited at lower temperatures, i.e., contributions of oxidized 35 

Pd were much higher on Pd/TiO2/CeO2 and Pd/TiO2, while at 100 

◦C that of Pd/CeO2 became almost the same as Pd/TiO2/CeO2 but 

Pd/TiO2 showed lower value. The variation in the PdOx ratio as a 

function of reaction temperature is approximately in harmony 

with the activity pattern for CO oxidation shown in Fig. 1. 40 

Therefore, it is reasonable to attribute the promotive effect of 

TiO2 modification to the promotion of re-oxidation step of Pd 

species under the CO oxidation. 

 

Conclusions  45 

The effect of metal oxide support was investigated to promote the 

CO oxidation over supported Pd catalysts at lower temperatures. 

The use of TiO2 support enhanced the CO oxidation below 100 

◦C, and that of CeO2 support was effective above 100 ºC. 

Applying the advantages of CeO2 and TiO2, Pd/TiO2/CeO2 50 

showed the best catalytic activity from the light-off to the 100% 

conversion, which was around 100 ºC lower than Pd/Al2O3. After 

the optimization of the chemical compositions and preparation 

conditions, the best catalyst performance was obtained when 

theoretical monolayer amount (5.4 wt%) of TiO2 was precipitated 55 

to CeO2 at 4 ºC using TiCl4 as a precursor. By using TG-DTA, 

CO-TPR, and in-situ XANES, the promotion of the oxidation 

step of Pd species during the CO oxidation was revealed to be an 

activity-controlling factor. 

 60 
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