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Abstract 

Catalytic oxidation of methane is critical for exhaust after-treatment systems where cold-start emissions 

and lean combustion still pose serious challenges. In this work, the effect of support materials on the 

complete catalytic oxidation of methane over palladium is studied in dry and wet conditions. A series of 

metal oxides (CeO2, ZrO2, n-SiO2) and mixed metal oxides (Zr0.65Ce0.35O2, Zr0.33Ce0.33/n-Si0.33O2, 

Zr0.66Ce0.17/n-Si0.17O2) supported Pd catalysts were synthesized, characterized and tested for methane 

oxidation. Pd/n-SiO2 was found to be highly active catalyst with the lowest initial (T10%) and final (T100%) 

conversion temperatures as compared to Pd supported on CeO2 and ZrO2. Methane combustion over 

mixed oxide supports, prepared with different ratios of Zr:Ce:Si, showed improved catalytic performance. 

Catalyst with equal ratios of Zr:Ce:Si (Pd/Zr0.33Ce0.33/n-Si0.33O2) showed similar performance to that of 

Pd/n-SiO2 with approximately ~ 8 (±2) oC higher light-off temperature. Additionally, cyclic wet (8 vol% 

H2O) and dry reactions were performed to evaluate the hydrothermal stability and activity regeneration 

when switching from wet to dry conditions. Optimal addition of ZrO2 and CeO2 to n-SiO2 resulted in 

higher stability of palladium catalyst over wide ranges of temperatures (350 – 600 oC). Catalysts were 

characterized by various analytical techniques, including TEM, XRD, XRF, N2-BET, O2-TPD, and CO 

chemisorption. TEM results demonstrate that mixed oxide support stabilized Pd nanoparticles, and n-SiO2 

encapsulation prevented sintering and deactivation. Activity tests and characterization results demonstrate 

overall superior catalytic properties of Pd supported on Zr0.33Ce0.33/n-Si0.33O2. This catalyst can be quite 

promising for practical applications due to its high activity for total methane oxidation and excellent 

thermal stability. 

Keywords: Emission control; Exhaust after-treatment; Catalysis; Methane oxidation; Palladium.  
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1. Introduction 

Natural gas fueled cars are growing rapidly due to the abundant gas reserves and the relatively low 

carbon-to-hydrogen ratio of methane [1]. However, methane is a potent greenhouse gas with its 100-year 

global warming potential (GWP) being 28 – 36 times larger compared to CO2  [2]. A recent study showed 

that the mere conversion of atmospheric methane to carbon dioxide can help lessen the burden on our 

environment [3]. Therefore, as we increase our utilization of natural gas resources, it is very important to 

ensure that methane emissions are minimized. Implementation of stringent emission regulations would 

require efficient, durable, and clean exhaust gas systems for further expansion in the use of natural gas 

vehicles [4]. Additionally, methane can be a significant proportion of engine-out emissions from vehicles 

running on gasoline and diesel [5]. Given the high stability of methane, catalytic combustion is 

considered to be one of the most effective pathways for the mitigation of methane emissions [6,7]. 

Efficient catalytic materials for methane oxidation should exhibit low light-off temperatures and high 

thermal stability for application in exhaust after-treatment systems. Heterogeneous catalysis has the 

potential to meet this challenge [8,9]. 

Many catalysts such as supported noble metals [10], transition metal oxides (Mn, Cr, Co, Fe, Ni, Cu, 

etc.)[11], perovskites [12] and aluminates [13] have been employed for low-temperature methane 

combustion. Catalytic activity of the promising transition metal oxide candidates is still not satisfactory 

at relatively low temperatures. Among the noble metals (Pt, Pd, Au, Rh, Alloys of Pd) used for lean 

methane oxidation, palladium is not only less volatile at high temperatures but also has higher catalytic 

activity at low temperatures. It has been reported that palladium exhibits superior performance when a 

single noble metal catalyst is used for the catalytic oxidation of methane [14]. 
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The performance of heterogeneous catalysts not only depends on the type of active material but also on 

the nature of the carrier / support material. Zirconia (ZrO2) has gained much attention as a palladium 

support for methane combustion [15,16]. Ceria (CeO2) is a widely studied material for low- and high-

temperature methane combustion [17,18]. Ceria based materials, however, are severely deactivated with 

time as water affects the catalytic activity due to strong interaction with reduced ceria [19,20]. Efforts 

are made to increase the oxygen storage capacity of metal oxides and thermal stability  by the introduction 

of dopants [21]. Zirconia doped ceria has desired physical and chemical properties that are useful in three-

way catalytic converters, such as high surface area, inertness, thermal conductivity, and redox potential 

[22–24]. Alumina (Al2O3) and silica (SiO2) have been widely used as the support for palladium catalyst 

[25,26]. It was reported that V2O5 addition improved catalytic activity of palladium catalyst supported 

on Al2O3 [27] and TiO2 [28]. Addition of alumina to ceria supported palladium resulted in high stability 

and lower light-off temperatures [6]. Some complex oxides, such as Si-Al2O3, ZrO2-CeO2/SiO2 [29], and 

core-shell structures based on palladium and SiO2/SiO2-Al2O3, ZrO2/Si-Al2O3, CeO2-Si-Al2O3 have been 

synthesized to improve textural properties and redox behavior at low temperatures [30,31].  

Although there have been a large number of catalytic studies on methane oxidation, two challenges still 

remain: achieving low light-off temperatures and maintaining thermal stability. Despite high initial 

activity shown in a number of studies, the catalyst deactivates after long exposures to exhaust gas 

conditions. The catalytic activity of metal oxides and deactivation with respect to reaction conditions has 

been studied using isotopic labelling combined with FTIR [32]. It was shown that accumulation of 

hydroxyls on Pd surface impedes the oxygen exchange between gas phase, PdO and the support material, 

which ultimately limits catalytic activity. The rate of deactivation is slower for the catalyst having higher 

oxygen surface mobility which limits water inhibition of the catalytic reaction. Silica has comparatively 

lower oxygen mobility than CeO2, MgO and Al2O3; however, experiments carried out with MCM-41, 
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which contains large fraction of silica, did not show much evidence of deactivation on the Pd/MCM-41 

catalyst [32]. Therefore, the effects and interactions of various support materials are not completely 

known in literature.  

In this work, we have studied a mix of three metal oxides as support materials to achieve high catalytic 

activity, decreased water deactivation, increased support surface area (n-SiO2), improved thermal stability 

(ZrO2) and high oxygen storage capacity (CeO2). Characteristics of the prepared catalysts were 

investigated for methane oxidation from low to high temperatures. The effects of additives on the 

performance of Pd/n-SiO2 catalyst were evaluated in terms of methane oxidation activity and thermal 

stability, and the improved catalytic performance was attributed to the modified metal support interaction 

induced by the additives.   

2. Experimental Details 

2.1 Synthesis of Mixed Metal Oxide Support  

Two mixed supports, Zr0.33Ce0.33/n-Si0.33O2 and Zr0.66Ce0.17/n-Si0.17O2, were synthesized by wet 

impregnation method. Typically, n-SiO2 was dissolved in methanol and sonicated for 30 mins. Thereafter, 

Ce(NO3)3.6H2O and Zr (NO3)3.10H2O were added to the former solution and mixed over rotary evaporator 

for 3 hours, and dried at 50 oC. The precipitated solids were dried  for 12 hours in a dry oven at 100 oC in 

a vacuum oven. The dried samples were calcined in a muffle furnace at 500 °C for 4 hours. The 

temperature was ramped at 1 °C/min. 

2.2 Synthesis of Supported Palladium (Pd) Catalysts 

Commercial support materials ZrO2, CeO2, and Zr0.65Ce0.35O2 were purchased from Daiichi Kigenso 

Kagaku Kogyo Ltd, and nano-silica (n-SiO2) was obtained from Sigma Aldrich. For catalysts synthesis, 
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support materials were dried in a vacuum oven at 120 oC to remove moisture. Weighted (1.50 g) 

commercial and synthesized (Section 2.1) support materials were added to 50 ml distilled water and 

sonicated for 10 min. For all catalysts, Pd(NO3)2. xH2O (Sigma Aldrich) 0.0325 g was dissolved in 5.0 ml 

distilled water. Thereafter, Pd precursor solution was added to solution of support materials and 

impregnation was continued for 3 hours, and dehydrated using rotary evaporator. The impregnated 

dehydrated powder was dried overnight (12 hours) at 80 oC under vacuum. The dried samples were 

calcined at 600 oC for 4 hour in air. Temperature was ramped to 600 oC with 4o/min. 

2.3 Catalyst Characterization Methods 

The crystalline structure of the doped oxides was analyzed by means of an X-ray powder diffractometer 

(Bruker D2 Advance) employing Cu Kα radiation (λ= 0.15418 nm). The operation voltage and current 

were 40 kV and 30 mA, respectively. The scanning speed was set as 1.5° min−1 in the 2θ range of 10−80°. 

The specific surface areas and pore volumes were determined by N2 physio-sorption at −196 °C using 

Micromeritics ASAP-2020 apparatus. The catalysts (0.5 g) were first degassed for 6 h at 100 °C. Specific 

surface area was calculated in the relative pressure range of 0.01–0.2, assuming a cross-sectional area of 

0.162 nm2 for N2. The loading of the active metal component was investigated by X-ray fluorescence 

(XRF, ZXM Primus 11).  

Carbon monoxide (CO) chemisorption was performed in a pulse mode with the Micromeritics ASAP-

2020 apparatus. Prior to the measurements, 0.05 g of the sample was thermally treated in a 5 % O2/He 

stream at 120 ℃ for 30 min to remove physically adsorbed water and other impurities. The sample was 

cooled down to room temperature, and heated to 250 ℃ with a heating rate of 10 ℃/min in 5% H2/Ar at a 

flow rate of 50 mL/min for 30 min. After the reduction, the sample was purged with He gas at the same 

temperature for 20 min. After cooling to ambient temperature, 10% CO/He gas was introduced for CO 



7 

 

 

chemisorption. The CO loop gas was used for each pulse (a sample loop of 0.543 mL) and the pulse 

injections were repeated until saturation. The metal dispersion in each catalyst was calculated from the 

amount of CO adsorbed, assuming the stoichiometry factor (SF) for Pd/CO to be 1.0, as follows: 

Dispersion (%) = 
100×V𝑠×S𝐹×M𝑊

S𝑊×F𝑛×22,414
 

where VS is the cumulative volume of adsorbed CO (cm3 at STP), MW is the molecular weight of Pd metal 

(g/mol), SW is the weight of the sample, and Fn is the Pd fraction in relation to the total weight of the 

catalyst sample.  

The temperature-programmed desorption (O2-TPD) experiments of Pd oxide were carried out using 

Micromeritics AutoChem II 2920 apparatus all prepared catalysts. Desorbed species were analyzed by 

quadrupole mass spectrometer (Balzers QMS 200 omnistar). The catalyst (0.2 g) was fixed in a quartz 

reactor by packing quartz wool at both ends. Prior to the measurement, the sample was oxidized in a 5% 

O2/He flow (50 cm3/min) at 800 °C for 1 h. After cooling the sample to room temperature with 5% O2/He 

flow, the feed gas was switched to pure He stream (50 cm3/min) for O2-TPD. The sample was ramped 

from room temperature to 850 oC with 10 °C min−1. 

TEM (Transmission Electron Microscope), HAADF (High-Angle Annular Dark-Field) and EDX (Energy 

Dispersive X-Ray) images were collected using an aberration corrected Titan Themis-Z TEM (TFS) 

operated at 300 kV. 

2.4 Activity Measurement for Methane Oxidation  

Methane oxidation experiments were performed in a U-shaped quartz reactor with an internal diameter of 

4 mm. Quartz wool was used to make the catalyst bed. The powdered catalyst was palletized, crushed, 

and sieved to 45-60 micron before use to minimize pressure drop of the gas flow. The reactor was heated 

in an electric furnace and the temperature of the catalyst was measured with a K-type thermocouple which 
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was in contact with the catalytic bed. The operating pressure was 1 atm. Negligible methane conversions 

were observed in experiments performed without the catalyst over the range of investigated temperatures 

(250 – 600 oC). The reactant mixture composition was 2% CH4/15% O2/83% N2 at a total flow rate of 

62.5 mL/min, which corresponds to GHSV (gas hourly space velocity) of 75000 mLgcat-1h-1. For wet 

oxidation experiments, a microflow pump was used to inject water in the reactor through a preheating 

zone (150 oC). Gas chromatograph equipped with TCD and FID detectors was used to analyze the products 

gases. Methane conversion is defined as: 

CH4 conversion % = 
𝐶𝐻4

𝑖𝑛− 𝐶𝐻4
𝑜𝑢𝑡

𝐶𝐻4
𝑖𝑛  ×  100 

3. Results and Discussion 

3.1 Phase Identification of Pristine Catalysts by Powder XRD  

Figure 1 shows XRD patterns of the support materials and prepared catalysts. The characteristic peak at 

22.8° is attributed to SiO2 (PDF 39-1425) and the peak at 33.6º corresponds to the pure tetragonal phase 

of PdO, and could be indexed to PdO (002) (PDF 43-1024) in Pd/n-SiO2 catalyst. The major diffraction 

peaks of Pd/CeO2 are the same as those of CeO2. The sharp diffraction peaks from both samples suggest a high 

crystallinity of Pd/CeO2 and CeO2 particles. Peaks at 28.1º, 32.9º, 47.2º, and 56.4º correspond to the 

respective (111), (200), (220), and (311) lattice planes, typical of the cubic fluorite-type structure of CeO2 

(PDF 81-0792). The XRD patterns of ZrO2 showed low intensity peaks at 24º and 27.9º and high intensity 

peaks at 31º, 34º, 50º, 54º, 59º which are fingerprints for the monoclinic phase of ZrO2. The XRD patterns 

of ZrO2-CeO2 support (Zr0.65Ce0.35O2) showed peaks corresponding to 28.5º, 33.3º, 47.4º and 56.4º, which are 

well known for pyrochlore type arrangement [33,34]. Separate phases due to CeO2 or ZrO2 are not detected, 

which is ascribed to the insertion of zirconium ions of a smaller radius (0.084 nm) into the cubic lattice of 

CeO2 (0.097 nm). Characteristic peak of ZrO2–CeO2 mixed oxide ((1 1 1) peak→29.3°) was progressively 
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shifted to larger angles than that of CeO2 ((1 1 1) peak→28.1°). This is due to the contraction of lattice cell 

parameter by the insertion of ZrO2 into CeO2 cubic fluorite lattice [35]. In order to increase the hydrothermal 

stability and surface area of these ZrO2-CeO2 systems, two different mixed oxide systems are synthesized with 

different ratios of silica, zirconia and ceria: Zr0.33Ce0.33/n-Si0.33O2 and Zr0.66Ce0.17/n-Si0.17O2. Base materials 

(Zr0.65Ce0.35O2, Zr0.66Ce0.17/n-Si0.17O2 and Pd/Zr0.66Ce0.17/n-Si0.17O2) with larger ZrO2 contents are 

progressively shifted to larger angles ((1 1 1) peak→29.8°). This is due to the contraction of lattice cell 

parameter, as discussed earlier. Separate diffraction peaks for crystalline Pd or PdO are not observed, 

indicating that palladium was highly dispersed on the supports. 

 

Figure 1. Powder X-ray diffraction patterns of pristine catalyst. (A) Single and dual supports: (a) n-SiO2 

(b) Pd/n-SiO2 (c) CeO2 (d) Pd/CeO2 (e) ZrO2 (f) Pd/ZrO2 (g) Zr0.65Ce0.35O2 (h) Pd/Zr0.65Ce0.35O2. (B) 

Mixed supports: (a) Zr0.33Ce0.33/n-Si0.33O2 (b) Pd/Zr0.33Ce0.33/n-Si0.33O2 (c) Zr0.66Ce0.17/n-Si0.17O2 (d) 

Pd/Zr0.66Ce0.17/n-Si0.17O2. 

3.2 Physio-chemical Characterizations of Metal Oxide Supported Pd Catalysts 

Table 1 shows BET surface areas, pore diameters, and average total pore volumes of the support materials 

and pristine catalysts. The BET surface areas of Pd/n-SiO2, Pd/ZrO2, Pd/CeO2, Pd/Zr0.65Ce0.35O2, 

https://www.sciencedirect.com/topics/chemical-engineering/fluorspar
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Pd/Zr0.66Ce0.17/n-Si0.17O2 and Pd/Zr0.33Ce0.33/n-Si0.33O2 catalysts were measured to be 432, 78, 146, 56, 34 

and 103.5 m2 g-1, respectively. It may be noted that Pd impregnation decreased the surface areas. 

Table 1. Physical properties of the supported Pd catalysts obtained by BET analysis 

a Pore sizes were measured from BJH pore size distributions. 

 

 

 

 

 

 

 

 

 

 

 

 

 

N2 adsorption-desorption isotherms for the prepared catalysts are shown in Fig. S1 (Supplementary 

Material). All samples present type IV isotherms with different hysteresis loops in the relative pressure 

(P/Po) between 0.4 and 0.9, exhibiting characteristics of highly ordered mesoporous materials [36]. Pd/n-

SiO2 shows type-H3 hysteresis which is indicative of predominantly mesoporous material. In addition, 

Catalyst 
SBET 

(m2 g−1) 

Average pore 

diameter 

(nm) a 

Average pore 

volume 

(cm3) 

n-SiO2 624 8.0 0.64 

Pd/n-SiO2 432 6.4 0.52 

ZrO2 103.8 9.7 0.23 

Pd/ZrO2 78 12.1 0.25 

CeO2 197.5 5.35 0.28 

Pd/CeO2 146 4.9 0.11 

Zr0.65Ce0.35O2 50.35 14.4 0.19 

Pd/Zr0.65Ce0.35O2 56.17 14.7 0.21 

Zr0.66Ce0.17/n-Si0.17O2 41.12 3.31 0.03 

Pd/Zr0.66Ce0.17/n-Si0.17O2 34.2 6.9 0.03 

Zr0.33Ce0.33/n-Si0.33O2 120.93 5.6 0.16 

Pd/Zr0.33Ce0.33/n-Si0.33O2 103.5 7.8 0.10 
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Pd/n-SiO2 exhibited a narrow pore distribution with a maximum peak centered at ~ 3.0 nm, indicating 

mesoporous characteristics. Pd/ZrO2, Pd/CeO2 and Pd/ZrO2-CeO2 samples exhibited H1 hysteresis loop 

in the relative pressure (P/Po) between 0.7 and 0.9, exhibiting characteristics of highly ordered mesoporous 

materials [36] which is generally due to the capillary condensation associated within mesopores [37]. 

Mixed oxides supports presented type H2 hysteresis loop with P/Po between 0.5 and 0.9, associated with 

ink bottle pores, indicating that the powders contain mesopores due to the aggregation of crystallites. The 

pore size distributions of the samples are also shown in the insets of Fig. S1. It is believed that larger pore 

volumes tend to help in storing more reactants, and interconnected porous networks facilitate the 

transportation of reactant molecules and products.  

3.3 Catalytic Oxidation of Methane 

Methane conversion experiments were performed in a U-tube heated reactor over the temperature range 

of 250 – 600 oC with temperature increments of 25 oC. Figure 2 shows catalytic performance of all 

prepared Pd catalysts as a function of reaction temperature. Light off temperatures (T10%) of Pd/n-SiO2, 

Pd/ZrO2, Pd/CeO2, Pd/Zr0.65Ce0.35O2, Pd/Zr0.66Ce0.17/n-Si0.17O2 and Pd/Zr0.33Ce0.33/n-Si0.33O2 are 280, 340, 

405, 310, 290 and 288 °C, respectively. The temperature intervals for CH4 conversion from light-off to 

complete oxidation (T10%–T100%) are 90, 100 and 140 oC for Pd/n-SiO2, Pd/ Zr0.33Ce0.33/n-Si0.33O2 and 

Pd/Zr0.66Ce0.17/n-Si0.17O2 catalysts, respectively. Methane conversion temperatures are compared in Table 

2 for the studied catalysts.  

The results (Fig. 2 and Table 2) suggest that support materials have a strong effect on CH4 oxidation. 

Among the tested materials, best performance is seen for Pd/n-SiO2. In comparison with Pd/ZrO2 and 

Pd/CeO2, mixed support of Zr and Ce exhibited increased activity, and further addition of SiO2 provided 
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a large increase in the oxidation performance. Particularly, the catalyst with three metal oxides in equal 

weight percentage ratio (Pd/Zr0.33Ce0.33/n-Si0.33O2) showed highest activity among the mixed supports.  

 

Figure 2. Light-off curves of CH4 conversion as a function of reaction temperature at GHSV 75000 mL 

gcat-1 h-1; Pd/n-SiO2 (●), Pd/Zr0.33Ce0.33/n-Si0.33O2 (♦), Pd/Zr0.66Ce0.17/n-Si0.17O2 (○), Pd/Zr0.65Ce0.35O2 (▼), 

Pd/ZrO2 (▲) and Pd/CeO2 (■). 

 

Table 2. Conversion temperatures (oC) for methane oxidation over various Pd supported catalysts 

Catalyst 

Catalytic activity 

T10% T50% T90% 

Pd/n-SiO2 
280 291 340 

Pd/ZrO2 
340 435 580 

Pd/CeO2 
405 400 - 



13 

 

 

Pd/Zr0.65Ce0.35O2 
310 344 398 

Pd/Zr0.66Ce0.17/n-Si0.17O2 
290 328 375 

Pd/Zr0.33Ce0.33/n-Si0.33O2 288 313 346 

 

Zhou et al. [38] reported T10  for Pd/SiO2, Pd/CeO2/SiO2, Pd/Ce0.75Zr0.25/SiO2 and Pd/ZrO2/SiO2 to be 380, 

339, 305, and 315 °C respectively. They reported T90 temperature 675, 520, 490, 460 oC, respectively, at 

very low space velocity (6000 mLgcat-1h-1). Dong et al. [31] reported light-off temperature of Pd/Si-Al2O3, 

Pd/ZrO2/Si-Al2O3 and Pd/CeO2/-Si-Al2O3 to be 317, 373, and 323 oC, respectively at a space velocity of 

50000 mLgcat-1h-1, but the catalyst stability was not extensively studied over wet and dry conditions for 

long times. Relatively high deactivation was reported for short duration of 12 h. Therefore, in comparison 

to these previous works, our mixed-support catalyst showed superior catalytic and stability performance.  

3.4 CO Chemisorption  

Table 3 lists CO chemisorption and Pd loading amounts for the prepared pristine catalysts. Pd/CeO2, 

Pd/ZrO2 and Pd/Zr0.65Ce0.35O2 have metal dispersions of 9.4%, 44.9% and 33%, respectively. These three 

catalysts with lower BET surface area have higher metal dispersions compared to Pd/n-SiO2, 

Pd/Zr0.66Ce0.17/n-Si0.17O2 and Pd/ Zr0.33Ce0.33/n-Si0.33O2 which have higher BET surface area. It may be 

noted that very little CO chemisorption was measured for the n-SiO2 based catalysts. However, little or 

no CO chemisorption does not mean absence of Pd because XRF analysis confirms the presence of Pd 

and XRD patterns show the characteristic peaks of Pd and PdO in Pd/n-SiO2 catalyst (Fig. 1 (A)). This 

kind of phenomenon was previously observed for Pt/SiO2 catalyst in literature [39,40]. For the Pt/n-SiO2 

system, the encapsulating of Pt with SiO2 support was observed on the surface. Therefore, it is proposed 
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that n-SiO2 can encapsulate Pd at high temperatures. Ono et al. [41] observed the encapsulation of Pt by 

TiOx above 425 oC in ultrahigh vacuum, and similar phenomenon was observed for CO adsorption. 

Table 3. CO chemisorption and XRF quantification of metal percentage in pristine catalysts. 

Catalyst 

(Pristine) 

CO chemisorption 
Dispersion 

(%) 

XRF Metal (%) 

CO 

adsorption 

(cm3/g) 

Pd SA  

(m2/g) 

Particle 

size 

(nm)a 

Zr Ce Si Pd 

Pd/n-SiO2 0.11 0.24 20 5.4 - - 99.1 0.98 

Pd/ZrO2 0.95 2.0 2.5 44.9 98.1 - - 1.12 

Pd/CeO2 0.19 0.42 11.9 9.4 - 99.1 - 0.90 

Pd/Zr0.65Ce0.35O2 0.70 1.50 3.4 33 64.4 34 - 0.87 

Pd/Zr0.66Ce0.17/n-

Si0.17O2 
0.06 0.12 42 2.6 68.1 17.4 13.5 1.17 

Pd/Zr0.33Ce0.33/n-

Si0.33O2 
0.05 0.09 52 2.12 30 33 36 0.88 

a particle size calculated from CO chemisorption 

 

3.5 Oxygen Temperature Programmed Desorption (O2-TPD) 

To evaluate the relationship between catalytic performance and decomposition properties of PdO on 

catalysts, O2-TPD experiments were performed on all prepared Pd catalysts (see Fig. 3). O2 mass signals 

for Pt/CeO2 were observed at 755 and 960 oC. Pd/ZrO2 sample showed decomposition peak at 820 oC, 

while the addition of Zr and Ce resulted in a wider O2 decomposition peak at 760 oC. TPD peaks were 

observed at ~ 530 – 570 oC for Pd/n-SiO2. These peaks have been attributed to the release of oxygen as 

PdO decomposes to metallic Pd. The first peak at low temperature can be attributed to the decomposition 

of a thermodynamically unstable bulk PdO species, as suggested by Yang et. Al [42]. The second peak 

which is observed at ~ 570 and 670 oC in Pd/ Zr0.66Ce0.17/n-Si0.17O2 and Pd/Zr0.33Ce0.33/n-Si0.33O2, 

respectively, can be attributed to the decomposition of stabilized PdO species [16]. This temperature 
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sequence is in accordance with the observed CH4 conversion activities (Fig. 2). The catalysts with lower 

oxygen desorption temperatures have higher CH4 activity.  

 

Figure 3. Evolution of TCD signals during O2-TPD of PdO in (a) Pd/CeO2 (b) Pd-ZrO2 (c) Pd/ 

Zr0.65Ce0.35O2 (d) Pd/n-SiO2 (e) Pd/Zr0.66Ce0.17/n-Si0.17O2 (f) Pd/Zr0.33Ce0.33/n-Si0.33O2. 

3.6 Cyclic Dry-Wet Reaction and Stability of Pd Catalysts 

Hydrothermal stability of catalysts is much more important than the initial catalytic activity in exhaust 

after-treatment systems. Figure 4 shows the stability of all prepared Pd catalysts in cyclic wet and dry 

conditions. It shows that the catalytic activity decreased slightly in the presence of water due to the 

competitive adsorption on the active sites. The catalytic activity recovered to the initial level when the 

injection of water was stopped. The catalytic activity of Pd/Zr0.33Ce0.33/n-Si0.33O2 and Pd/n-SiO2 is higher 

than that of Pd/Zr0.66Ce0.17/n-Si0.17O2 and Pd/Zr0.65Ce0.35O2 in the presence of water vapor in low 

temperature reaction (350 oC). Many investigators proposed that some form of hydroxyl radicals block 

reaction sites , resulting in reaction order of –1 with respect to the water concentration [43]. Activity of 

Pd/Zr0.33Ce0.33/n-Si0.33O2 and Pd/n-SiO2 decreased to ~ 70% and then stabilized. There was no significant 
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effect of water vapors at 450 and 600 oC on the catalytic performance of Pd/Zr0.33Ce0.33/n-Si0.33O2 and 

Pd/n-SiO2 but ~ 5% decrease in activity was observed for Pd/Zr0.66Ce0.17/n-Si0.17O2. On the other hand, 

Pd/Zr0.65Ce0.35O2 activity was strongly deteriorated by water at 450 oC.  

After completing the 27 hour reaction from 350 to 600 oC dry and wet conditions, the temperature was 

then changed to 350 oC. It was found that Pd/Zr0.33Ce0.33/n-Si0.33O2 recovered its activity to that found 

during the first 6 hours in wet conditions, while Pd/n-SiO2 conversion was reduced to 67% which is 3-5% 

lower than the initial 6 hours. Activity of Pd/Zr0.66Ce0.17/n-Si0.17O2 and Pd/Zr0.65Ce0.35O2 was reduced up 

to ~20% on scale, which is overall 40 % reduction from the initial activity. When the reaction conditions 

were finally switched to dry condition at 350 oC, Pd/Zr0.33Ce0.33/n-Si0.33O2 activity was fully regenerated 

as in the first 3 hours (dry at 350 oC). Overall 10% decrease in conversion performance of Pd/n-SiO2 was 

observed. Pd/Zr0.66Ce0.17/n-Si0.17O2 and Pd/Zr0.65Ce0.35O2 could not regain the initial activity and highest 

deactivation was found in Pd/Zr0.65Ce0.35O2 catalyst.  
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Figure 4. Cyclic Stability tests of Pd catalysts at GHSV of 75000 mL gcat-1 h-1 in dry and wet feed 

conditions; Pd/n-SiO2 (●), Pd/Zr0.33Ce0.33/n-Si0.33O2 (■), Pd/Zr0.66Ce0.17/n-Si0.17O2 (▲) and 

Pd/Zr0.65Ce0.35O2 (▼) 

These results indicate that the resistance to water is enhanced by mixed oxide supported catalyst, and 

Ce:Zr modification of n-SiO2 template with optimal ratio significantly enhanced the catalytic performance 

of n-SiO2 supported catalyst. It was also confirmed that hydrothermal stability is not a property of Zr and 

Ce oxides alone, as highest deactivation was observed for Pd/Zr0.65Ce0.35O2. It has been reported that SiO2 

has less chemical affinity for noble metal nano particles, so the addition of ZrO2 and CeO2 resulted in high 

dispersion of Pd and PdOx species. High-temperature annealing of SiO2 based samples encapsulates PdOx 

species (see Fig. S2 in Supplementary Material) which possibly impeded the sintering of silica-containing 

species, as previously reported by Smith et. al [26]. The combined effect from Si-Zr-Ce offers more lattice 
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oxygen transport for interchangeable 𝑃𝑑 ↔ 𝑃𝑑𝑂, which resulted in high activity of the mixed oxide 

supported catalyst.  

It has been proposed that water deactivation is related to the reaction of H2O with active PdOx sites [44–

46]. The reaction proceeds as PdO + H2O→Pd(OH)2, which results in inactive Pd(OH)2. At higher 

temperatures, the negative influence of water on the catalytic activity was minimal, suggesting that the 

reverse reaction (Pd(OH)2→PdO + H2O) is favored above 450 °C [46,47]. Kikuchi et al. [45] investigated 

that effect of 1 vol % water during methane oxidation over Pd/Al2O3 catalyst, and a decrease in activity 

was observed up to ~ 450 °C while negligible H2O inhibition was observed at higher temperatures.  

We also tested all prepared catalysts in dry conditions for a long reaction time (25 h) at 350 and 600 oC. 

Results are shown in Fig. S3 (Supplementary Material). Mixed oxide supported catalyst with equal ratios 

of Si, Ce and Zr (Zr0.33Ce0.33/n-Si0.33O2) exhibited high activity and very good stability at both low and 

high temperatures (350 and 600 oC). Pd/ZrO2 and Pd/CeO2 showed very little activity at the low-

temperature stability tests because of higher light-off temperatures. Pd/n-SiO2 catalyst, despite having the 

lowest light-off temperature, exhibited slow deactivation during the low-temperature stability test.  

X-ray diffraction patterns of the catalyst after 25 h of reaction at 350 and 600 oC are shown in Fig. S4 

(Supplementary Material). The peak positioned at 2θ = 34.26° in Pd/n-SiO2 catalyst corresponds to 

palladium oxide hydrate (PdO.H2O) compared to the peak at 33.8o for PdO/Pd in the pristine Pd/n-SiO2 

catalyst (see Fig. 1). Other catalysts did not show distinguishable peak for PdO.H2O because the Pd/PdO 

peak was also missing in the respective pristine catalysts. However, the stability tests show that all 

catalysts exhibit some level of deactivation at low temperatures which is caused by water vapor, as 

illustrated for the case of silica. The lowest deactivation observed for Pd/Zr0.33Ce0.33/n-Si0.33O2 is probably 

due to the optimal Zr/Ce ratios employed here. It has been reported [48] that the increase of either Zr or 
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Ce in Pd/CexZr(1_x)O2/MCM-41 catalyst strengthened Pd interactions with Ce and Zr oxides, which 

lowered the catalyst reducibility, leading to lower deactivation. Optimum Zr and Ce loadings thus enhance 

Pd/ZrCe/n-SiO2 stability in methane combustion, owing to the PdO reducibility improvement [49]. 

Surface areas of spent catalysts after cyclic stability test were measured (see Table S1 in Supplementary 

Material). Corresponding surface areas spent Pd/n-SiO2, Pd/Zr0.65Ce0.35O2, Pd/Zr0.66Ce0.17/n-Si0.17O2 and 

Pd/Zr0.33Ce0.33/n-Si0.33O2 catalysts are 398, 35.2,28.1 and 91.5 m2 g-1, respectively. There is no significant 

change in surface areas. As powder samples are pelletized before reaction, therefore, it is expected to see 

small changes in surface area and pore structure. 

3.7 TEM (Transmission Electron Microscopy) Analysis 

We performed TEM analysis for the mixed support catalyst which showed optimal performance in terms 

of activity and stability. Figure 5 shows HAADF (high-angle annular dark field) and TEM EDX (energy 

dispersive X-ray) imaging of the pristine Pd/Zr0.33Ce0.33/n-Si0.33O2 (a1–a6) and spent Pd/Zr0.33Ce0.33/n-

Si0.33O2 (b1–b4) catalysts. The TEM EDX mapping shows that Si, Zr and Ce particles are equally 

dispersed in Zr0.33Ce0.33/Si0.33O2. It is also clear that the absence of SiO2 characteristic peaks in the XRD 

patterns (Fig. 1, Fig. S4) is not due to dispersed SiO2 particles but due to the amorphous phase of SiO2. It 

may be seen that Pd/PdO species are embedded in oxide support in pristine catalysts. HRTEM analysis 

(Fig. S5 in Supplementary Material) shows that palladium species are trapped within the oxides of ZrO2, 

SiO2 and CeO2. It is clear that PdO consists of the boundaries of amorphous and crystalline oxides. This 

kind of arrangement can stabilize Pd/PdO structurally. Small amount of sintering is observed in the spent 

catalyst where larger size PdO particle are seen near the edges (see Fig. 5 b3) which is a plausible 

explanation for slight drop in activity. Although TEM analysis was not carried out for spent Pd/n-SiO2 

catalyst, it may be expected that sintering would be higher in the spent catalyst compared to that seen for 

the tri-support catalyst.  
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Figure 5. HAADF and TEM EDX of pristine Pd/Zr0.33Ce0.33/n-Si0.33O2 (a1  ̶a6) and spent Pd/Zr0.33Ce0.33/n-

Si0.33O2 (b1 ̶ b6) catalyst at 350 oC for 35 hr. 

 

4. Conclusions  

In this work, methane oxidation was studied over Pd catalyst supported on metal oxides (SiO2, ZrO2, 

CeO2) and mixed metal oxides with different ratios of Zr:Ce:Si. Following are the key findings of the 

study:  

• Pd/n-SiO2 catalyst exhibited high catalytic activity for total methane oxidation with the lowest light-

off temperature among the tested catalysts. Mixed support catalyst with equal ratios of Zr:Ce:Si 

(Pd/Zr0.33Ce0.33/n-Si0.33O2) also showed high activity with light-off temperature being ~ 8 oC higher 

than Pd/n-SiO2. 

• Wet reaction conditions significantly deteriorated the catalytic performance of Pd/Zr0.66Ce0.17/n-

Si0.17O2 and Pd/Zr0.65Ce0.35O2, which reinforced the role of n-SiO2 in resistance to water conditions. 

Hydrophobic nature of silica avoids the formation of stable hydroxyl species. Slow deactivation in 

Pd/n-SiO2 is ascribed to bigger particle size, which can make hydroxides because of weaker interaction 

with support material, and thus leading to net active surface area loss and decrease in activity. 
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• Addition of optimal ratio of Zr/Ce to Pd/n-SiO2 enhanced catalyst stability. It was found that stability 

is strongly related to Zr/Ce ratio, where Pd/Zr0.33Ce0.33/n-Si0.33O2 catalyst provided the best thermal 

stability among the tested catalysts.  

• Nature of support material is an important factor in optimizing catalytic activity and stability. 

Hydrothermal stability, oxygen release and efficient dispersion of active noble metal can enhance 

catalyst performance and durability. The results reported herein demonstrate a new way to make stable 

methane oxidation catalysts that may be useful for exhaust after-treatment systems. 
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