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 In this study, SrTiO3 catalyst was prepared by sol-gel method and CuO-

ZnO by co-precipitation for oxidative coupling of methane (OCM). The 

results showed that the conversion rate in the SrTiO3 sample was high 

(about 35%) at 850 oC, and the product C2H4 with an yield of 0.12%. 

Several modern analytical methods such as XRD, BET, TPx, SEM have been 

characterized. The XRD results showed a stable phase structure and high 

crystallinity with both samples. NH3-TPD recorded weak acid centers on 

SrTiO3, leading to coke formation on the impact surface. H2-TPR and O2 -

TPD express the redox of CuO-ZnO, resulting in a deep oxidation product 

of CO2. Factors affecting the ratio of C2H6 and C2H4 were also considered. 
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I ntroduction 

 

As a significant component of natural gas, shale gas, 

and gas hydrates, methane is a cheap hydrocarbon 

resource that can be converted into valuable chemicals 

by natural and chemical processes of indirect learning. 

However, syngas production by conversion requires 

high temperatures and large amounts of energy, which 

makes indirect conversion methods not cost-effective 

[2,3]. Typical for the direct method is the (OCM) for the 

direct conversion of methane to olefins and bowls of 

paraffin, which has been studied for many decades [1]. 

OCM reactions generally involve the formation of 

methyl radicals (CH3*) through the separation of 

hydrogen from methane by the active surface oxygen 

species available on the surface of the oxide catalyst 

[4,5].  

The methyl radicals then pair up in the gas phase to 

form ethane (C2H6), finally dehydrogenated to form 

ethylene (C2H4). However, this long-lived reaction is 

restricted to economically low C2 yields, primarily for 

reasons that include: (1) A catalyst capable of activating  

CH4 also stimulates Activated C2H6 is generated at a 

similar rate, thus producing a highly thermodynamic 

COx gas stable [6, 7]; (2) Recharge of oxygen sites on 

the drum surface generated by gas-phase oxygen 

sometimes leads to adsorbed oxygen species that 

facilitate COX formation as an undesirable scheme (3) 

In addition, the diffusive dispersion of the bulk lattice of 

oxygen to the oxide surface is usually very slow. It thus 

leads to low overall activity, especially in the absence of 

a potential gas phase (4) flow of oxygen. Methane 

combustion is often high due to the required 

temperature (above 800 °C) of the OCM reaction [8]. 
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Among the various catalysts reported for OCM, 

perovskite (described as ABO3 where A stands for 

lanthanum, alkali, or alkaline earth metals, and B 

denotes transition metal) has been proposed [9, 10]. 

One of the catalysts that confirmed its good catalytic 

activity is SrTiO3, with high C2 selectivity and large CH4 

conversion [11, 12]. However, there have not been 

many studies to clarify the advantages of this type of 

catalyst over simple catalyst systems such as mixtures 

of oxides. Therefore, this study compares catalytic 

properties such as phase composition, surface charge, 

redox properties, and catalytic activity of SrTiO3 and 

CuO-ZnO catalysts under reaction conditions with 

temperatures from 750 to 850 oC is summarized. 

 

Experimental 

 

Materials 

 

Copper nitrate (Cu(NO3)2.3H2O, Sigma Aldrich) and 

zinc nitrate (Zn(NO3)2.6H2O, Sigma Aldrich), Sodium 

hydroxide (NaOH) were employed as metal precursors. 

Ethylene glycol (HOCH2CH2OH, 99.8%), Strontium 

nitrate (Sr(NO3)2, Sigma Aldrich), citric acid (C6H6O8, 

99.5%), Titanium isopropoxide (Ti[OCH(CH3)2]4 97%, 

Sigma Aldrich) were used to prepare SrTiO3. 

 

Preparation of catalyst 

 

CuO-ZnO catalysts were prepared by a conventional 

co-precipitation method. Sodium hydroxide (NaOH) 

was used as a precipitation agent. Firstly, Zinc nitrate 

(14.11g) was dissolved in 100 mL of distilled water. Then 

a suitable quantity of (Cu(NO3)2 was added to the 

above mixture to obtain Solution A, with a molar ratio 

of Cu/ Zn =30%. NaOH (5g) was dissolved in 50 mL o f  

distilled water (Solution B). Solution B was 

simultaneously added dropwise into Solution A, and an 

amount of distilled water was added to give a system 

volume of 200 mL. The mixture was maintained by 

stirring on a magnetic stirrer for one h at 300 pm. The 

resulting precipitate was vacuum filtered, washed with 

distilled water and ethanol 4-5 times, and dried at 90 

°C for 12 h. Finally, the dry sample was pulverized and 

calcined at 900 °C for three h at a heating rate of 3 

°C/min to obtain a CuO-ZnO catalyst. 

Titanium isopropoxide (9.15 mL) was dissolved in 

ethylene glycol (26.9 mL) and stirred at 60 °C for 30 

min to obtain a clear solution. DI water (20 mL) was 

added to titanium isopropoxide and ethylene glycol 

solution stirred at 80 °C for another one h. The solution 

is now cloudy white. After this time, citric acid (25.8 g) 

was added to the solution at 80 °C to give a clear 

solution of yellow color during vigorous stirring. 

Sr(NO3)2 (5.3 g) was added to the above solution and 

continued stirring until a viscous gel was formed. The 

gel was then air-dried at 200 °C for 12 hours, and the 

resulting dry powder was calcined in air at 900 °C for 5  

hours at a rate of 3 °C/min. 

 

Characterization 

 

The crystalline phase of samples was investigated by X-

ray powder diffraction (XRD). XRD patterns were 

obtained by using Bruker Axs D8 Advance XRD-

diffractometer (Germany) with Cu Kα irradiation (40kV, 

40 mA). The morphology of the catalyst was captured 

by Scanning Electronic Spectroscopy (SEM) on 

Novanosem 450 (FEI). The textural properties were 

measured via N2 adsorption/desorption isotherms 

using a Micromeritics (Gemini VII analyzer). The specific 

surface area, pore volume, and pore diameter were 

obtained using the Brunauer-Emmett-Teller (BET) 

method. To determine the reducing capacity of the 

oxide surface and the inhomogeneity of the reducing 

surface, the H2-TPR measurement is used. 

Temperature-programmed oxygen desorption (O2-

TPD) is analyzed to quantify and classify oxygen-

containing groups on the material's surface. The TPx 

method was analyzed using Micromeritics Auto Chem 

II 2920 instrument. 

Measurement of catalytic activity 

 

The catalytic performances of the supported catalysts 

were determined using a continuous flow reaction 

system under ambient pressure. For this purpose, 

catalyst powder (200mg) is granulated with 250 ÷ 450 

µm under compressor pressure and placed between 

quartz reactor (370 mm height, 5 mm ID). A gas 

mixture of methane (CH4), oxygen (O2), and nitrogen 

(N2) was introduced to the reactor after passing 

through a mixer, and the total flow of this gas mixture 

was fixed at 105mL/min, corresponding to a gas-hourly  

space velocity (GHSV) of 50,000 h−1 determined at 25 

°C and 1.5 bar pressure. Catalysis was performed under 

a gas mixture of CH4, O2, N2, in which molar ratio 
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(CH4)/(O2) = 4/1 (mol/mol). The reaction was at 850 oC, 

900 oC, 950 oC, and reaction products were analyzed 

GC online coupled with Thermo Conductivity Detector 

and Flame Ionized Detector on TRACE GC ULTRA 

system. 

The conversion of CH4 was defined as: 

        Conv (%) = %100
4

44 
−

totalCH

CHtotalCH

A

AA  

Where: Conv (%): Conversion of CH4 

            ACH4total: Area of bypass peak of CH4 

            ACH4: Area of the remained peak of CH4 after 

the reaction 

Concentrations of C2H6, C2H4 

              CC2Hx  

Where:  C*C2Hx is the concentration, and A*C2Hx is the 

corresponding peak area of the standard gas flow C2Hx 

Concentrations of COx: Determined through a 

standard curve between the concentration and the 

area of the corresponding GC peak 

C2Hx selectivity (%): 

                  CC2Hx = x 100%  

 

Results and discussion  

 

Characte rizat ion of  sample s

 

Figure 1: XRD pattern of SrTiO3, CuO-ZnO catalysts 

The X-ray diffraction patterns of the SrTiO3 catalyst 

sample synthesized by the sol-gel and CuO-ZnO by 

the co-precipitation method are shown in Figure 1. The 

results show that in the SrTiO3 sample, the diffraction 

peaks at 2θ angle are 22.76°, 32.38°, 39.94°, 46.46°, 

52.4°, 57.74°, 67.78°, 72.5°, 77.12° and correspond to 

the crystal planes (100), (110), (111), (200), (210), (210), 

(211), (220), (300), (310). The observed peak positions 

and diffraction pattern matches with the JCPDS (Card 

No: 01-084-0443) data of SrTiO3 compound having 

space group Pm-3m, which indicates the single phased 

cubic perovskite structure of the prepared compound 

[13].   

For the CuO-ZnO sample, there are CuO feature 

planes with characteristic peaks at 2θ angles of 32.8o, 

35.5o, 38.8o, 48.7o, 52.6o, 58.4o, 61, 6o, 66.2o, 68.1o, 

72.5o, 75.2o, corresponding to (110), (002), (200), (-202) , 

(020), (202), (-113) [14]. Furthermore, ZnO of the 

diffraction peaks at 2θ is 31.74° (100), 34.34° (002), 

36.16° (101), 47.56° (102), 56.54° (110), 62.82° (103), 

66.48° (200), 67.96° (112), 69.02° (201) represent 

hexagons of the wurtzite structure of ZnO, following 

JCPDS (Card No: 36 -1451) [15,16]. The peaks are pretty  

sharp, indicating that the samples have good 

crystallinity and no impurities. 

Table 1: BET analysis of SrTiO3 and CuO-ZnO 

Adsorbent 
BET Specific Surface area 

(m2/g) 

SrTiO3 16.0 

CuO-ZnO 0.76 

Table 1 shows that the SrTiO3 sample has a significantly  

higher surface area than CuO-ZnO when setting the 

value up to 16 m2/g. This may be due to sintering on 

the oxide surface due to the sample heating 

temperature at 900 °C on a CuO-ZnO sample. 

The SEM images show that the crystal structure of 

SrTiO3 (Figure 2) is irregular. These crystals are rod-

shaped with a length of 1-3 µm. The bottom diameter 

is about 0.5 µm. For CuO-ZnO, the crystalline particles 

have irregular cubic structures, size from 1-5 µm; The 

particles seem to aggregate with some other particles 

(the boundaries between the crystals were still 

observed) to create larger blocks. This may be due to 

the sintering taking place on the surface. To cause 

severe degradation of the specific surface of the 

catalyst, this is in agreement with the specific surface 

measurement results in Table 1. 
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Figure 2: SEM image of SrTiO3, CuO-ZnO 

 
Figure 3:  H2-TPR profiles of the catalysts 

Table 2: Quantification of H2 consumption by peak 

integration of H2-TPR profiles of SrTiO3 and CuO-ZnO 

Sample 

The temperature 

at Maximum 

(°C) 

Quantity 

(mmol/g) 

CuO-ZnO 

196 0.83 

263 1.5 

337 0.69 

540 1.31 

SrTiO3 575 6.58 x10-2 

To analyze the extent of reduction in the as-prepared 

SrTiO3 and CuO-ZnO, temperature-programmed 

reduction (TPR) was performed in the same H2 flow 

over 100 mg of the material. The signal corresponding 

to H2 consumption is plotted against temperature and 

shown in Figure 3. CuO-ZnO showed two reduction 

peaks recorded at about 196 and 263 °C, 

corresponding to the reduced CuO and Cu2O [17]. 

Furthermore, the remaining two peaks at 337 oC and 

540 oC can reduce Cu 2+ to Cu+ and Zn2+ to Zn [18]. 

The lower reduction temperature exhibited by 30% 

CuO-ZnO is a clear indication of the enhanced 

reduction potential of the CuO and ZnO species. For 

sample SrTiO3 without reduction peak was recorded at 

temperatures below 400 oC. However, broad wide, and  

the small peak is seen in the temperature range of 

500–700 °C, indicating a small, reducing capacity of 

the material. The only possible reduction in this system 

is the reduction of titanium (Ti4+ → Ti3+) with 

simultaneous removal of oxygen from the perovskite 

structure [19].  

Table 2 shows that the H2 quantification ion on the 

CuO-ZnO sample is superior to that of SrTiO3. This 

shows that the reducing property of CuO-ZnO is better 

than that of SrTiO3. 

 

Figure 4: NH3-TPD profiles of the catalysts 

There are an unique feature in NH3-TPD temperature-

program gram desorption) patterns of SrTiO3 and 

CuO-ZnO, as illustrated in Figure 4. The NH3 

desorption peak was detected at a temperature lower 

than 200 oC on SrTiO3, which infers that some weak 

acidic sites are present on the catalyst surface. On the 

other hand, no peak was recorded on CuO-ZnO, 

proving that no acidic sites are available on this 

catalyst. 
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Figure 5: O2-TPD profiles of the catalysts 

The temperature-programmed desorption of O2 (O2-

TPD) was performed to probe the active surface sites 

of the catalysts for oxygen adsorption/desorption. The 

results represent an O2 loss peak at over 800 oC on 

CuO-ZnO, and no peak was recorded for SrTiO3. This 

can be thought of as lattice oxygen loss (O lat), the 

mighty chemisorbed O- escaping from the copper 

cations [20]. This means that it exhibits better O lat 

mobility on the CuO-ZnO sample than the other 

catalyst. 

Bandgap energy is defined in Figure 6. The results 

show that the sample SrTiO3 has an energy value of 

3.18 eV, and CuO-ZnO is 2.65 eV. These values are all 

lower than the bandgap energies of ZnO (3.25 eV), 

TiO2 (3.3 eV), which are attributed to the formation of 

oxygen vacancies on the catalyst surface, leading to 

the shift of light absorption peaks in the UV region 

(corresponding to enormous bandgap energy) to the 

visible light region (lower bang energy region) [21 ]. 
This could be because both catalysts have oxygen 

vacancies. However, there is not enough basis to 

compare this amount, the ability to create oxygen 

vacancy present between the two catalysts. 

                    

Figure 6: The bandgap energy of the catalysts 

Catalytic activity 

 

The catalysts were employed for the OCM reaction in 

the temperature range from 700 to 800 oC. The results 

in Figure 7 show that the reaction temperature has a 

great influence on the activity of the catalyst. As the 

reaction temperature increased, the CH4 conversion of 

the catalyst samples increased rapidly. In which CuO-

ZnO (increasing from 15% to 30%) is always higher 

than SrTiO3 (8% → 15%). As for the selectivity of the 

C2H4 product, it is interesting that the CuO-ZnO 

catalyst produces mainly COx. Nevertheless, there is a 

tendency to collect more C2 products as the 

temperature increases. It is possible that the optimum 

temperature point for obtaining product C2 for this 

catalyst is above the rated temperature range. For 

SrTiO3 this value is about 0.8% at 800 oC. This result is 

consistent with the characteristic properties of H2-TPR 

and O2-TPD of CuO-ZnO catalyst because they exhib i t  

strong reducing and oxidizing properties leading to 

deep oxidation of CH4 to CO2 in the investigated 

temperature range.  

In previous studies, the proposed mechanism for OCM 

reaction usually involves the formation of methyl 

radicals (CH3*) via hydrogen abstraction from the 

methane by the active surface oxygen species available 

on the oxide catalyst surface [22, 23]. The methyl 

radicals then couple in the gaseous phase to form 

ethane (C2H6) which finally dehydrogenates to form the 

ethylene (C2H4). Indubitably, the concentration of the 

oxygen vacancy (Ovac) of oxide catalysts, especially at  a  

high temperature, can be translated directly to the 

abundance of its lattice oxygen coupled with how 

readily available they are for reaction. Consequently, 

efficient OCM catalysts should have a high 

concentration of oxygen vacancy at temperatures 

typical of OCM reaction. From the UV-vis results, it can 

be shown that Ovac can exist on both catalysts, but the 

C2H4 formation efficiency of CuO-ZnO is extremely low  

compared to that of SrTiO3. It is possible that besides 

the high selectivity for COx on the CuO-ZnO sample, it 

may also be influenced by the minimal surface area of 

this catalyst. This leads to the limitation of the number 

of oxygen vacancies and the ability of the material to 

contact the catalyst. 

The mixture of product C2 after reaction at 800 oC was 

analyzed by the GC system and compared the amount 

of product of C2H4 with C2H6, and the results are 

shown in Figure 8. The two samples present that the 

product ratio of C2H4 is much higher than that of C2H6 .  

At the same time, CuO-ZnO gives this ratio higher 
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(84%) than SrTiO3 (69%). This may be due to the 

strong redox properties of CuO-ZnO and the existence 

of weak acid sites on SrTiO3 through NH3-TPD analysis, 

leading to the reduction of C2H6 to C2H4. 

 

 
Figure 7: Catalytic activities of catalysts for the OCM 

reactions in the presence of oxygen 

 

The SrTiO3 catalyst in Figure 9 was pre-reacted 

granules with sizes from 250 ÷ 450 µm, and the 

reaction was carried out. Interestingly, after the 

reaction appeared a black layer that partially covered 

the catalyst, there may have been coke formation on 

the catalyst surface. This is consistent with the results of 

NH3-TPD when on the surface of the SrTiO3 catalyst, 

there are weak acid centers, which will promote the 

de-hydrocarbons to form coke. 

 
Figure 7: Compare the ratio of products C2H4 and C2H6 

in a mixture of products C2 

 

Figure 8: SrTiO3, CuO-ZnO catalyst before and after 

the reaction 

 

Conclusion 

 

SrTiO3 and CuO-ZnO samples were prepared and 

characterized to understand their properties. The 

formation of delicate crystalline phases is shown on the 

XRD of the two samples. However, due to the influence 

of sintering, the specific surface of CuO-ZnO is smaller 

than that of SrTiO3, thereby reducing the active sites as  

well as the contact with the material gas.  

The results showed that conversion the rate in the 

SrTiO3 sample was high (about 35%) at 850 oC, and 

form the product C2H4 with an yield of 0.12%. There 
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are an unique feature in NH3-TPD (temperature-

program gram desorption) patterns of SrTiO3 and 

CuO-ZnO, as illustrated in Figure 4. The NH3 

desorption peak was detected at a temperature lower 

than 200 oC on SrTiO3, which infers that some weak 

acidic sites are present on the catalyst surface. On the 

other hand, no peak was recorded on CuO-ZnO, 

proving that no acidic sites are available on this 

catalyst. 

The SEM images also record sintering on CuO-ZnO, 

with the recorded structure of SrTiO3 being mostly 

rod-shaped. The reduction and mobility of oxygen in 

the catalyst were also investigated through H2-TPR and  

O2-TPD, showing the superiority in the CuO-ZnO 

sample when the reduction peaks and O2 depletion 

appeared, respectively. 

Moreover, this may be why the product of choice for 

the OCM reaction in this catalyst sample is CO x. In 

addition, coke formation on the SrTiO3 catalyst was 

also noted, possibly as a by-product of the process 

due to weak acidic sites on SrTiO3 by NH3-TPD 

analysis. The proportions of products C2H4 and C2H6 

were also considered; the results showed that a large 

proportion of products skewed towards C2H4. 
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