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Abstract

:

A series of La2O3 nanorod catalysts with doping of active metal ions (Li, Mg, Zn and Ce) were synthesized successfully by the hydrothermal method. The La2O3 nanorods show a uniform size with the length of 50–200 nm and the width of 5–20 nm, and the {110} crystal facet is a preferentially exposed surface. The active metal ions (Li, Mg, Zn and Ce) doped into the lattice of La2O3 nanorods enhance the selectivity of the desired products during oxidative coupling of methane (OCM) and decrease the reaction temperature. Among these catalysts, the Mg-La2O3 catalyst exhibits the best catalytic performance during the OCM reaction, i.e., its selectivity and yield of C2 products at 780 °C is 73% and 21%, respectively. The effect of doped metal ions on catalytic activity for OCM was systematically investigated. Insight into the fabrication strategy and promoting factors of the OCM reaction indicates the potential to further design a high-efficient catalyst in the future.
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1. Introduction


Low-carbon hydrocarbons, such as ethylene and propylene, are important high-value-added basic chemical raw materials, which are applied widely to produce chemical products (plastics, fibers and rubbers) [1]. The technical routes of low-carbon olefins that originated from naphtha resources are increasingly limited by the depletion of oil resources. Thus, there is a severe demand to exploit and develop the route of synthesizing low-carbon olefins from non-petroleum resources for ensuring the efficient utilization of natural energy and resources. With the large commercial development of shale gas, the catalytic conversion of CH4 (main composition of shale gas) into low-carbon olefins is a very promising technical route, which can be divided into the indirect and direct routes [2]. The indirect pathway (CH4 –› syngas –› low carbon olefin) with long processes needs high energy and feed consumption [3]. The oxidative coupling of methane (OCM) with oxygen into low-carbon olefins is an ideal route to achieve the direct conversion [4,5]. However, it is difficult to find the catalyst of high efficiency to achieve the high CH4 conversion into low-carbon olefins.



A series of high-efficient catalysts for the OCM reaction have been designed and fabricated, such as Na-W-Mn oxides [6,7], Li-MgO [8], ABO3 perovskite-type oxides [9], rare earth oxides [10] and so on [11,12,13]. Among the catalysts, Na-W-Mn-based catalysts have high catalytic performance during the OCM reaction process, and its yield of ethane and ethylene (C2) products can reach nearly 25% [14]. However, efficient catalytic performances usually need a high reaction temperature (>800 °C), which is accompanied with high energy consumption during the reaction [15,16]. For Li-MgO catalysts, they have also exhibited outstanding catalytic performance during the OCM reaction, but their catalytic stability was limited by the sintering and volatilization of the surface active Li component [17]. It is worth noting that the rare earth oxide catalysts have high catalytic activity for the OCM reaction at relatively low temperatures [18]. For example, La-based oxide with nanorod morphology showed high catalytic activity for OCM and even under low temperature conditions of 450 °C [2]. Thus, it is hopeful that the La-nanorod oxide will further improve catalytic performance for the OCM reaction. Among the typical alkaline earth metal, transition metal and rare earth metal, the elements with suitable oxidation capacity were chosen to test the oxidative coupling performance. The preferentially exposed {110} facet possesses lower atomic density, which reduces the amount of medium-strength basic sites (La3+–O2− pairs). The introduction of metal ions can further adjust the number of surface oxygen species. Therefore, the catalysts with appropriate surface oxygen species possess suitable oxidation ability to improve C2 selectivity and avoid the deep oxidation.



The understanding of the catalytic mechanism is the top priority to research OCM catalysts. The processes of the OCM reaction consist of two parts, heterogeneous and homogeneous reaction [19]. The heterogeneous reaction process includes adsorption and activation steps of gaseous CH4 and O2, and the C–H bond of CH4 is activated and broken. Four carbon-containing species (CH3, CH2, CH, C) would form during the C–H break processes. These carbon-containing species adsorbed on reaction sites can generate carbon-containing compounds by couple reactions or reacting with surface O species to form oxygen-containing hydrocarbons (alcohols, aldehydes, ketones, acids, etc.), carbon deposition, CO and CO2. The homogeneous reaction process includes the coupling of various carbon-containing free radicals separated from the surface of catalyst to generate hydrocarbons (alkanes, alkenes, alkynes, etc.), or the reaction of carbon-containing free radicals with O2 to generate CO and CO2 products [20]. Multi-carbon alkanes are adsorbed and activated on the surface of catalyst, and then undergo a dehydrogenation (oxidation or oxygen-free) reaction to generate the olefins. For example, the CH3· formed on the surface of the catalyst is desorbed and coupled into C2H6, and it is further adsorbed and dehydrogenated to produce C2H4. C2H4 is the secondary product of the ethane dehydrogenation reaction, which is an important reaction pathway in the OCM process. In addition, the by-products can be further introduced into C–C coupling to form carbon-containing compounds. Thus, the degrees of C–H bond dissociation and C–C bond coupling are the key controlling factors for enhancing single-pass yield of the OCM reaction [21,22]. In addition, the surface alkaline is usually related to the generation of C2 products [23]. There is a demand to improve the surface alkaline density of the catalysts for CH4 conversion into target products. Metal oxide components can act as the active center for the OCM reaction catalyst [24,25]. By introducing low-valent ions into the lattice of La2O3, the oxygen vacancies and surface alkaline density can affect the charge distribution in oxide, which results in promoting the formation of C2 products. [26,27] Thus, the selectivity for C2 products could be improved, and the performance of OCM reaction would be enhanced.



Herein, a series of the catalysts of metal ions (Li, Mg, Zn, Ce) doped into La2O3 nanorods were prepared by the hydrothermal method, which are abbreviated as X-La2O3 (Li-La2O3, Mg-La2O3, Zn-La2O3 and Ce-La2O3). The surface of X-La2O3 catalysts preferred the exposed {110} crystal facet, which has a loose atomic arrangement and is beneficial to the activation of the reactant gases (CH4 and O2) [28]. The doping of metal ions into La2O3 nanorod can remarkably enhance the catalytic performance of OCM, and the doped metal ions into the La2O3{110} facet are crucial for C2 production. Among the catalysts, the Mg-La2O3 catalyst has the best catalytic performance for the OCM reaction. The catalytic mechanism of X-La2O3 catalysts for OCM was proposed. The understanding of controlling the catalytic cleavage of C–H bonds is beneficial for further developing high-performance OCM catalysts.




2. Results and Discussions


2.1. XRD Patterns


The crystal structures of the La2O3 and X-La2O3 catalysts were correlated with the catalytic activity of OCM. To confirm the formation and phase structure of the La2O3 and X-La2O3 catalysts, the XRD patterns are shown in Figure 1. The Bragg diffraction peaks (2θ) located at 20–60° can be matched to the (100), (002), (102), (110), (103) and (112) face of the La2O3 nanorod. The XRD diffraction peaks of all the catalysts are matched with the hexagonal phase of La2O3 by referring to the standard PDF card (PDF# 05-0602). In addition, the diffraction peaks centered at 44.5° are La2O2CO3 (JCPDS 84-1963), which is assigned to the hexagonal phase structure. It is attributed to the transformation of La2O3 to La2O2CO3 partially during the calcination processes, which can improve the ability to resist carbon deposition. In the process of the high-temperature reaction, La2O2CO3 will react with carbon on the surface to form La2O3 if trace carbon deposition is produced. It is worth noting that, after the introduction of doped metal ions, the XRD patterns of X-La2O3 catalysts are identical to that of the La2O3 nanorod. The characteristic diffraction peaks in the catalysts are matched with the La2O3 phase, while the characteristic diffraction peaks assigned to the doped metal ions are not observed. It indicates that the metal ions (Li, Mg, Zn, Ce) can be doped into the lattice of the La2O3 nanorod, and they have high dispersion on the surface of the La2O3{110} facet at the atomic scale via the one-pot hydrothermal method. The Debye–Scherrer equation was used to calculate the average crystallite sizes (D) of the La2O3 nanorod, which is estimated using the half-height width of (104) the diffraction peak of the La2O3 nanorod, [29] and the results are shown in Table 1. After the introduction of doped metals ions into the La2O3 nanorod, the sizes of crystallite have not obviously changed. It suggests that the structure of the X-La2O3 catalysts is well maintained.




2.2. Raman Spectra


The UV-Raman spectra are used to further investigate the surface crystal structures of La2O3, Li-La2O3, Mg-La2O3, Zn-La2O3 and Ce-La2O3 catalysts; the results are shown in Figure 2. The Raman shifts that appeared at 289, 349 and 459 cm−1 are assigned to the La-O lattice vibration of the hexagonal La2O3 phase, and the Raman shift at 1073 cm−1 is attributed to the surface CO32− species, which is in accord with XRD. After the introduction of doped metal ions, there is no obvious difference in the four main Raman peaks. It suggests that the effect of doping metal ions on the phase structure of the hexagonal La2O3 nanorod can be negligible. However, it is worth noting that for the Mg-La2O3 and Ce-La2O3 catalysts, there is one new Raman peak centered at 372 cm−1, which is assigned to the formation of carbonate species on the surface of the catalysts. The Raman peak centered at 1073 cm−1 also blue shifts to 1088 cm−1 and the height has clearly increased. It indicates that the doped Mg and Ce ions into La2O3 is beneficial to CO2 adsorption. [30,31] It is crucial to boost the generation of surface CO32− species during the catalytic OCM reaction [32]. Thus, the Mg-La2O3 catalyst has potential to promote the catalytic performance for the OCM reaction.




2.3. SEM Images


Figure 3 shows the SEM images of the La(OH)3, La2O3 and X-La2O3 catalysts. As shown in Figure 3a, the La(OH)3 nanorods synthesized by the hydrothermal method show the diameter of 5–20 nm and the length of 50–200 nm. The SEM images of La2O3 nanorods obtained by the calculation are shown in Figure 3b. The La2O3 sample shows the perfect nanorod morphology, which is similar with the before calcined La(OH)3. It suggests that the dehydration process of La(OH)3 at 800 °C in air has not damaged its nanorod structure. The SEM images of the X-La2O3 catalysts with the same doping amount of 2 wt% are further shown in Figure 3c–f. After the introduction of doped metal ions (Li, Mg, Zn, Ce), the nanorod-shaped structure of the X-La2O3 catalysts is maintained, indicating that the nanorod structure of La2O3 has high thermal stability, and the doped metal ions have no effect on the shape structure of the La2O3 nanorod. The uniform nanorod structure of the catalysts is beneficial to investigate the role of doped metal ions in X-La2O3 catalysts during the catalytic OCM reaction.




2.4. TEM Images


The TEM technology is used to further investigate the microstructures of the catalysts, and the TEM images of pure La2O3 and typical Mg-La2O3 catalysts are shown in Figure 4. As shown in Figure 4a, the La2O3 sample shows uniform nanorod morphology. It is in accord with the SEM image with the diameter of 5–20 nm and length of 50–200 nm. The HRTEM image of the La2O3 sample shown in Figure 4b is used to further study the crystal structure. One La2O3 nanorod shows the clear lattice fringes, and its interplanar crystal spacing is 0.20 nm, which corresponds to the characteristic lattice fringe width of {110} crystal facets. It suggests that the main exposed crystal facets of the La2O3 nanorod are {110} crystal facets. It has been found that the {110} crystal facets of the La2O3 nanorod with low surface density of exposed La atoms are an active surface for the activation of reaction gases [1]. Therefore, the selectively exposed active {110} crystal facets would enhance catalytic performance of OCM reaction. After the introduction of doped metal ions (Li, Mg, Zn, Ce), the Mg-La2O3 catalyst shows the perfect nanorod-shaped structure in Figure 4c, indicating that the doping of metal ions has not affected the structure of the La2O3 nanorod. As shown in Figure 4d, the Mg-La2O3 catalyst exhibits the clearly lattice atoms of the La element, while the doped Mg atoms have not been observed, suggesting that Mg ions show single atomic dispersion into the lattice of the La2O3 nanorod. The images of other catalysts with doped metal ions are shown in Figure S4. The elemental analyses of catalysts were further demonstrated by the HAADF-STEMEDS mapping, and the results are shown in Figure 5. The yellow regions indicate the dispersion of La elements, and the red regions indicate the dispersion of O elements. The orange, purple and green regions are assigned to the dispersion of Mg, Zn and Ce elements, respectively. It is clearly revealed the existence and distribution of doped metal ions, La and O elements over the surface of La-based oxide nanorods. All the elements overlap at the same part, indicating that the dispersion of doped metal ions is highly uniform on the surface of La2O3. It is direct evidence to confirm the existence of doped metal ions in X-La2O3 catalysts. The doped metal atoms show single atomic dispersion into the lattice of the La2O3 nanorod. It is conducive to investigate the role of atomic metal sites on the surface of the La2O3{110} facet during the catalytic OCM reaction.




2.5. H2-TPR Profiles


Figure 6 shows the H2-TPR profiles of the catalysts to test their redox property. The H2-TPR profile of the La2O3 catalyst has not consumed H2 at 300–800 °C, indicating that the La2O3 nanorods have a poor redox property [33,34]. After the introduction of doped metal ions (Li, Mg, Zn and Ce), the X-La2O3 catalysts exhibited two peaks of H2 consumption at 300–800 °C, indicating that the doped metal ions can promote the redox property of catalysts. For X-La2O3 catalysts, one H2 consumption peak was observed at a low reduction temperature (470–580 °C), which is assigned to the reduction of the doped metal oxides or active oxygen species of catalysts located at the X-La2O3 interfaces [35]. Compared with the Li-La2O3 and Ce-La2O3 catalysts, the reduction peaks of Mg-La2O3 and Zn-La2O3 catalysts shift to near ~460 °C, and its proportion also decreases slightly. Among the doped catalysts, the lowest reduction temperature of the Mg-La2O3 catalyst is at 461 °C. In addition, the X-La2O3 catalysts show one reduction peak at 650–740 °C, which is attributed to the reduction of the lattice oxygen species originated from the doping of metal ions into the La2O3 nanorod. The doping of metal ions can promote the formation of strong-bonded X-O-La active sites between the metal ions and {110} crystal facets of La2O3 nanorods [36]. Thus, X-La2O3 catalysts provide high redox ability, suggesting good performance for the OCM reaction.




2.6. N2 Adsorption-Desorption Results


The N2 adsorption-desorption experiment is used to test the pore size characteristics and the surface condition of the catalyst. The results of all catalysts are shown in Figure S5. All the catalysts exhibited IV-type N2 adsorption–desorption curve and H3 type hysteresis loop. The relative pressure is 0.8–1 (P/P0). After introduction of the doped metal ions into La2O3, the X-La2O3 catalysts are consistent with the La2O3 catalyst, indicating that the surface areas of X-La2O3 catalysts have not been influenced by the doping of metal ions. In addition, as shown in Table 1, there is no obvious change in the specific surface area (30–40 m2·g−1) and pore volume (0.11–0.16 cm3·g−1) of all the catalysts. It indicates that the doping of metal ions cannot affect the morphology and surface microstructure of La2O3 nanorods.




2.7. XPS Results


To further study the surface element compositions and valence states of the catalysts, XPS was used to characterize the situation. The results of XPS have great correlation with the performance of the catalyst. The XPS peaks of La species in La2O3-based catalysts can be divided into La3d3/2 and La3d5/2 regions. As shown in Figure 7A, the XPS pattern of La3d3/2 in the pure La2O3 nanorod has one main peak with binding energy at 849.8 eV and one satellite peak with binding energy at 853.8 eV. In addition, the La3d5/2 spectra show one main peak with binding energy at 833.2 eV and one satellite peak with binding energy at 835.1 eV, which is assigned to the La3+ species. It indicates the formation of pure La2O3 phase in the as-prepared samples.



After the introduction of doped metal ions, the peak position migrates to high binding energy. For the Li-La2O3 catalyst, the binding energy of La3d5/2 slightly shifts to a higher binding energy at 833.3 eV, which is attributed to the La–O–Li bond vibration between Li and La2O3. [37,38,39] In addition, the positions of XPS peaks over Mg-La2O3 and Zn-La2O3 catalysts have obviously shifted. The binding energy of La3d5/2 over the Mg-La2O3 catalyst migrated to 833.5 eV, and the binding energy of La3d3/2 of Mg-La2O3 catalyst also slightly changed (850.2 eV) in comparison with the pure La2O3 sample (849.8 eV). It indicates that the Mg ion is doped into the lattice of La2O3, and there is an electron transfer from Mg atoms to La atoms [40]. Based on the XPS peak positions of the Mg-La2O3 catalyst, it suggests that Li+, Mg2+, Zn2+, and Ce4+ ions would enter into the lattice gap of La2O3, and the replace sites of the lanthanum ions lead to a large number of electrophilic surface oxygen species [41]. For the Zn-La2O3 catalyst, the XPS peak of the La element is similar with that of the Mg-La2O3 catalyst. The La3d XPS peaks of the Ce-La2O3 catalyst have no obvious change compared with that of pure La2O3. The result may be attributed to the fact that that the Ce nucleus has a similar atomic radius with the La atom, and the binding of electrons is uniform, so that the binding energy does not change significantly.



In order to further study the active oxygen species of X-La2O3 catalysts, the XPS profile of O1s is shown in Figure 7B. The four different types of oxygen species in the catalysts constitute the asymmetric O1s spectra [22]. The binding energies at 529.4, 530.6, 531.6 and 532.4 eV are attributed to the lattice oxygen species (O2−), chemisorbed oxygen species (O2−), surface oxygen species (O22−/O−) and oxygen-containing contaminant (CO32−), respectively. The proportions of oxygen species are shown in Table 2. Combined with the catalytic performances of the catalyst, the surface oxygen species in the catalyst are related to the selectivity of the catalyst. [42,43] After the introduction of doped metal ions (Mg and Zn), the surface oxygen contents of Mg-La2O3 and Zn-La2O3 catalysts are obviously higher than the other catalyst. The order of the surface oxygen content values is as follows: Mg-La2O3 (63) > Zn-La2O3 (25) > Li -La2O3 (13) > Ce-La2O3 (13) > La2O3 (12). It suggests that doping metals can effectively improve the chemical environment of oxygen species in the La2O3 catalyst. Thus, the doped metal ions in the La2O3 nanorods should bear a positive charge, indicating that doping metals can effectively improve the chemical environment of oxygen species in the La2O3 catalyst. For example, the doped Mg cation into the La2O3 {110} surface will induce the electron transfer, which involves Mg atoms into Mg2+ ions. The excess electrons will be distributed throughout the whole catalyst, which is less favorable to the localized state. The positive charge of the surface Mg cation on the Mg-La2O3 catalyst is conducive to improve the capability of adsorption and activation for gaseous oxygen, which is helpful for the formation of surface oxygen species. In addition, the surface alkalinity of the catalyst is also beneficial to the selectivity of the catalyst, [44] and the content of CO32− can indicate the surface alkalinity of the catalyst. The Mg-La2O3 catalyst has the highest carbonate content, which has the potential to improve the selectivity of the catalyst for the OCM reaction. The binding energy of doped metal ions are shown in Figure S6, indicating that the active metal is well doped into the La2O3 nanorod. To obtain accurate binding energy, the binding energy of C1s was used to make corrections in Figure S7.




2.8. Catalytic Performances


Figure 8 shows the catalytic performances of La2O3 and X-La2O3 catalysts for the OCM reaction at 500 to 800 °C. The FID detector records the C2 products (ethane and ethylene) and the gas chromatograph provides the amounts. The data error of the measured CH4 conversion and C2 selectivity is within 1.0 and 2.0%, respectively. As shown in Figure 8A, the CH4 conversion rate of pure La2O3 is highest with the Li-La2O3, Mg-La2O3, Zn-La2O3 and Ce-La2O3 catalysts. After the introduction of active doped metals, the excess oxidation of CH4 over the catalysts decreases significantly, indicating that the doping of metal ions affects the activation of CH4 and reduces the conversion of CH4. The La2O3 catalyst shows the highest CH4 conversion rate (45%), while the catalyst with other doped metal ions is only close to 30%. It is well known that the OCM reaction takes place at a high temperature, and the chemisorbed oxygen species can oxidize CH4 directly to CO2. Based on the catalytic performances for the OCM reaction, it is revealed that the catalysts of metal ion (Li, Mg, Zn, Ce) doped La2O3 nanorods exhibit a lower CH4 conversion than the pure La2O3 catalyst, while their catalytic selectivity for C2 products evidently increases. It is attributed to the fact that that the exposed {110} facet of the La2O3 nanorod possesses lower atomic density, and the introduction of doped metal ions can further adjust the content surface oxygen species. Thus, the catalysts with appropriate surface oxygen species can improve the C2 selectivity and avoid deep oxidation. The activation of C–H in the CH4 molecule is the rate-controlling step of the OCM reaction. The catalytic selectivity of the catalyst determines methyl radicals, which quickly coupled to produce light olefins (from deep oxidation). With the introduction of doped metal ions into the La2O3 lattice, the active oxygen species can promote the dissociation of the C–H bond. With the increase in the temperature (>700 °C), the CH4 conversion increases significantly. Unfortunately, the high CH4 conversion alone is not representative of the high catalytic performance of the catalyst. The deep oxidation of CH4 is a major problem [45]. Lowering the temperature for the OCM reaction is not only to reduce energy consumption, but also to improve the utilization ratio of the products [46].



The catalytic selectivity of C2 products (ethane and ethylene) over the catalysts for OCM was investigated at temperatures ranging from 500 to 800 °C, and the results are shown in Figure 8B. With the increase in the reaction temperature, the selectivity of the C2 products first increases and then decreases, and it reaches the maximum at 760 °C, indicating that the temperature is the optimum reaction condition for the catalytic OCM reaction, and the higher temperature can decrease the performance of the catalysts. If the temperature is decreased again, the CH4 conversion and the selectivity of C2 products will be restored. The pure La2O3 catalyst shows relatively low selectivity of C2 products, i.e., its value is just 30%. Thus, although the pure La2O3 catalyst has high CH4 conversion, its selectivity of C2 products is low, which is attributed to its lack of redox properties demonstrated by H2-TPR. The CH4 over the La2O3 catalyst is deep oxidized to CO2 and CO, rather than producing the target product with C–C bond coupling [47]. Thus, the selectivity of pure La2O3 is remarkably lower than that of other catalysts.



Among the prepared catalysts, the Mg-La2O3 catalyst exhibits excellent selectivity for the OCM reaction, which is related to the promotion effect of doped Mg ions. The Mg-La2O3 catalyst requires higher temperatures to improve the catalytic performance for OCM. At the temperature range <700 °C, the selectivity of C2 products over the Mg-La2O3 catalyst is low and the main products are CO2 and CO. With the increase in the temperature (>700 °C), its catalytic performance for OCM increases very rapidly, and the maximum selectivity of C2 products (78.4%) over the Mg-La2O3 catalyst is obtained at 760 °C. Combined with the results of XPS, it is revealed that the chemisorbed oxygen species (O2−) lead to deep oxidation with CH4, and surface oxygen species (O22−/O−) improve coupling of the C–C bond. Thus, the active sites for the absorption and conversion of CH4 and O2 will change with the introduction of doped metal ions, and they can be affected by the reaction temperature. The catalytic performances of all the catalysts for the OCM reaction decrease with the increase in temperature (>760 °C). [48,49] It is also noted that the Ce-La2O3 catalyst shows high the selectivity of C2 products at relatively low temperatures (<650 °C). La2O3 combined with the Ce component can markedly improve catalytic performance of the OCM reaction, which is better than that of the pure phase of La2O3. It is suggested that there are many active oxygen species that exist in the Ce-La2O3 catalyst. The active oxygen species is helpful to boost catalytic performance for the OCM reaction at low temperatures. With the increase in the temperature (>680 °C), the performance of the Ce-La2O3 catalyst for the OCM reaction has not decreased, suggesting that the Ce-La2O3 catalyst has higher stability than that of other catalysts.



The yields of C2 products are obtained by the product of conversion and selectivity at the same temperature, which is one of the most important evaluation indicators during the catalytic OCM reaction. One blank test (no catalyst) was performed on the blank tube loaded with quartz sand, and it was observed that the CH4 conversion is close to 0%, and C2 products were not obtained in the range of 500–800 °C, indicating that the conversion of CH4 to C2 products is dependent on the presence of the catalyst. Figure 8C exhibits the yields of C2 products over the La2O3 and X-La2O3 catalysts. Among the prepared catalysts, the Mg-La2O3 catalyst shows the largest yields of C2 products during the OCM reaction, and its value at 780 °C is 21%. In Table 3, the yields of C2 products over the Mg-La2O3 catalyst at 760 °C is 19% during the catalytic OCM reaction. As shown in Figure 8C, the ignition temperature of C2 yield over all the catalysts is 620 °C, and the catalytic performances are improved with the rising temperature. The maximum C2 yield of the other catalysts was close to 18% (pure La2O3, Li-La2O3 and Zn-La2O3), which is lower than that of the Mg-La2O3 catalyst. However, it is worth noting that at relatively low temperatures, the Ce-La2O3 catalyst shows the largest yields of C2 products during the OCM reaction. For example, the C2 yield at 680 °C is approximately 10%, which is in accord with the results of H2-TPR. It indicates that the doping of metal ions into the La2O3 nanorod can enhance the catalytic performance for the OCM reaction, especially for boosting the selectivity and yield of C2 products [50,51]. Although the yields of the desired products over X-La2O3 catalysts are similar with that of the La2O3 catalyst, the consumption amounts of CH4 decrease obviously because of the high selectivity of the desired products, which improve the utilization efficiency of CH4 molecules and avoid the waste of CH4 molecules caused by deep oxidation reactions [52]. It is crucial to improve the economic efficiency of the OCM reaction in practice.



The stability of the catalysts is also important during the OCM reaction. The catalysts were further examined under the conditions of the OCM experiments for 15 h at 760 °C, and the results are shown in Figure S8. The Mg-La2O3 catalyst had good activity during 15 h of the OCM tests, and its CH4 conversion, C2 selectivity, and yield values were almost unchanged. It indicates that the Mg-La2O3 catalyst has high catalytic stability during the OCM reaction. In addition, the SEM and TEM images of the Mg-La2O3 catalyst used for 15 h during the OCM reaction are shown in Figures S9 and S10, respectively. It is noted that the nanorod structure of the Mg-La2O3 catalyst is perfect kept, indicating that the catalyst has high thermal stability.



The reaction mechanism OCM over nanorod X-La2O3 catalysts can be shown in Figure 9. La2O3 nanorods with exposed {110} crystal facets and doped metal can boost the active oxygen amounts by improving adsorption and activation for O2 molecules. Oxygen vacancies derive from electron transfer from metal to La2O3. The activation of the C–H bond in methane was regarded as the rate-determining step in the OCM reactions, and the efficient formation and protection of CH3· intermediates (from excessive oxidation) are largely determined by the catalytic selectivity to hydrocarbon products. In addition, with the introduction of metal components in the La2O3 lattice, the active oxygen species form to promote the hydrogen adsorption, as well as methane dissociation.




2.9. Discussion on the Effect of Doped Metal Ions


The catalytic OCM reaction involves the two reactants of CH4 and O2. The performance of the catalysts for OCM are dependent on the activation property for CH4 and O2 reactants, which is affected by the crystal facets and active oxygen species compositions of the catalysts. Combined with the results of XRD, TEM and catalytic performances, the catalysts with high-proportioned {110} crystal facets have high catalytic conversion rates of CH4, indicating that they can efficiently activate CH4. The {110} facet of the La2O3 nanorods has high energy because of the variations in the basic properties. The La3+ cation in the hexagonal structure of La2O3 is encircled by five oxygen atoms, and the {110} facets comprise few O and La atoms compared with other crystal facets. Thus, the atomic arrangement density of the {110} crystal plane is lower than other crystal planes. The selectivity of La2O3 nanorods for CH4 conversion to C2 products is lower than 40% in the range of 500–800 °C. To further improve the selectivity for C2 products, the surface activity elements (Li, Mg, Zn and Ce) are doped into the lattice of La2O3 nanorods. The catalytic selectivity of the X-La2O3 for OCM is better than that of the pure La2O3. The doping of metal ions show high dispersion into the lattice of La2O3 and do not affect the nanorod structure. With the introduction of the doped metal ions, the redox property of the X-La2O3 catalysts is clearly enhances, as determined by H2-TPR, especially at the low temperatures. It is attributed to the formation of oxygen-anion vacancies induced by the metal ions doped into the lattice of La2O3. As a partial oxidation reaction, the active oxygen species should participate in the coupling of C–C bonds by the activation of the C–H bond to produce methyl radicals. Thus, the surface activity oxygen species are related to the catalytic performance for OCM reaction.



Based on the results of XPS, the doping of low-valence metal ions (Li+, Mg2+, Zn2+) into the La2O3 nanorod can promote the formation of oxygen vacancy to keep the charge balance of X-La2O3 systems, while the doping effect of high-valence metal ions (Ce3+ or Ce4+) on the surface element states can be ignored. The Mg-La2O3 catalyst shows the largest surface ratio value of surface oxygen species, which is attributed to enhancing the mobility of lattice oxygen with exposed {110} crystal facets. Based on the results of O1s XPS, there are two kinds of oxygen species over the La-based catalysts, including O2− and O22−, and the surface intensity of oxygen species will change with the introduction of metal ions (Li, Mg, Zn, Ce) doped into the La2O3 nanorod. The chemisorbed oxygen (O2−) and surface oxygen (O22−/O−) species play different roles in the reaction process. From the results of the catalytic performances for OCM, it is noted that the doping of metal ions can improve the selectivity for C2 products. Figure S11 shows the selectivity of X-La2O3 catalysts for CH4 conversion to C2 products at 760 °C. Among the catalysts, the Mg-La2O3 catalyst shows the largest selectivity for CH4 conversion to C2 products, i.e., its value at 760 °C is 78.4%, which is larger than that of pure La2O3 nanorods (36.7%). It is also found that the Mg-La2O3 catalyst exhibits the lowest conversion of CH4, indicating that the doping of Mg ions can restrain the CH4 conversion into CO and CO2, and boost the coupling of C–C bonds, which results in the largest yield (21%) of C2 products at 780 °C. Combined with the results of XPS and their catalytic performances for the OCM reaction, it is revealed that the chemisorbed oxygen species (O2−) lead to deep oxidation with CH4, and the surface oxygen species (O22−/O−) can improve coupling of the C–C bond. Thus, the CH4 conversion over the catalysts of metal ions (Li, Mg, Zn, Ce) doped La2O3 nanorods is lower compared with pure La2O3 with the relatively higher density of the chemisorbed oxygen species (O2−), which is related to the deep oxidation of CH4. However, the doping of metal ions (Li, Mg, Zn, Ce) is beneficial for increasing the surface oxygen species’ (O22−/O−) density, which is crucial to improving the catalytic selectivity for C2 products. Thus, the Mg-La2O3 catalyst with the highest density of surface oxygen species (O22−/O−) shows the highest selectivity for C2 products.



The selectivity for C2 products improved by the doping of metal ions is also related to the reaction temperature. The Ce-La2O3 catalyst shows good catalytic selectivity for C2 products (T < 680 °C), indicating that the doping of Ce ions enhances the coupling property of the C–C bonds. It may be related to the heat released from CH4 oxidation, which can promote the enhancement of the reaction rate of the OCM reaction [53]. Although the O1s XPS spectrum of the Ce-La2O3 catalyst is similar with that of the La2O3 catalyst, Ce-based oxide has good oxygen storage and release because of the valence alternation between Ce3+ and Ce4+ species. Thus, the Ce-La2O3 catalyst shows relatively high catalytic activity for the OCM reaction at low temperatures in comparison with the La2O3 catalyst, which is related to the Ce-sites for O2 activation. However, with the increase in the reaction temperature, its selectivity for C2 products decreases. Thus, the effect of doped metal ions on the catalytic performance for OCM reaction has optimal reaction temperature conditions, and the doping of metal ions into La2O3 nanorods can promote the catalytic yield of C2 products during the OCM reaction.





3. Experimental Sections


3.1. Catalyst Preparation


For the preparation of all the catalysts in this study, the used reagents are listed in Table S1. La2O3 nanorods with uniform morphology were obtained by the one-pot hydrothermal method. The contrastive La2O3 nanoparticles were shown in Figure S2 and its catalyst performance were shown in Figure S12. The complex oxide catalyst of La2O3 and other metals is then prepared by adding salt solution of active metal. The schematic representation for preparing La2O3 catalysts includes the procedures as follows: the La(NO3)3·6H2O and the corresponding metal salts (Li, Mg, Zn, Ce) were dissolved in deionized water (50 mL) to form the mixed salt solution. The theoretical doping amount of metal ions (Li, Mg, Zn, Ce) was 2 wt%. Then, the prepared NaOH solution was added to mixed salt solution drop by drop and stirred vigorously. Subsequently, the production was placed in the polytetrafluoroethylene autoclave (100 mL), which was heated at 160 °C for 12 h. The products were washed by the distilled water and ethanol, and then the La(OH)3 nanorods were dried at 50 °C. After the La(OH)3 nanorods were calcinated at 800 °C (maintain the La2O3 phase and reduce the influence of volatiles on catalytic performance) for 4 h in air, the samples of X-La2O3 nanorods were obtained. There was no Na1s XPS peak exhibited in the XPS survey spectrum (Figure S3), indicating that Na was completely cleaned. The catalysts were recorded as La2O3, Li-La2O3, Mg-La2O3, Zn-La2O3, and Ce-La2O3, respectively [21]. The synthesis diagram is shown in Figure S1.




3.2. Catalyst Characterizations


The X-ray diffraction (XRD) patterns were acquired at the scanning rate of 4° min−1 in the range of 5–90°. An in Via Reflex Renishaw spectrometer with the excitation wavelength of 325 nm (He-Cd laser) was used to obtain Raman spectra. The field emission high-resolution transmission electron microscope (HRTEM) was applied to observe the morphology and surface microstructure of the catalysts. The surface and pore characterizations of the catalyst were studied by the nitrogen adsorption-desorption method, which were performed on the Micromeritics ASAP 2010 automatic specific surface analyzer. The specific surface areas of the catalysts were obtained by the Brunauer–Emmett–Teller method. The temperature programmed reduction of hydrogen (H2-TPR) reaction was used to explore their redox property. The catalysts were pretreated to remove the oxygen and other active gases adsorbed on the surface of the catalyst at 300 °C for 0.5 h in N2. The H2-TPR tests were performed at a rising temperature rate of 10 °C·min−1 in the 10% H2/Ar. The TCD detector was used to monitor the signals of H2 consumption [22]. X-ray photoelectron spectroscopy (XPS) was applied to determine the electronic state of each component element on the sample surface. The test instrument is produced by Perkin-Elmer, Boston, MA, USA, and the model is PHI-1600 ESCA multi-function tester. The C 1s element in the vacuum chamber is used for the binding energy (284.6 eV) of the calibration and correction of other element peaks.




3.3. Catalyst Activity Evaluation


The activity test of the catalyst was carried out using the micro fixed-bed reactor with a quartz tube (length, 450 mm; inner diameter, 6mm). The thermocouple was used to precisely control the temperature of the reaction bed (500–800 °C). The catalyst (100 mg) was applied to test the catalytic activity under the reactant gas flow (50 mL·min−1, the mole ratio of O2 to CH4 is 1/3). The chromatograph (GC9890B, Beijing, China) with a flame ionization detector (FID) was used to test the outlet gas concentrations of CH4, C2H4 and C2H6. The CH4 conversion (CCH4) and C2H4/C2H6 selectivity (SC2) were calculated by the equations as follows.


   Conversion     %  =         CH  4     0  −     CH  4            CH  4     0    × 100  










   Selectivity     %  =   2    C 2   H 4  +  C 2   H 6            CH  4     0  −     CH  4      × 100  










   Yield     %  = Conversion  %  ×  Selectivity     %  / 100 %  













4. Conclusions


A series of metal ion (Li, Mg, Zn, Ce)-doped La2O3 nanorod catalysts were successfully prepared by the hydrothermal method, which have exposed {110} crystal facets. The exposed {110} crystal facets of La2O3 nanorods play a crucial role in boosting the catalytic activity for OCM. The doping of metal ions can improve the redox properties of the catalyst and increase the active oxygen species amounts. X-La2O3 catalysts exhibit high catalytic activity and selectivity for CH4 conversion to C2 products during the OCM reaction. Among the catalysts, the selectivity (78.4%) and yield (21%) of Mg-La2O3 catalysts for CH4 conversion to C2 products are the largest. The catalytic performance of the catalyst for OCM is dependent on the doping of metal ions into La2O3 nanorods. The X-La2O3 catalysts also exhibit high stability during the catalytic OCM reaction process. Therefore, the research results can not only provide a novel research strategy for metal-doped La-based catalysts, but can also offer a method to develop efficient catalysts for the OCM reaction.
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Figure 1. XRD pattern of the La2O3 and X-La2O3 catalysts. (a) La2O3; (b) Li-La2O3; (c) Mg-La2O3; (d) Zn-La2O3; (e) Ce-La2O3. 
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Figure 2. Raman spectra of the La2O3 and X-La2O3 catalysts. (a) La2O3; (b) Li-La2O3; (c) Mg-La2O3; (d) Zn-La2O3; (e) Ce-La2O3. 
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Figure 3. SEM images of the La(OH)3, La2O3 and X-La2O3 catalysts. (a) La(OH)3; (b) La2O3; (c) Li-La2O3; (d) Mg-La2O3; (e) Zn-La2O3; (f) Ce-La2O3. 
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Figure 4. TEM and HRTEM images of pure La2O3 (a,b) and Mg-La2O3 (c,d) catalysts. 






Figure 4. TEM and HRTEM images of pure La2O3 (a,b) and Mg-La2O3 (c,d) catalysts.



[image: Catalysts 12 00713 g004]







[image: Catalysts 12 00713 g005 550] 





Figure 5. HR-STEM image and HAADF-STEM-EDX element-mapping analyses of La (yellow), O (red), Mg (orange), Zn (purple), Ce (green), (A) Mg-La2O3, (B) Zn-La2O3, (C) Ce-La2O3. 
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Figure 6. H2-TPR profiles of the La2O3 and X-La2O3 catalysts. (a) La2O3; (b) Li-La2O3; (c) Mg-La2O3; (d) Zn-La2O3; (e) Ce-La2O3. 
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Figure 7. XPS spectra of La3d (A) and O1s (B) over the La2O3 and X-La2O3 catalysts. (a) La2O3; (b) Li-La2O3; (c) Mg-La2O3; (d) Zn-La2O3; (e) Ce-La2O3. 
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Figure 8. Catalyst conversion (A), selectivity (B) and yield (C) of C2 products over the La2O3 and X-La2O3 catalysts. (a) La2O3; (b) Li-La2O3; (c) Mg-La2O3; (d) Zn-La2O3; (e) Ce-La2O3. 
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Figure 9. The reaction mechanism OCM over nanorod X-La2O3 catalysts. 
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Table 1. BET surface area, pore size, supported nanoparticle size of pure La2O3 and X-La2O3 catalysts.






Table 1. BET surface area, pore size, supported nanoparticle size of pure La2O3 and X-La2O3 catalysts.





	Sample
	SBET/m2·g−1
	Dp/nm
	Vp

/cm3·c−1
	DSEM

/nm
	LSEM/nm





	La2O3
	37
	8.6
	0.12
	10 ± 5
	150 ± 20



	Li-La2O3
	35
	9
	0.14
	10 ± 5
	150 ± 20



	Mg-La2O3
	32
	9.2
	0.16
	10 ± 5
	150 ± 20



	Zn-La2O3
	33
	8.8
	0.13
	10 ± 5
	150 ± 20



	Ce-La2O3
	36
	8.3
	0.11
	10 ± 5
	150 ± 20
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Table 2. Surface compositions and oxidation states O species over X-La2O3 catalysts derived from XPS analyses.






Table 2. Surface compositions and oxidation states O species over X-La2O3 catalysts derived from XPS analyses.





	
Catalysts

	
O Species (%)




	
O2−

	
O2−

	
CO32−

	
O−/O22−






	
La2O3

	
80

	
6.9

	
1.5

	
12




	
Li-La2O3

	
81

	
5.2

	
0.4

	
13




	
Mg-La2O3

	
21

	
7.9

	
7.9

	
63




	
Zn-La2O3

	
71

	
3.2

	
1.1

	
25




	
Ce-La2O3

	
83

	
3.1

	
1.3

	
13
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Table 3. Catalytic Performances of X-La2O3 for OCM (T: 760 °C; C2: ethane and ethylene).






Table 3. Catalytic Performances of X-La2O3 for OCM (T: 760 °C; C2: ethane and ethylene).





	Catalyst
	Conversion %
	C2 Selectivity %
	C2 Yield %





	La2O3
	43
	39
	17



	Li-La2O3
	22
	67
	15



	Mg-La2O3
	25
	78
	19



	Zn-La2O3
	23
	62
	14



	Ce-La2O3
	29
	39
	11
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