

  catalysts-09-00119




catalysts-09-00119







Catalysts 2019, 9(2), 119; doi:10.3390/catal9020119




Article



Mn-doped CeO2 Nanorod Supported Au Catalysts for Dehydrogenation of Ethane with CO2



Tianqi Lei 1, Hongyao Guo 1, Changxi Miao 2, Weiming Hua 1, Yinghong Yue 1,* and Zi Gao 1





1



Department of Chemistry, Shanghai Key Laboratory of Molecular Catalysis and Innovative Materials, Fudan University, Shanghai 200438, China






2



Shanghai Research Institute of Petrochemical Technology, Shanghai 201208, China









*



Correspondence: yhyue@fudan.edu.cn; Tel.: +86-21-31249120







Received: 15 January 2019 / Accepted: 27 January 2019 / Published: 30 January 2019



Abstract

:

Dehydrogenation of ethane to ethylene was investigated in the presence of CO2 over Au catalyst supported on an Mn-doped ceria nanorod. The activity can be greatly enhanced by proper Mn doping. Mn was found to preferentially occupy defect sites or surface sites of ceria, resulting in the formation of extra oxide ions. Characterization results indicated that the reducible oxygen species related to ceria might play a vital role in the dehydrogenation. The addition of CO2 improved the stability of the catalysts remarkably, since CO2 can sustainably replenish the reducible oxygen species and eliminate the coke on the surface of the catalysts, which was proved by the H2-TPR and Raman analysis of spent catalysts. An ethane conversion of 17.4% with an ethylene selectivity of 97.5% can be obtained after 44 h of reaction.
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1. Introduction


Being one of the most important types of compounds in the chemical industry, ethylene can be extensively used as feedstock for producing polyethylene, ethylene oxide, ethylene glycol, vinyl chloride, acetaldehyde, acetic acid and other derivates. The catalytic dehydrogenation of ethane to ethylene has drawn intense attention due to the increasing demand for replacing the utilization of petroleum with nature gas and shale gas [1,2]. Compared with direct alkane dehydrogenation, oxidative dehydrogenation with CO2 is more advantageous because higher equilibrium conversion and lower carbon deposits can be achieved via reverse water–gas shift reaction (RWGS) and Boudouard reaction [3,4,5,6].



The dehydrogenation of light paraffins in the presence of CO2 has been widely researched in the previous decade. Cr2O3- and Ga2O3-based catalysts are reported to be more active than others for the reaction [7,8,9,10,11]. Nevertheless, these kinds of catalysts are still limited by the drawbacks of environmental hostility, relatively low selectivity or poor long-term stability. Recently, the reaction between ethane/propane and CO2 has been studied on Au-based catalysts [12,13]. Dry reforming as well as oxidative dehydrogenation can occur over these supported Au catalysts. More recent results show that CeO2-supported Au is an excellent catalyst for oxidative dehydrogenation of ethane with CO2, and nanorod CeO2-supported Au exhibits higher activity and better stability than nanoparticle supported one [14]. The surface oxygen reducibility of ceria is found to play a vital role in dehydrogenation.



CeO2 has been commonly employed as a catalyst or catalyst support for various redox reactions due to its high oxygen storage/release capacities [15,16,17,18]. Significant enhancement has been reported in redox properties as well as catalytic activities by the doping of other transition metal oxides [19,20], among which manganese oxide (MnOx) has been proved to be an excellent doping agent for CeO2-based catalysts for many redox reactions such as ammonia oxidation, volatile organic compound combustion and CO oxidation [21,22,23].



In this contribution, Mn-doped CeO2 nanorod was synthesized and utilized as a support for an Au catalyst. The catalyst was characterized by XRD, TEM, XPS, H2-TPR, Raman and N2 adsorption, and the catalytic performance for the dehydrogenation of ethane to ethylene in the presence of CO2 was established. The effects of Mn doping and CO2 addition on the dehydrogenation reaction are also discussed herein on the basis of characterization.




2. Results and Discussion


2.1. Catalyst Characterization


The XRD patterns of Ce1−xMnxO2−δ-supported Au catalysts with various Mn/Ce ratios are illustrated in Figure 1. All the catalysts exhibited only CeO2 cubic fluorite diffraction peaks (2θ = 28.6°, 33.1°, 47.5° and 56.5°, PDF# 81-0792) without any peaks of manganese oxide phases. A progressive shift to high Bragg angle and width-broadening of the diffraction peaks can also be observed, indicating that the manganese species entered in the CeO2 lattice and formed Ce1−xMnxO2−δ solid solution [24]. The pure manganese oxide exhibited dominant diffraction peaks at 2θ = 32.9° and 38.2°, which are the characteristics of Mn2O3 (PDF#89-4836 /65-1798). No distinct diffraction peak attributed to the Au phase was observed, revealing the high dispersion of the gold species on these supports.



The morphologies of the CeO2 and Mn-doped CeO2 materials after Au loading were attained by TEM and the images are shown in Figure 2. Au/CeO2 displayed the morphology of the nanorod, whose diameter is 11.5 ± 1.0 nm and length is in the range of 42 to 65 nm, exactly the same as the results reported before [14]. Previous studies have shown that this CeO2 nanorod grows along the [110] direction, exposing mostly less stable {001} and {110} crystal planes which gives rise to higher redox activity and better dispersion of Au nanoclusters [25,26]. The doping of Mn did not alter the nanorod morphology of the CeO2 but led to progressive shortening of the length, in accordance with the widening of the X-ray diffraction peaks. Taking the Au/Ce0.6Mn0.4 catalyst for example, the length of the nanorod was decreased to 19~32 nm. By contrast, the Au/Mn2O3 catalyst showed no unique morphology, just block mass with much bigger sizes.



Textural properties of the catalysts are obtained via N2 adsorption, and the results are shown in Table 1. The specific surface areas of the CeO2-based catalysts changed little after the Mn-doping. However, they are much higher than that of the Au/Mn2O3 catalyst.



The Raman spectra of Au/Ce1−xMnxO2−δ catalysts are illustrated in Figure 3. The Au/CeO2 mainly exhibited a peak at 459 cm−1 due to the ceria F2g active mode. Such a characteristic peak shifted to a lower wavenumber at around 442 cm−1 after the Mn doping, which was caused by the incorporation of Mn ions in the CeO2 matrix [27,28]. The manganese oxides exhibited a relatively weak Raman peak at around 634 cm−1 which can only be observed in the Ce1−xMnxO2−δ samples with high Mn molar ratio (x > 0.3) [27,29]. The Au/CeO2 also exhibited a weak peak at ~268 cm−1 and ~600 cm−1, which is attributed to the oxygen vacancies caused by the presence of Ce3+. However, this peak did not appear in all of the Mn-doping samples, indicating the consumption of oxygen vacancies. It was reported that the Mn3+, whose ionic radius (58 pm) is much smaller than that of host Ce4+ (114 pm), seemed to preferentially occupy the surface or defect sites of CeO2 crystals, causing the disappearance of O2− vacancies and/or the creation of extra oxide ions [27].



XPS spectra were established to examine the surface composition and chemical states of Ce, Mn and Au, and the results are shown in Figure S1 and Table 1. The surface Ce/Mn ratio is a bit lower than the stoichiometry with low Mn content (x ≤ 0.1) and becomes higher with increasing Mn content (x > 0.1), indicating that the manganese species tended to disperse on the surface firstly and later enriched in the bulk phase. The complex spectra of Ce 3d were numerically fitted with 10 peaks. The six bands labeled as v0, v1, v2, v0’, v1’, and v2’ are characteristic of Ce4+ while the rest labeled as u0, u1, u0’, and u1’ are representative of the Ce 3d5/2 component of Ce3+ [30]. The relative contents of Ce3+ were derived from the calculation of the ratio of peak area, which clearly showed that the Ce3+ concentration decreased monotonously with the increasing content of Mn, suggesting that the doping of Mn might occupy the defect sites of ceria and thus, increase the oxidation states of surface Ce. This is consistent with the Raman results. The above results are also proved by Mn 2p XPS spectra of the samples which show predominately Mn 2p3/2 and Mn 2p1/2 peaks at around 641.1 and 652.9 eV corresponding to the Mn3+. A small fraction of Mn2+ also existed with binding energy at 640.0 and 651.2 eV [20,27]. An increased fraction of Mn2+ was exited in the Ce–Mn composite oxides, indicating the electrons are transferred from Ce to Mn for charge compensation since the doping of Mn increased the surface Ce4+ species in ceria. The Au 4f XPS spectra of the samples are also exhibited in Figure S1. Au/Mn2O3 consists of a pair of distinct peaks at around 83.7 and 87.4 eV assigned to metallic Au and additional shoulders at 85.1 and 89.0 eV representing the oxidized surface Auδ+ species with much smaller fraction [31]. All the Ce-containing samples exhibit similar Au 4f peaks. However, their intensities were much lower than that of the Au/Mn2O3 and cannot be deconvoluted effectively.




2.2. TPR Studies


The redox behavior of Ce1−xMnxO2−δ-supported Au materials was determined and the results are presented in Figure 4. Pure ceria often showed two reduction peaks, attributed to reducible surface oxygen and bulk oxygen species, respectively [14]. For the pure manganese oxide, the profiles were featured by two reduction peaks attributed to the reduction of Mn2O3 to Mn3O4 and further reduction of Mn3O4 to MnO according to previous research [32]. Since the reduction peak of those easily reducible ceria species overlapped with the low-temperature reduction peak of the manganese species in the TPR profiles of Au/Ce1−xMnxO2−δ, deconvolution was established and is exhibited in Figure S2. The detailed H2 consumption amount is presented in Table 2. The total H2 consumption amount of the Au/Ce1−xMnxO2−δ was increased proportionally with the increasing Mn doping amount. However, the consumed hydrogen attributed to the ceria species was increased initially, and then decreased with the Mn amount, reaching the maximum value of 0.33 mmol/g over Au/Ce0.9Mn0.1. This is obviously an integrated result because on the one hand the doping of Mn decreased the ceria molar percent in the composite oxides, while on the other hand, it occupied the defect or surface sites and generated extra oxide ions related to the Ce ions as revealed by the Raman and XPS measurement.




2.3. Catalytic Performance


The dehydrogenation of ethane was conducted in the presence of CO2 over supported Au catalysts at 650 °C, and the results are shown in Table 3 and Figure 5. Carbon balance was determined by the ratio of the overall hydrocarbon amounts after the reaction to the initial ethane amount. High carbon balance was obtained for all the catalysts investigated, indicating that the dry reforming can be ignored during the reaction. Coke formation always accompanied the dehydrogenation reaction, though the addition of CO2 was suggested to react with these carbon deposits through the Boudouard reaction. This is probably why the carbon balance here did not reach 100%. Except for coke, all the catalysts exhibit excellent selectivity to the target product ethylene and the only detectable by-product is methane. Although the pure oxide-supported catalysts Au/CeO2 and Au/Mn2O3 showed comparable initial activity, the former exhibited much better stability during the reaction. The ethane conversion of the Au/CeO2 was maintained with no distinct loss of activity within 6 h of reaction while that of Au/Mn2O3 dropped sharply from 16.4% to 4.2%, indicating the different active sites on the two catalysts. Apparently, the ceria-supported Au catalyst is much preferable in the DHE reaction. For Mn-doped CeO2-supported Au catalysts, the initial ethane conversion was enhanced with the doping of Mn until the Mn/(Ce+Mn) ratio reached 0.1, and then decreased slightly with the further increase of the ratio. Au/Ce0.9Mn0.1 achieved the highest initial activity with an ethane conversion of 22.4% and ethylene yield of 22.2%. The initial ethane conversion of Au/Ce1−xMnxO2−δ has exactly the same sequence as that of the consumed hydrogen attributing to the ceria species, indicating that the easily reducible oxygen species related to ceria may play a vital role in the dehydrogenation reaction. Turnover frequency (TOF) was also calculated and compared to that of Ga2O3/ZSM-5 and Cr2O3/ZSM-5 published before. It seems that Au species are more active than CrOx or GaOx species (Table 3).



The dehydrogenation of ethane was also conducted over the Ce0.9Mn0.1 oxide and the result is also listed in Table 3 for comparison. Though the composite oxide itself also showed some DHE activity with ethane conversion of 10.2 %, it is much lower compared to its gold-loaded counterpart (Au/Ce0.9Mn0.1), revealing the considerable role of Au species in the ethane dehydrogenation over Mn-doped CeO2 supported Au catalysts. TPR measurements show that the addition of gold can remarkably reduce the temperature of the ceria reduction peak, thus enhancing the reducibility of oxygen species on the catalyst surface [33].



The ethane dehydrogenation over Au/Ce0.9Mn0.1 was also investigated in the absence of CO2 to look into the role of CO2, and the results are presented in Figure 6 and Table 3. Like Au/CeO2, the initial activity of Au/Ce0.9Mn0.1 was promoted slightly after the addition of CO2 while the stability was greatly improved. The ethane conversion was decreased sharply with reaction time in the absence of CO2 and the activity was completely lost within the initial 6 h. However, in the presence of CO2, over 20% conversion can be maintained during the same period. The promotion effects of CO2 over Mn-doped CeO2 nanorod-supported Au is quite similar as that of unmodified Au/CeO2 [14], which will be discussed in detail later.



In order to investigate the catalytic stability in more detail, a long-term test was conducted on the Au/Ce0.9Mn0.1 catalyst and the results are illustrated in Figure 6. The catalyst deactivated gradually with time on the stream, and finally reaches its steady state after about 30 h. A steady ethane conversion of 17.4% with an ethylene selectivity of 97.5% can be obtained (i.e., TON 41.4, 1 h). It seems that the Au/Ce0.9Mn0.1 can become a commercial dehydrogenation catalyst due to its high stability and excellent selectivity.



Coke deposition always acted as the major reason for catalyst deactivation. Raman analysis were performed to elucidate the nature and extent of carbonaceous deposits on the spent Au/Ce0.9Mn0.1 catalyst. Peaks at 1324 cm−1 (D band) and 1576 cm−1 (G band) were observed on the spent catalyst after dehydrogenation in the absence of CO2, which are assigned to disordered carbonaceous species and graphitic carbon, respectively. On the contrary, after dehydrogenation in the presence of CO2, the identical catalyst exhibited no distinct peaks in that range as shown in Figure S3. This implies that the addition of CO2 can suppress or eliminate the carbonaceous deposits effectively, which may account for the enhanced stability.



The redox property of spent Au/Ce0.9Mn0.1 catalyst was investigated by H2-TPR, and the results are presented in Figure 7 and Table 2. For the catalyst after dehydrogenation in the presence of CO2, the TPR profiles are quite similar to that of the fresh one. The low-temperature reduction peak still remained without obvious shifts of peak temperature (still at 50~270 °C), which indicates that their redox properties change little during the reaction. However, its peak intensity was reduced after reaction. The consumed hydrogen attributing to the ceria species decreased from 0.33 mmol/g to 0.12 mmol/g during the initial 6 h, and was maintained at that level even after 44 h of reaction. Since the reducible oxygen species-related CeO2 were thought to play a crucial role in dehydrogenation, the decrease of these species may account for the partial deactivation of the catalyst. However, after dehydrogenation in the absence of CO2, the low-temperature peaks had completely disappeared. Some new peaks in the range of 200–400 °C emerged which were different from the inherent low-temperature reduction peaks of CeO2 oxides. These peaks can be attributed to the hydrogenation of deposited cokes according to the previous reports [34,35]. The loss of these reducible oxygen species is quite reasonable since the reaction was carried out under the reducing atmosphere at a relatively high temperature (650 °C). It is evident that the addition of a mild oxidant CO2 can replenish the reducible oxygen species on the catalyst surface, thus stabilizing the activity during the dehydrogenation.





3. Materials and Methods


3.1. Catalyst Preparation


The Mn-doped CeO2 nanorod was synthesized by a modified hydrothermal method following the procedure in the literature [36]. Typically, the calculated amount of Ce(NO3)3·6H2O and 50 wt% Mn(NO3)2 solution were dissolved in 20 mL deionized water; 38.4 g NaOH was dissolved in another 140 mL of deionized water. The above two solutions were then mixed and kept stirring for 30 min to form a slurry. The slurry was transferred into a Teflon-lined stainless-steel autoclave and subjected to hydrothermal treatment for 24 h at 100 °C. The obtained precipitates were recovered by filtration, washed thoroughly with deionized water, dried at 100 °C and finally calcined at 450 °C for 3 h. These materials were denoted as Ce1−xMnxO2−δ while x represents the molar ratio of Mn/(Ce+Mn).



Deposition of Au was prepared by a deposition–precipitation (DP) method. The Ce1−xMnxO2−δ solid was dispersed in an aqueous solution of HAuCl4 at a fixed pH of 7.5. The Au loading was 1.0 wt%. The suspension was aged at room temperature for 24 h and then washed with deionized water. After being dried at 100 °C, these Au-containing materials were calcined in air at 650 °C for 6 h, and denoted as Au/Ce1−xMnxO2−δ.




3.2. Catalyst Characterizations


X-ray powder diffraction (XRD) patterns were recorded on Persee XD-2 X-ray diffractometer (Persee, Beijing, China) using nickel-filtered Cu Kα radiation at 40 kV and 30 mA. X-ray photoelectron spectra (XPS) were obtained by using Mg Kα radiation on a Perkin-Elmer PHI 5000C spectrometer (Perkin-Elmer, Boston, MA, USA). The BET surface areas of the catalysts were analyzed by N2 adsorption at −196 °C using a Micromeritics ASAP 2000 instrument (Micromeritics, Atlanta, GA, USA). Transmission electron microscopy (TEM) images were recorded on a JEOL 2011 electron microscope (JEOL, Tokyo, Japan) operating at 200 kV. Temperature-programmed reduction (H2-TPR) was carried out on a Micromeritics AutoChem II apparatus (Micromeritics, Atlanta, GA, USA) loaded with 100 mg of catalyst under a 10 vol% H2/Ar flowing gas (30 mL/min), with a ramping rate of 10 °C/min. The consumption of H2 was monitored using a thermal conductivity detector. Laser Raman spectra were obtained on a Horiba JY XPloRA spectrometer (HORIBA, Tyoto, Japan) using the 532 nm radiation of an air-cooled solid state laser as an excitation source.




3.3. Catalyst Evaluation


Catalytic tests for ethane dehydrogenation were performed at 650 °C in a fixed-bed flow microreactor at atmospheric pressure. The catalyst load was 200 mg, and it was activated at 650 °C for 2 h in nitrogen flow prior to the reaction. Typically, the gas reactant contained 3 vol% ethane, 15 vol% CO2 and the balance nitrogen. For reactions carried out in the absence of CO2, the gas reactant contained 3 vol% ethane and the balance nitrogen. The total flow rate of the gas reactant is 30 mL/min. The hydrocarbon reaction products were analyzed using an on-line GC equipped with a 6 m packed column of Porapak Q and a FID. The gas products, such as N2, CO and CO2, were analyzed on-line by another GC equipped with a 2 m packed column of carbon molecular sieve 601 and a TCD. The reaction data in the work were reproducible with a precision of less than 5%.





4. Conclusions


The catalytic dehydrogenation of ethane to ethylene was conducted in the presence of CO2 over Mn-doped ceria nanorod-supported Au catalysts. The initial ethane conversion was enhanced with the Mn doping. XPS analysis showed the predominated Mn3+ fraction in the Au/Ce1−xMnxO2−δ catalysts and a monotonously decreased Ce3+ concentration with the doping of Mn, suggesting that the doped Mn might preferentially occupy the defect sites of CeO2 crystals and cause the formation of extra oxide ions. The TPR measurement showed that the consumed hydrogen attributing to the ceria species of the Au/Ce1−xMnxO2−δ catalysts shared a similar sequence with the DHE performance, indicating that these reducible oxygen species-related ceria might play a vital role in the dehydrogenation.



The addition of CO2 slightly promoted the initial activity but greatly improved the stability of Au/Ce0.9Mn0.1 by eliminating the carbonaceous deposits through the Boudouard reaction and sustainably supplementing the reducible oxygen specie on the surface. The long-time test showed that Mn-doped CeO2 nanorod-supported Au is a promising catalyst for ethane dehydrogenation in the presence of CO2. A steady ethane conversion of 17.4% with an ethylene selectivity of 97.5% can be obtained.
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Figure 1. XRD patterns of Ce1−xMnxO2−δ-supported Au catalysts with different Mn/Ce ratios. 
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Figure 2. TEM images of the Au/Ce1−xMnxO2−δ catalysts with different Mn/Ce ratios. 
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Figure 3. Raman spectra of the Au/Ce1−xMnxO2−δ catalysts with different Mn/Ce ratios. 
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Figure 4. TPR profiles of Ce1−xMnxO2−δ-supported Au catalysts with different Mn/Ce ratios. 
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Figure 5. Ethane conversion (A) and ethylene selectivity (B) over various Au catalysts in the presence of CO2: (■) Au/CeO2; (●) Au/Ce0.95Mn0.05; (▲) Au/Ce0.9Mn0.1; (▼) Au/Ce0.8Mn0.2; (◆) Au/Ce0.7Mn0.3; (◄) Au/Ce0.6Mn0.4; (►) Au/Mn2O3. 
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Figure 6. Ethane conversion of long-term dehydrogenation of Au/Ce0.9Mn0.1 in the presence and absence of CO2. 
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Figure 7. TPR profiles of fresh and spent Au/Ce0.9Mn0.1 catalysts. 
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Table 1. Textural and structural properties of the Au/Ce1−xMnxO2−δ samples.
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	Catalysts
	SBET (m2/g)
	Ce3+ Percent
	Surface Ce/Mn Ratio
	Mn2+ in Total Mn (%)





	Au/CeO2
	66
	28.0
	-
	-



	Au/Ce0.95Mn0.05
	65
	16.7
	15.8
	-



	Au/Ce0.9Mn0.1
	67
	16.5
	9.8
	-



	Au/Ce0.8Mn0.2
	62
	7.9
	4.6
	8.0



	Au/Ce0.7Mn0.3
	59
	6.6
	3.3
	5.3



	Au/Ce0.6Mn0.4
	62
	6.3
	1.9
	3.4



	Au/Mn2O3
	3
	-
	-
	1.8
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Table 2. H2-TPR results of the Au-supported catalysts.
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Catalysts

	
Total Reducible Species

	
Cerium Species




	
Temperature

(°C)

	
H2 Consumption (mmol/g)

	
H2 Consumption (mmol/g)






	
Au/CeO2

	
50–220

	
0.30

	
0.30




	
Au/Ce0.95Mn0.05

	
50–210

	
0.36

	
0.31




	
Au/Ce0.9Mn0.1

	
50–270

	
0.52

	
0.33




	
Au/Ce0.8Mn0.2

	
50–340

	
0.73

	
0.28




	
Au/Ce0.7Mn0.3

	
50–350

	
1.02

	
0.26




	
Au/Ce0.6Mn0.4

	
50–350

	
1.42

	
0.24




	
Au/Mn2O3

	
200–430

	
5.50

	
-




	
Au/Ce0.9Mn0.11

	
50–270

	
0.24

	
0.12




	
Au/Ce0.9Mn0.12

	
50–270

	
0.23

	
0.12








1 Spent catalyst after 6 h; 2 spent catalyst after 44 h.
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