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ABSTRACT   Dehydrogenation coupling of methane (DCM), which can be effectively used to produce low carbon 

alkenes, has the advantages of rich raw materials, simple reaction device, low energy consumption, etc. Herein, we 

report a series of Co doped perovskite porous-dense BaCe0.9Y0.1CoxO3-δ (BCYCx) membrane for DCM. After treatment 

in a reduced atmosphere, a large number of Co nanoparticles will exsolute on the surface of BCY. The metal-oxide 

interface is helpful to activate the C–H bonds, inhibit the carbon deposition, and so on. The XRD, SEM and XPS prove 

that Co nanoparticles homogeneously distributed on the BCYCx porous layers, which will create a large quantity of 

catalytic active sites. At 1100 ℃, the highest concentration of C2 product was 5.66% (5.25% ethane + 0.41% ethylene) 

in output gas when methane conversion reaches a maximum value of 24.8%, and the C2 selectivity gets to 45.6%. We 

further demonstrate the catalytic performance of high-temperature DCM without obvious decrease after running for 30 

hours. 
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1 INTRODUCTION  

 

Low carbon alkenes, mainly obtained from naphtha 

cracking, are the most important parts of the petrochemical 

industry[1]. As the extremely important basic raw materials in 

chemical industry, low carbon olefins are being consumed 

more and more frequently, which made the traditional 

petrochemical route production of low carbon olefins far 

from meeting the market demand[2, 3]. Natural gas, mainly 

including CH4, to syngas has been extensively studied 

because it can further react to form light olefins. The 

synthesis gas can be indirectly converted to low carbon 

olefins.The CuZnAl (CZA) was taken as catalyst to convert 

synthesis gas to the methanol intermediates and then the 

intermediates can be transformed to the olefin by the 

molecular sieve[4-8]. In addition, the synthesis gas can also be 

directly converted to olefins by Fischer-Tropsch reaction[9, 10]. 

However, direct and indirect syntheses have the problems of 

high energy cost and complex reaction process, respectively. 

The complexity of the reaction process and the variety of 

products make the utilization efficiency of carbon atoms 

relatively low. 

Some methods, such as oxidation coupling of methane 

(OCM)[11] or dehydrogenation coupling of methane (DCM)[12], 

can be used to produce ethylene directly from methane. 

Compared with OCM, DCM does not introduce oxygen, 

which avoids the formation of carbon oxides. DCM has 

simple process and can efficiently use methane to synthesize 

high-value chemicals. This is crucial to the adjustment of 

chemical industry chain. In addition, it helps solve environ- 

mental problems in ways that reduce emissions at source. Of 

course, the direct conversion of CH4 to C2H4 has disa- 

dvantages like low conversion rate, low selectivity of C2, 

etc. [13,  14] . Dehydrogenation coupling is actually a 

nonoxidative conversion process as shown in Eq. (1), which 

includes the cleavage of C–H bond and the coupling of C–C  
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bond. A recent study showed that non-oxidative conversion 

can achieve a high methane conversion rate and ethylene 

selectivity of 48.1% and 48.4%, respectively[15]. 

2CH4 = C2H4 + 4H+ + 4e-                    (1) 

Ceramic hydrogen permeable membranes can be used not 

only for separating hydrogen, but also for dehydrogenation 

coupling of methane to ethylene. The dense ceramic 

membrane[16, 17] has both proton and electron conductivity, 

which allows H2 penetration with extremely high H2 

selectivity. Hydrogen adsorbs on the surface of the membrane 

and dissociates to form protons and electrons, as shown in Eq. 

(2). Then protons and electrons diffuse to the other side of the 

membrane under partial pressure of hydrogen, where they 

recombine to form hydrogen molecules (Eq. (3)). The phase 

diffusion process can be seen as protons jumping between the 

lattice oxygen and electrons being transferred into the body 

phase in the form of electron holes. Correspondingly, the use 

of ceramic hydrogen permeable membrane for DCM can in 

situ remove hydrogen from the reaction area (Eqs. (4) and 

(5)). It helps to break the thermodynamic equilibrium and the 

methane coupling equilibrium can be driven to move towards 

the C2 product, thus increasing the conversion rate[18-20].  

H2 = 2H+ + 2e-                          (2) 

2H+ + 2e - = H2                          (3) 

2CH4 = C2H6 + H2                       (4) 

2CH4 = C2H4 + 2H2                      (5) 

The ceramic mixed protonic and electronic conducting 

(MPEC) membranes can effectively separate hydrogen, 

thereby promoting methane conversion. BaCeO3-δ-based high 

temperature proton conductors exhibit excellent conduc- 

tivity[21-23]. Y doped BaCeO3-δ has high proton conductivity 

and electron conductivity at the same time, and thereafter it is 

an ideal hydrogen permeable material[24, 25]. Here, we use 

perovskite BaCe0.9Y0.1CoxO3-δ (x = 0 ～ 0.1) hydrogen 

permeation membrane to realize methane to ethylene. We 

in-situ constructed the metal-oxide interface by doping the 

transition metal Co in the BCY lattice. Then Co nanoparticles 

with good distribution were obtained by controlling the 

content of transition metals and heat treatment in a reducing 

atmosphere. Finally, we studied the hydrogen permeability of 

Co doped BCY and the influence of metal-oxide interface on 

the dehydrogenation coupling of methane. 

 

2  EXPERIMENTAL  

 

2. 1  Synthesis of materials and membrane preparation 

The BaCe0.9Y0.1CoxO3-δ (BCYCx) powders were obtained 

by liquid phase combustion method. The BaCO3, 

Ce(NO3)2·6H2O, Y(NO3)3·6H2O, Co(NO3)2·6H2O and 

glycine were added to dilute nitric acid solution (pH = 2.0). A 

clear and transparent solution will be obtained after heating 

and stirring. The BCYCx precursor was then heated to 

combustion and sintered at 1000 ℃ for 2 h in air[26]. The 

non-stoichiometric BCYCx (x = 0, 0.01, 0.05 and 0.1) are 

denoted as BCY, BCYC01, BCYC05, and BCYC10, respec- 

tively. The terpineol and ethocel ([C6+2nH7+8nO2+4n]x) were 

mixed at a mass ratio of 19:1. Then add the BCYCx powder 

to the mixture at a mass ratio of 1:1 to form BCYCx slurry for 

further use. The BCYCx powder and tapioca starch were 

mixed uniformly at the mass ratio of 7:3 and then pressed 

into tablets. Then these tablets were slowly heated up to 

700 ℃ at a heating rate of 1 ℃·min-1, which will make holes 

to form a porous scaffold. In order to achieve BCYCx dense 

layer, the BCYCx slurry was suspended-coated on the BCY 

porous support using a suspension coater with the 

suspension-coating rate of 6000 r·min-1. After that the 

suspended-coated disks were sintered at 700 ℃ for 2 h and 

the same operation was repeated three times. Finally, the 

suspended membranes were calcined at 1450 ℃ for 10 h to 

achieve porous-dense hydrogen permeable membranes that 

were also called asymmetric membranes in our experi- 

ment[27]. 

2. 2  Material characterization 

The phases of the BCYCx samples are characterized by 

X-ray diffraction (XRD) with Cu-Kα tube configuration 

(Miniflex600, Japan, 2θ = 20°～80°, 10°·min-1). The element 

valence of the oxidized and reduced BCYCx samples are 

analyzed by X-ray photoelectron spectroscopy (XPS) 

equipped with Al-Kα X-ray source (ESCALAB 250Xi, USA). 

The cross sectional microstructures of the membranes and 

metal nanoparticles are observed by Scanning electron 

microscope (SEM, SU-8010, Japan).  

2. 3  Hydrogen permeability 

The BCYCx membrane was sealed in an alumina tube with 

ceramic adhesive (JD-767, Jiudian, China), as shown in Fig. 1. 

Then, the membrane was heated by vertical furnace 

(OTF-1200X, Kejing, China) and the temperature was 

controlled from 950 to 1100 ℃. The diameter of each 

membrane was 15 mm, and the effective area was about 0.5 

cm2. A mixture of hydrogen and helium with a flow rate of 80 

mL·min-1 is passed into the feed side of the membrane. 

Meanwhile, the pure argon with a flow rate of 30 mL·min-1 is 
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passed into the sweep side. All gases need to be calibrated 

with a mass flow controller (D08-3F, Sevenstar, China). The 

sweep gas will bring out the hydrogen permeated from the 

feed side, then enter into the online gas chromatograph 

(GC-2014, Shimazu, Japan) for quantitative analysis. The 

formula for calculating hydrogen permeation flux is as 

follows[28]: 

2HJ (mL/min·cm2)
S

F

F

CF
C  )

2
(

He

He2H

2H
       (6) 

Where
2HC ,

HeC are the hydrogen and helium concentrations 

from gas chromatograph analysis;
2HF and

HeF are the flow 

rates of hydrogen and helium on the feed side, respectively; F 

is the total flow rate of outlet gases on the sweep side; and S 

is the effective membrane area. Only when the leakage 

percentage of helium is less than 5%, can the formula reliably 

calculate the hydrogen permeability. In addition, the gas 

chromatograph has three consecutive sampling tests to further 

avoid the error of the experimental operation. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1.  Mechanism of methane dehydrogenation coupling with mixed protonic-electronic conducting (MPEC) membrane 

 

3  RESULTS AND DISCUSSION 

 

3. 1  Crystal structure 

Fig. 2a is the XRD pattern of oxidized BCY powder doped 

Co in different stoichiometric ratios. We can observe that the 

phase of Co-doped BCY powder has no impurity peaks, 

which demonstrates that the Co element is completely doped 

into BCY lattice and keeps the perovskite phase unchanged. 

Fig. 2b is the XRD pattern of the powders reduced in pure 

hydrogen at 800 ℃ for 3 h. The XRD pattern shows that the 

Co doped BCY powders still maintain the perovskite 

structure after high temperature reduction. The peak of Co 

metal can be clearly observed, which means Co metal has 

been successfully restored to the surface BCY. The standard 

card that matches the Co metal after reduction at 800 ℃ is 

PDF (Powder Diffraction File) #05-0727.  
     

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(a)                                                       (b)  

Fig. 2.  X-ray diffraction (XRD) patterns of BCYCx (x = 0, 0.01, 0.05, 0.1) powders. (a) Oxidized samples, (b) Reduced samples 
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3. 2  Elemental valence 

Fig. 3 is the XPS diagram of BCYC05 powder in the 

oxidation and reduction states of Ce3d and Co2p. From  

Figs. 3a and 3c, we can see that the valence state of Ce 

element maintains constant after reduction in pure hydrogen. 

In Fig. 3b, the Co element of oxidized BCYC05 has two 

peaks, Co2+2p1/2 and Co2+2p3/2. However, as shown in Fig. 3d, 

the peaks of Co02p3/2 and Co02p1/2 are observed at 778.3 and 

793.3 eV[29], showing the valence state of Co decreases from 

high- to low-valence state after being treated in a reducing 

atmosphere. It also proves that the Co metal has been 

successfully restored to the surface BCY. The above analysis 

results are quite consistent with those of XRD. 

  

                       (a)                                                            (b)                            

  

                       (c)                                                              (d)  

Fig. 3.  XPS of oxidized BCYC05 sample: Ce3d (a) and Co2p (b); XPS of reduced BCYC05 sample: Ce3d (c) and Co2p (d) 

 

3. 3  Microstructure 

The cross-section microstructure of the BCYC05 

membrane is performed in Fig. 4a. The entire BCYC05 

membrane sintered at 1500 ℃ for 10 h has two physical 

structures, a 70 μm-thick dense layer and a porous substrate 

with a thickness of about 400 μm. In addition, the dense layer 

combines well with the porous support and the pore 

distribution is relatively uniform. Fig. 4b is the SEM images 

of porous substrates of BCYC05 after being reduced in 

hydrogen for 3 h at 850 ℃. We can see that cobalt 

nanoparticles with the median size of 75 nm are uniformly 

loaded on the BCY scaffold. Moreover, cobalt nanoparticles 

can be tightly bound to the BCY substrate to form 

metal-oxide interface, which provides lots of active sites for 

the conversion of CH4 to C2H4. 

3. 4  Hydrogen permeation of BCY, BCYC01,  

BCYC05 and BCYC10 membranes 

To study the hydrogen permeability of different contents of 

Co doped BCY, hydrogen separation experiments are carried 

out from 950 to 1100 ℃. The hydrogen permeation of BCY, 

BCYC01, BCYC05 and BCYC10 membranes at different 

temperature is shown in Fig. 5a. The hydrogen permeation 

flux increases with the increase of temperature because the 

surface exchange reaction and the protonic bulk diffusion are 

accelerated at high temperature, which ultimately promotes 

the hydrogen permeation[30]. Additionally, we can find that 

the hydrogen permeability of BCYC05 membrane is better 

than other membranes in the same test interval. The 
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maximum hydrogen permeation flux, 0.205 mL·min-1·cm-2, is 

obtained at 1100 ℃. In order to explore the stability of the 

membrane at high temperature, long-term hydrogen per- 

meation measurements of BCYC05 membrane are researched. 

As shown in Fig. 5b, the hydrogen permeability is kept 

relatively constant after 80 h operation at the test temperature. 

This result indicates that the BCYCx materials have 

long-term stability in hydrogen permeation. 
 

                 

                  (a)                                                             (b) 

Fig. 4.  (a) The cross sectional microstructure of the asymmetric BCYC05 membrane. (b) SEM micrograph of the reduced BCYC05 sample 

 

             
                       (a)                                             (b) 

Fig. 5.  (a) Hydrogen permeation fluxes of the BCYCx (x = 0, 0.01, 0.05, 0.1) membranes,  

(b) Long-term hydrogen permeation through BCYC05 membrane at different temperature 

 

3. 4  DCM performance 

The porous-dense BCYCx (x = 0, 0.01, 0.05 and 0.1) 

membranes are used to test dehydrogenation coupling of 

methane reaction. Fig. 6a shows the product analysis results 

of all samples with different stoichiometric ratios for DCM 

from 950 to 1100 ℃. Obviously, with the temperature 

increasing, the concentrations of C2 (C2H4 + C2H6) and H2 

have an increasing tendency.  We can observe that the 

highest concentrations C2 reaches 5.66% (5.25% C2H4 + 

0.41% C2H6) at 1100 ℃. Fig. 6b shows the methane 

conversion of all samples from 950 to 1100 ℃, from which 

we can see that sample BCYC05 has the optimal catalytic 

activity. The highest conversion of methane gets to 24.8%. 

According to Fig. 6c, sample BCYC05 also has the highest 

C2 selectivity, which further indicates that the metal-oxide 

interface contributes not only to the C–H bond activation but 

also to the reduction of carbon deposition. Fig. 6d depicts that 

the highest C2 yield is up to about 11.3% at 1100 ℃ with 

BCYC05. In addition, the hydrogen is transported from the 

feed side to the sweep side through the hydrogen permeable 

membrane, which helps to break the traditional thermo- 

dynamic equilibrium and thus enhances the catalytic 

conversion of methane. On the other hand, the long-term 

stability of methane conversion and C2 selectivity are 

researched at 1100 ℃ with sample BCYC05, as shown in 

Figs. 6e and 6f, respectively. It can be seen that perovskite- 

type BCYCx materials are relatively stable in the DCM 

reaction. 

 

4  CONCLUSION  

 

In this work, perovskite-type porous-dense BCYCx 

hydrogen permeation membranes are successfully prepared 

by suspension coating process. We studied the hydrogen 

permeation flux and the stability of BCYCx at different 

temperature. The BCYC05 has the highest hydrogen 

permeation and it can run almost stably for more than 80 h 

from 950 to 1100 ℃. Moreover, we studied the DCM 
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performance of BCYCx (x = 0, 0.01, 0.05 and 0.1). After 

being reduced, Co nanoparticles appeared on the surface of 

BCY porous scaffold to form metal-oxide interface, which 

will promote methane conversion and enhance carbon 

deposition resistance. The methane conversion and C2 

selectivity reach 24.8% and 45.6%, respectively. Additionally, 

no obvious decay is observed after 30 h operation.  

           
                      (a)                                          (b) 

              
                     (c)                                            (d) 

               
                     (e)                                           (f) 

a: BCY, b: BCYC01, c: BCYC05, d: BCYC10 

Fig. 6.  Performance of DCM reaction with different membranes. (a) The product analysis, (b) Methane conversion, (c) C2 product selectivity and 

(d) C2 product yield. The stability test of (e) methane conversion and (f) C2 product selectivity at 1100 ℃ with the BCYC05 membrane 
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