Investigation of phase stability and performance of niobium substituted Ba0.5Sr0.5Co0.8Fe0.2O3-δ for oxygen transport membrane application.
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Abstract
The newly developed mixed ionic and electronic conductor, Ba0.5Sr0.5Co0.8Fe0.2O3-δ (BSCF) is derived from the oxide SrCo0.8Fe0.2O3-δ (SCF) and exhibits higher electrical, ionic conductivity and electrochemical performance. It can be used as pressure-driven oxygen transport membrane. In this study, the niobium ion has been selected to substitute cobalt ion. The phase stability, electrical conductivity, and oxygen permeation rate of perovskite-type oxides Ba0.5Sr0.5Co0.8-xFe0.2NbxO3 − δ (x = 0 − 0.15) have been investigated. Annealing experiments of Ba0.5Sr0.5Co0.8-xFe0.2NbxO3 − δ (x = 0 − 0.15) in 10% CO2 atmosphere for 20 and 60 hours at 800 oC demonstrate the phase instability of Ba0.5Sr0.5Co0.8Fe0.2O3 − δ can be significantly improved even at the minimum substitution of 6.25 mole% niobium for cobalt. However, both electrical conductivity and oxygen permeation rate are found to decrease with increasing niobium concentration. Such behaviors can be explained by defect chemical considerations. As the substitution of Nb5+ for Co2+/Co3+ cations results in charge compensation, the oxygen non-stoichiometry and carrier concentration is lowered. 
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1. Introduction
While the concern of energy demand and global warming issue is increasing in recent years, one important strategy for reducing CO2 emissions is carbon capture and storage(CCS). Several fossil fuel power plant technologies for CCS are currently being developed. Examples include post-combustion,

pre-combustion and oxy-fuel combustion. In oxy-fuel combustion, the fuel using pure oxygen or oxygen-enriched stream rather than air to be combusted, which makes the exhaust stream containing only CO2 and H2O, i.e. 90~95% CO2 in the dried flue gas.[1] The NOx-free exhaust gas can be captured more easily than using air as fuel. A further advantage of this technology is to reduce the volume of flue gas by approximately 75%(comparing to using air as fuel), which reduce the heat loss in furnace and increase the overall energy efficiency. The pure oxygen required for this technology can be provided by different methods, of which ceramic oxygen transport membrane (OTM) exhibits the lowest efficient loss.[2]
  As OTM are mostly fabricated from pure ionic and mixed ionic-electronic conductor (MIEC) ceramic oxides that are able to conduct oxygen ions at elevated temperatures with or without external circuit. The cubic perovskite Ba0.5Sr0.5Co0.8Fe0.2O3 − δ (BSCF), a mixed oxygen ionic and electronic conducting ceramic, is derived from SrCo0.8Fe0.2O3−δ (SCF). As the partial substitution of A-site Sr2+ with Ba2+ of a larger ionic radius, the structural stability and oxygen permeation rate of this material is remarkably enhanced.[3] However, recently studies suggested that BSCF have high reactivity with CO2, which results in the formation of BaCO3 and SrCO3 [4,5]. They also suggested that these carbonate compounds, which were formed on the surface of material during exposure to CO2, acts as an insulating layer and degrades membrane’s catalytic activity. Generally, the poison effect of CO2 on the membrane performance needs to be improve since CO2 is contained in natural atmosphere. Wang et al. found that the cubic perovskite phase of BSCF decomposed when cobalt ions were oxidized to a higher oxidation state than trivalence in high p(O2) or were reduced to a lower oxidation state than divalence in low p(O2) condition [6]. They suggested that the stability of cubic perovskite BSCF phase can be controlled by the oxidation state of Co. Nagai et al. demonstrated that Nb was the most effective dopant for stabilization of the cubic structure in SrCo0.9M0.1O3−δ, (Μ = Ni, Cu, Zn, Cr, Fe, Al, Ga, In, Ce, Ti, Zr, Sn, V and Nb) [7][8]. They suggested that the sequence of the stabilization effect in high p(O2) was Cu2+ < Cr3+, Al3+, Ga3+ < La3+ (substituting A site)< Fe3.108+ < Ti4+ < Nb5+. These results shows that the stability of the perovskite BSCF phase can be enhanced by substituting the A-site or B-site cations by higher valence cations.

  In this study we substituted niobium ion for the B-site cobalt ion of BSCF-based solid solution to improve its chemical stability. The effect of Nb substitution on the phase stability under CO2 containing atmosphere was investigated by X-ray diffraction method. In addition, investigations of the electric conductivity and oxygen permeation rate were carried out by 4-probes DC technique and gas mass spectrometry.

2. Experimental
2.1 Synthesis materials
Ba0.5Sr0.5Co0.8-xFe0.2NbxO3 − δ powders with x=0, 0.05, 0.10 and 0.15 were prepared by solid state reaction. Stoichiometric mixture of BaCO3, SrCO3, CoCO3, Fe2O3 and Nb2O5 (99.9%, Alfa aesar) were ball-milled in ethanol for 24 hours. The powder mixtures were dried and calcined in air at 950 oC for 10 hours. The obtained powder of Ba0.5Sr0.5Co0.8-xFe0.2NbxO3 − δ were confirmed by XRD analysis at room temperature in air.
2.2 Fabrication of samples
Powders of different compositions were uniaxially pressed into disc and bulk shape at 20 MPa and followed by cold isostatic pressing at 1000 kg/cm2. 

The obtained samples were then sintered in air at 1050 °C for 10 hours.

2.3 Conductivity measurement
The conductivity were measured isothermally at each temperature step from 300 to 800 oC in air by four-probe DC technique using Ag as electrodes at constant current. 

2.4 Oxygen permeation measurement
The oxygen permeation measurement setup is schematically showed at fig. 1. BSCFN disc samples and stainless joint (thickness~0.8mm) were sealed by reactive air brazing method. 
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3. Results and discussion

3.1 Phase stability
Fig. 2 shows XRD patterns of Ba0.5Sr0.5Co0.8-XFe0.2NbxO3-δ(x=0, 0.05, 0.10 and 0.15) powders calcined at 950 oC in air for 10 hours. Peaks corresponding to cubic perovskite phase can be observed in all compositions of Ba0.5Sr0.5Co0.8-XFe0.2NbxO3-δ (x=0, 0.05, 0.10 and 0.15) patterns. After an annealing time of 20 hours at 800 oC under 10% CO2 atmosphere (Fig. 3-a), formation of BaCO3 phase were observed in all compositions. For BSCF, the cubic perovskite phase decompose drastically. With longer annealing time (Fig. 3-b, annealed for 60 hours at 800 oC), the perovskite peaks have been broadened and even split. Comparing to Nb substituted compositions (x=0.05, 0.10 and 0.15), cubic perovskite peaks remain intact even with longer annealing time. Although the mechanism of CO2 poisoning to BSCF is still not clearly, a mere conclusion for above observation is the substitution of niobium for cobalt in BSCF is effective in the stabilization of phase structure under 10% CO2 atmosphere.
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Fig. 2 XRD patterns of Ba0.5Sr0.5Co0.8-XFe0.2NbxO3-δ (x=0~0.15) powder calcined at 950 oC for 10 hours.

[image: image3]
Fig. 3-a XRD patterns of Ba0.5Sr0.5Co0.8-XFe0.2NbxO3-δ (x=0~0.15) discs annealed at 800 oC in 10% CO2 for 20 hours.
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Fig. 3-b XRD patterns of Ba0.5Sr0.5Co0.8-XFe0.2NbxO3-δ (x=0~0.15) discs annealed at 800 oC in 10% CO2 for 60 hours.

3.2 Electrical conductivity
Fig. 4 shows the temperature dependence of the electrical conductivity of Ba0.5Sr0.5Co0.8-XFe0.2NbxO3-δ (x=0, 0.05, 0.10 and 0.15, denoted as BSCF, BSCFN05, BSCFN10 and BSCFN15 in following article) in air. Due to the equilibration with ambient air at elevated temperatures, two regions can be characterized by different activation energies. In the low temperature region, the Ba0.5Sr0.5Co0.8-XFe0.2NbxO3-δ exhibits frozen-in oxygen non-stoichiometry behavior, the oxygen vacancy concentration is still low while the mobility of the charge carrier is thermally activated. In the high temperature (>500 oC) where the oxygen equilibration kinetics are fast enough, the formation of oxygen vacancies results in an effective decrease of the carrier concentration. In this temperature region, changes in the carrier mobility counteract with changes in the carrier concentration. This leads to a maximum conductivity value for all compositions around 500 oC. 

  Comparing to the difference of conductivity between different compositions. While the substitution of Nb5+, which acts as a donor in BSCF, will compensate the divalent acceptor ions (Ba2+ and Sr2+), the concentration of p-type carriers and oxygen vacancies is expected to reduce. As showed at fig. 4, the electrical conductivity decrease with higher level of Nb-substitution.
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Fig. 4 Temperature dependence of the electric conductivity of Ba0.5Sr0.5Co0.8-XFe0.2NbxO3-δ (x=0, 0.05, 0.1, 0.15) at 300~800 oC.

3.3 Oxygen permeation rate
　　Fig. 5 shows the measured oxygen permeation rate using air as feed gas and argon as sweep gas. As mentioned previously, the compensation effect introduced by Nb substitution tends to lower the oxygen vacancy concentration in BSCFN. Under identical experimental condition, the oxygen flux of BSCFN15 has been lower by about 40% comparing to BSCF at 900 oC (from 1.19 ml/min*cm2 to 0.72 ml/min*cm2). For BSCFN10, the highest permeation rate is 0.9 ml/min*cm2 at 900oC.
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 Fig. 5 The oxygen permeation fluxes of Ba0.5Sr0.5Co0.8-XFe0.2NbxO3-δ at 600~900 oC and pO2=0.2 (membrane thickness~0.8 mm).

4.Conclusion
  The degradation of cubic perovskite Ba0.5Sr0.5Co0.8Fe0.2O3 − δ and formation of a BaCO3 second phase under 10% CO2 atmosphere is observed and the substitution of niobium for cobalt ion significantly improve its phase stability. The electrical conductivity and oxygen flux of Ba0.5Sr0.5Co0.8-XFe0.2NbxO3-δ (x=0, 0.05, 0.10 and 0.15) tend to decrease with higher Nb substitution due to compensation mechanism.
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Nb摻雜對Ba0.5Sr0.5Co0.8Fe0.2O3-δ 之結構穩定性、導電率及氧傳輸率之研究
（科技部計畫編號：MOST106-3113-E-006-012）
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摘    要

具混合電子離子導性之陶瓷薄膜可利用於將空氣中的氧氣進行分離獲得高濃度的純氧，在燃煤工業與醫療用供氧等應用上可取代目前商業製氧所使用的超冷分離法，本研究選用具有良好混合離子導性之Ba0.5Sr0.5Co0.8Fe0.2O3-δ (BSCF)氧化物為基礎，並以Nb作為摻雜離子，探討摻雜量改變對Ba0.5Sr0.5Co0.8Fe0.2O3-δ材料之晶體結構、導電率與氧傳輸量的影響及材料在含二氧化碳的氣氛下材料的晶體結構穩定性。結果顯示於含10%CO2的空氣氣氛下，Nb摻雜可有效提升Ba0.5Sr0.5Co0.8Fe0.2O3-δ材料的結構穩定性。而材料導電率及氧傳輸量則因載子的補償效應而下降。

關鍵詞: 氧傳輸膜、Ba0.5Sr0.5Co0.8Fe0.2O3-δ、鈮摻雜
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