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Oxygen stoichiometry and transport properties of CERIUM NIOBATE
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Abstract  

CeNbO4+δ has been synthesized by both solid state and wet chemical routes and characterized with respect to electrical conductivity and oxygen stoichiometry between 900°C and 1100°C and pO2 from 1 bar to 0.002 bar. CeNbO4+δ was shown to exhibit mixed conductivity with oxygen interstitials and electron holes being the major charge carriers. The activation energies for chemical diffusion (Dchem) and surface exchange coefficient (kchem), determined by electrical relaxation measurements, were 55.8 ± 3.7 and 198 ± 20 kJ/mol respectively. Finally, both Dchem and kchem were reduced with decreasing partial pressure of oxygen. 
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1. Introduction
Solid oxide fuel cells (SOFC) have received big attention in recent years due to the potential for developing more efficient power generation systems. SOFCs have a wide variety of applications, particularly in the oil and gas industry where they can be combined with gas turbines for electricity production based on natural gas [1, 2]. 
Materials with oxygen hyper-stoichiometric phases have recently caught interest due to their lower activation energy for the motion of interstitial oxygen ions [3-7]. CeVO4+δ and K2NiF4-type oxides such as La2NiO4+ δ [3, 4], and CeTaO4+δ [8, 9] have been investigated as potential SOFC cathode and electrolyte materials, respectively. The most recent studies on materials with oxygen hyper-stoichiometry involve investigation of CeNbO4+δ [3, 4]. At ambient temperature four different crystal structures have been found in this system corresponding to the stoichiometries CeNbO4, CeNbO4.08, CeNbO4.25, and CeNbO4.33 [10, 11]. The incorporation of excess oxygen on interstitial sites is accommodated by a change in the oxidation state of cerium from Ce+3 to Ce+4 [3, 4]. The crystal structure of CeNbO4+δ at elevated temperature has also been reported in several papers [10-15]. Tsipis et al. and Packer et al. [3, 4] have reported on transport properties of CeNbO4+δ at temperatures between 800°C and 950°C. Here we present a study of the transport properties and oxygen stoichiometry at higher temperatures than previously reported. 
2. Experimental


CeNbO4+δ was prepared by both solid state synthesis and spray pyrolysis. Spray pyrolysis powder was synthesized using aqueous solutions of 0.2 M Ce-citric acid complex and 0.16 M Nb-malic acid complex. Nb-malic acid complex solution was prepared from 0.78 mol (NH4)NbO(C2O4)2·5H2O (H.C. Starck) and DL-malic acid (0.33 M) (Aldrich, 99%) by the method described by Mokkelbost et al. [17]. The Ce-citric acid complex solution was prepared by dissolving 1.0 mol cerium nitrate (Ce(NO3)3·6H2O, Alfa Aesar, 99.5%) in approximately 3 liters of distilled water and mixing with 1.3 mol citric acid (C6H8O7, Acros Organics). Ammonium hydroxide (25%) was added to the solution to form the water-soluble Ce-citric acid complex. pH was adjusted to 9.5 by drop-wise addition of 65% nitric acid (HNO3).  The cation content in the Ce-citric acid and the Nb-malic acid solutions were determined by thermogravimetry (weight of oxide after thermal treatment) and mixed to give the desired stoichiometry. Prior to mixing it was imperative that the solutions were adjusted to pH 9.5 in order to avoid precipitation during mixing. The homogeneous solution was processed using spray pyrolysis [17]. The raw powder produced from the pyrolysis was first dry ball milled for 20-30 minutes in order to reduce the tap density, followed by calcination at 800°C in air for 6 hrs, and finally wet ball milling in 100% ethanol for approximately 24 hrs.
The component oxides used for solid state synthesis, CeO2 (Acros Organics, 99.9%) and Nb2O5 (Sigma-Aldrich, 99.9%), were mixed by ball milling in 100% ethanol for 24 hours using yttrium stabilized zirconia balls and uniaxially pressed at ~75 MPa into bars (~6.5x6.5x55 mm3) followed by isostatic pressing at 200 MPa to obtain an average green density of 55%. A density of 96-98% was achieved after sintering at 1400°C for 32 hours.

Conductivity relaxation experiments were performed on polished samples from 900°C to 1100°C with pO2 ranging from 1 to 0.002 bar. This technique involved measuring the time-dependent electrical conductivity during well-defined changes in pO2. Details on the experimental setup are given by Wærnhus et al. [16]. The resulting relaxation curves were used to calculate surface exchange coefficients (kchem) and bulk diffusion coefficients (Dchem).

The oxygen stoichiometry of CeNbO4+δ was determined by thermogravimetric analysis (TGA) (Netzch STA 449C) at pO2 of 0.008 and 0.2 bar. The powder from wet chemical synthesis was used for the TG measurements due to the low particle size (100-200 nm) resulting in faster equilibration with the atmosphere. 
X-ray diffraction (XRD) analysis (Bruker D8 Advance with Våntec detector and Cu-K radiation) was performed in order to investigate phase purity of powders made by both solid-state reaction synthesis and wet chemical synthesis. 
3. Results and discussion 

XRD analysis of the materials obtained by the two different routes showed that both materials were phase pure according to JCPDS file 33-0332. TGA in pO2 of respectively 0.2 and 0.008 bar is shown in Fig 1a for a powder preheated for 50 hrs at 1200°C prior to analysis. At ambient conditions the powder has the stochiometry CeNbO4.27. Upon heating (2°C/min) the powder slowly oxidizes until it reaches a maximum oxygen content at 535°C, where it starts to lose oxygen. Between 625°C and 725°C, depending on pO2, the material is rapidly reduced and approaches CeNbO4.0. Upon cooling the material starts to re-oxidize at the same temperature as the initial reduction process upon heating started. While the re-oxidation at 0.2 bar is considerable, the observed re-oxidation at 0.008 bar is minimal, which is due to the lack of oxygen in the environment. The reduction upon heating and consequent oxidation upon cooling occurring between 625°C and 725°C is accompanied by a transition to the tetragonal modification of CeNbO4 [10-12]. The oxygen stochiometry observed after isothermal hold are plotted as a function of the temperature in Fig. 1b. The material is essentially stoichiometric above 1000 °C in 0.008 bar O2 (see Fig. 1b). Corresponding data obtained by an isothermal hold in a cooling cycle demonstrate that re-oxidation was kinetically hindered. 
 
The total conductivity of CeNbO4+δ is shown as a function of pO2 and reciprocal temperature in Fig 2a and 2b. At 900°C and 0.2 bar the measured conductivity was 0.043 S/cm, in good agreement with Packer et. al (0.033 S/cm) [4]. Activation energy (Ea) for the total conductivity in air was found to be 26.4 kJ/mol, which is in reasonable agreement with the activation energy for ionic conductivity (35 kJ/mol) and electronic conductivity (52 kJ/mol) reported by Tsipis et. al [3] at a significantly lower temperature. The behavior of the total conductivity as a function of pO2 is close to linear with decreasing conductivity at lower pO2 and slopes between 1/4 and 1/6. The reduction in conductivity with decreasing pO2 indicates that the conductivity is controlled by the incorporation of oxygen on interstitial sites. In order to comply with the electro neutrality condition the concentration of electron holes should be twice that of the concentration of interstitial oxygen atoms. If however, electron holes are the majority charge carrier, it is expected that the slope of the line for log( as a function of log(pO2) would be close to 1/6, which can be derived from the following equation:
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It follows from equation (1) that
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 and consequently the concentration of electron holes and hence the conductivity should be proportional to
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. The slightly higher value found for the slope in this study indicates that there are other defects contributing to the total conductivity in addition to the formation of oxygen interstitials and electron holes.

Bulk diffusion and surface exchange coefficients (Dchem and kchem), determined by electrical relaxation data, are shown in Figures 3a and b respectively as a function of oxygen partial pressure. At higher temperatures Dchem was well defined, while calculations for kchem did not converge and could not be determined. The opposite was true for lower temperatures, where kchem was well defined whereas calculations for Dchem did not converge. Linear regressions have been fitted to the reported values and a pO2 dependency was calculated according to kchem 
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 p(O2)n. For Dchem n varied from 1/11 to 1/25, while for kchem values n were between 1/4 and 1/5. Figures 4a and 4b show data for log(Dchem) and log(kchem), respectively, as functions of inverse temperature. While both bulk diffusion and surface exchange show significant changes with varying temperature as expected, the same is not true for changes in pO2. The point defects proposed to be related to the surface exchange process are electron holes and oxygen interstitials, or the sites available for oxygen interstitials. Since the available sites for oxygen interstitials increase with decreasing pO2, the reduction of kchem with decreasing pO2 is proposed to be related to the reduction in the concentration of holes (Fig. 2a). 
From the Arrhenius plots activation energies for bulk diffusion and surface exchange were calculated using both oxidation and reduction data. Ea values based on oxidation data were slightly lower than the reduction values. For Dchem average values for Ea(o) and Ea(r) were found to be 49.0 ± 3.7 kJ/mol and 55.8 ± 6.7 kJ/mol, respectively. Calculations for kchem gave average values for Ea(o) and Ea(r) of 171 ± 7.8 kJ/mol and 198 ± 20 kJ/mol, respectively. The values found for the bulk diffusion is comparable to what was found by Packer et al. [4]. Activation energy for surface exchange, however, was found to be slightly higher than reported by Packer et al. [4]. 

In order to properly discuss the transport coefficients and determine which of the processes is the rate limiting step, den Otter et al. [19] introduced the characteristic length parameter which is defined as Lc = Dchem/kchem. Another parameter, L, is obtained by introducing the ratio between Lc and sample thickness (lx) [19]. L is a simplified expression used to discuss which of the two processes can be considered the rate limiting, assuming that the volume is sufficiently small for the change in the surrounding oxygen activity to be instantaneous, and that only one-dimensional diffusion occurs. For this ideal condition there are three distinct regimes; for L < 0.03 surface transfer is rate limiting, while for L  > 30 diffusion is rate limiting. In the remaining case there is a regime of mixed control and both kchem and Dchem are well defined. From calculations made (not shown here), it is clear that at higher temperatures the process is diffusion controlled since L values exceed 30. When the temperature is reduced, L decreases accordingly, indicating that the material is moving into a regime of mixed control. At lower temperatures the process becomes increasingly dominated by surface exchange. Although L is still within what is defined as the mixed control zone at 900°C, the values become so small that the process can most likely be considered as surface exchange limited. These results verify what was already found by considering the error plots obtained from kchem and Dchem calculations; that in fact the process is controlled by bulk diffusion at higher temperatures, while at lower temperatures the surface exchange of oxygen becomes the limiting step. In addition, it can be verified that kchem and Dchem have only a weak pO2 dependency, since L values change only slightly at each isotherm for varying pO2.
4. Conclusions


Thermogravimetric measurements at oxygen partial pressures of 0.2 bar and below confirmed what has been found before, that CeNbO4+δ is oxidized up to temperatures between 625°C and 725°C where the material is reduced to stoichiometric CeNbO4.0 accompanied by a monoclinic to tetragonal phase transition. Dense samples of CeNbO4+δ were successfully synthesized by both solid state and wet chemical routes. The dependence of the conductivity as a function of oxygen partial pressure suggests that the material is a mixed conductor with oxygen interstitials and electron holes being the major charge carriers. Bulk diffusion and surface exchange coefficients indicate that the total conductivity is controlled by bulk diffusion at high temperatures, while surface exchange seems to be the limiting process at lower temperatures. Surface exchange coefficient was reduced with reducing partial pressure of oxygen. 
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Figure 1: (a) TGA of spray pyrolysis powder that was heat treated for 50 hrs at 1200 °C prior to analysis. (b) Equilibrium values for each isotherm upon heating and cooling. Closed symbols show values during heating, and open symbols show values during cooling. 

Figure 2: (a) Oxygen partial pressure dependencies of total conductivity for CeNbO4+δ. (b) Temperature dependencies of total conductivity for CeNbO4+δ. Error bars here are smaller than the size of the symbols and are therefore not visible.

Figure 3: (a) Bulk diffusion coefficient and (b) surface exchange coefficient as a function of oxygen partial pressure, calculated from both reduction and oxidation measurements. Open symbols represent oxidation values and closed symbols represent reduction values.

Figure 4: (a) Bulk diffusion coefficient and (b) surface exchange coefficient as a function of temperature, calculated from both reduction and oxidation measurements. Open symbols represent oxidation values and closed symbols represent reduction values.
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Figure 1
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Figure 2
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Figure 3
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Figure 4





































































_1250927854.unknown

_1250935416.unknown

_1238846001.unknown

_1238846042.unknown

_1231149234.unknown

