LaNb0.84W0.16O4.08 as a novel electrolyte for high temperature fuel cell and solid oxide electrolysis applications
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Abstract
	LaNb0.84W0.16O4.08 has been successfully synthesized and proposed as an electrolyte for high temperature fuel cell and electrolysis applications due to its remarkable ionic conductivity. A single electrolyte-supported cell using standard electrodes has been fabricated and tested in both modes of operation, and it has been demonstrated that this material could compete with that of standard zirconia electrolytes, especially in the high temperature (HT) range. The measured current density of a non-optimized cell (360 µm of electrolyte thickness) at 950 ºC at 0.5V (fuel cell mode) and 1.3 V (electrolysis mode) using 50%H2O – 50% H2 as the fuel was about -200 mA cm-2 and about 250 mA cm-2, respectively. The reason for the better performance in electrolysis mode is probably associated with the inherent oxygen excess of the LaNb0.84W0.16O4.08 phase.



Introduction
[bookmark: _Ref354660314]	One of the major concerns in research related to future energy sources is the production, storage and distribution of hydrogen. The hydrogen economy will require the development of clean and efficient methods for the production of hydrogen. Probably the most advanced nowadays is the generation of hydrogen by electrolysis of water. This technology is widely developed at low temperature using alkaline electrolysers, and it is currently under continuous research at high temperature (600-1000 ºC) using Solid Oxide Electrolysis Cells (SOECs) [[endnoteRef:1]]. At higher temperatures, these devices present numerous advantages in comparison with low temperature devices, as the electrical energy demand is significantly reduced [1,[endnoteRef:2]].  [1: [] M. A. Laguna-Bercero, J. Power Sources 203 (2012) 4-16.]  [2: [] E. W. Dönitz et al., Int. J. Hydrogen Energy 10 (1985) 291-295.] 

	Currently there are only a limited number of electrolyte materials available for both Solid Oxide Fuel Cells (SOFC) and SOEC applications, as they need to be stable in a wide pO2 range, ensure fast ion conduction, and present no reactivity with other cell components at the operation temperatures. Even today the most common SOFC electrolyte material is YSZ (yttria-stabilized zirconia), based on a simple cubic structure-type with oxygen vacancies introduced through ZrO2-substitution with Y2O3. Although another family of materials such as doped-CeO2 present higher conductivity values, to present YSZ is still the most used electrolyte for SOFC/SOEC applications. Despite the relatively low levels of conductivity, these materials have the major advantage of presenting considerable chemical stability as a function of oxygen partial pressure, and they suffer no degradation at a pO2 as low as 10-24 atm. However, there are some further considerations when using doped-ZrO2 as the electrolyte material, including the reactivity of the electrolyte with cathode materials, for example the formation of insulating phases such as La2Zr2O7 [[endnoteRef:3]]. Apart from the fluorites (doped-ZrO2 and doped-CeO2), many other materials have been proposed as the solid electrolyte for SOFC applications, including perovskite materials based on La1-xSrxGayMg1-yO3-δ (LSGM), electrolytes based on La2Mo2O9 (LAMOX), brownmillerites such as doped-Ba2In2O5, apatite-structured oxides of general formula A10(MO4)6O2–δ, or melilite-structured electrolytes (LaSrGa3O7) [[endnoteRef:4],[endnoteRef:5],[endnoteRef:6],[endnoteRef:7]]. However, the chemical stability of these materials needs to be improved and hence there is a need for new electrolyte alternatives. [3: [] H. Yokokawa, T. Horita, in: S. C. Singhal, K. Kendall (Eds.) High Temperature Solid Oxide Fuel Cells: Fundamentals, Design, and Applications, Elsevier, Kidlington Oxford, United Kingdom, 2003, pp. 119-143.]  [4: [] J. T. S. Irvine, P. Connor, in: J. T. S. Irvine, P. Connor (Eds.), Solid Oxide Fuels Cells: Facts and Figures: Past Present and Future Perspectives for SOFC Technologies, Springer, London, 2013, pp. 163-180.]  [5: [] A. J. Jacobson, Chem. Mater. 22 (2010) 660-674.]  [6: [] A. Orera, P. R. Slater, Chem. Mater. 22 (2010) 675-690.]  [7: [] S. J. Skinner and M. A. Laguna-Bercero, in: D. W. Bruce, R. Walton, D. O’Hare (Eds.), Advanced Inorganic Materials for Solid Oxide Fuel Cells in Energy Materials, Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim, 2011, pp. 33-94.] 

[bookmark: _Ref354141026]	Recently, a substituted-LaNbO4 based-oxide (LaNb0.84W0.16O4.08) in which additional oxygen content is accommodated through the adoption of a superstructure leading to interstitial ion conducting pathways was presented as an alternative SOFC electrolyte [[endnoteRef:8]]. The proposed material is based on the cerium niobate structure. CeNbO4+δ possesses high values for oxygen diffusivity at intermediate SOFC temperatures (600 ºC). The partial substitution of La3+ for lower valence cations such as Ca2+ in La1-xAxNbO4 has shown high values of protonic conductivity [[endnoteRef:9],[endnoteRef:10]]. By doping the B-site with a W6+ cation, oxygen excess is incorporated into the structure imitating the structural behaviour of the CeNbO4+δ superstructures. Details of the crystal structure of the LaNb0.84W0.16O4.08 phase can be found in reference [8]. At 1000 °C, the ionic conductivity of the LNWO material is about 0.1 S cm-1, a comparable value with that of standard 8mol% YSZ, and also presents negligible electronic conductivity at a pO2 as low as 10-22 atm. In addition, the conductivity at 900oC is about 0.02 S cm-1 and the activation energy in the 800-1000oC temperature range is 1.33 eV [8], relatively higher than that of YSZ (0.96-1.05 eV) at the same temperature range [[endnoteRef:11]]. Initial diffusivity measurements, preliminary fuel cell testing correlated with AC impedance studies, as well as thermal expansion coefficient (TEC) and chemical compatibility studies with both anode and cathode have been recently presented [8]. Preliminary SOFC measurements over a ~300 µm electrolyte thickness sample showed no reactivity under operating conditions and generating a reasonable power output in fuel cell mode of 100mW cm2 at 900 ºC and with OCV values above 1V [8]. It is also noticeable that that the performance of the LaNb1-xWxO4+δ based cell at higher temperatures (900-950 ºC) becomes more remarkable. As the La(Nb,W)O4+δ conductivity is much higher at these temperatures, the ohmic losses were significantly reduced (as seen in table 1) and as a consequence reasonable current densities were measured. In addtion, dilatometric studies revealed TEC values between room temperature (RT) and 1000 ºC of 11.44-12.01 x 10-6 K-1. Those values are similar to YSZ and as a consequence the proposed electrolyte will be thermomechanically compatible with the standard lanthanum strontium manganite (LSM,11.2 x 10-6 K-1) [[endnoteRef:12]] and Ni-YSZ (10.3-14.1 x 10-6 K-1) [[endnoteRef:13]] electrodes. [8: [] R. Bayliss, PhD dissertation, Imperial College London, 2012]  [9: [] R. Haugsrud and T. Norby, Solid State Ionics 177 (2006) 1129-1135.]  [10: [] A. Magrasó, R. Haugsrud and T. Norby, J. Am Ceram. Soc. 93 (2010) 1874-1878.]  [11: [] R. P. Ingel, D. Lewis III, J. Am. Ceram. Soc. 69 (1986).325-332.]  [12: [] S. Srilomsak, D. P. Schlling and H. U. Anderson, in Solid Oxide Fuel Cell I,
ed. S. C. Singhal, The Electrochemical Society Proceedings, Pennington, NJ, PV 89-11, 1989, p. 129]  [13: [] M. Mori, T. Yamamoto, H. Itoh, H. Inaba and H. Tagawa, J. Electrochem. Soc. 145 (1998) 1374-1381.] 

	In the present paper we explore the steam electrolysis behaviour of single cells using this type of materials as the electrolyte.

Experimental
	Commercial powders of La2O3 (Sigma-Aldrich, 99.9%), WO3 (Sigma-Aldrich, 99.9%), and NbO2 (Merck, 98%) were stoichiometrically mixed and calcined inside a platinum vessel at 1400 ºC for 24 hours. This process was repeated several times until no change was observed in the XRD pattern and the LaNb1-xWxO4+δ single phase powders were formed. Sample purity was confirmed using X-ray diffraction using a PANalytical X’Pert PRO diffractometer (Cu K,  = 1.5406Å) fitted with an X-Celerator detector. 
	The chemical compatibility of the potential electrolyte was studied with both fuel electrode (NiO/YSZ) and oxygen electrode (LSM). For this purpose, powders of LaNb0.84W0.16O4.08:NiO/YSZ (50:50 wt%) and LaNb0.84W0.16O4.08:LSM (50:50 wt%) were mixed and isostatically pressed at 200 MPa. The pellets were then heated to 1000 ºC for a period of 2 hours and finally they were reground and analysed by powder XRD.
	Powders were then uniaxially pressed using a 20mm die at a pressure of 200 MPa followed by sintering at 1550 ºC for 6 hours. The dense pellets were then ground down to a thickness of approximately 360 µm using SiC grinding media up to grit size P2500. Electrodes were deposited onto the electrolyte using terpineol-based slurries (Sigma-Aldrich) of NiO/YSZ (50/50 wt% from Alfa Aesar and Tosoh, Japan respectively) and (La0.8Sr0.2)0.98MnO3/YSZ (50/50 wt% LSM/YSZ from FuelCell Materials, USA) by brush-painting on both sides of the electrolytes in a sequential process. The NiO/YSZ electrode (~30 µm thickness) was firstly sintered at 1350 ºC for 1.5 hours before the LSM/YSZ (30 µm thickness) was deposited and sintered at 1150 ºC for 1.5 hours.
	Samples were then sealed onto an alumina tube using Ceramabond 503 high temperature sealant (Aremco, USA). The measurements were performed using four Pt wires to measure voltage and current. A Pt mesh was attached to the electrodes using spring loads. j-V and AC impedance measurements were recorded using a VSP Potentiostat/Galvanostat (Princeton Applied Research, Oak Ridge, USA) at temperatures of between 850 and 950 ºC using 50% steam/50% hydrogen at the fuel electrode (QT = 100 sccm) and 20% oxygen/80% nitrogen (QT = 100 sccm) at the oxygen electrode side. j-V measurements were recorded from OCV down to 300 mV (SOFC mode) and from OCV up to 1500 mV (SOEC mode) at a scan rate of 1 mA cm–2 s–1. AC impedance measurements were recorded in galvanostatic mode using a sinusoidal signal amplitude of 20 mA over the frequency range of 10 kHz to 0.01 Hz. Finally, SEM analysis was carried out on fractured transverse cross-section samples using a Merlin Field Emission SEM (Carl Zeiss, Germany).

Results and Discussion
[bookmark: _Ref365888221]	The powder XRD pattern for the single phase W-doped LaNb0.84W0.16O4.08 (LNWO) material is shown in Figure 1, showing extra reflections as a result of the superstructure and the variation from the parent cell pattern of LaNbO4. The parent material (LaNbO4) is found in the ABO4 fergusonite-type monoclinic structure [[endnoteRef:14]], whereas the W-doped sample is thought to be isostructural with the interstitial oxygen containing CeNbO4.08 [[endnoteRef:15],[endnoteRef:16]], a lower symmetry incommensurately modulated monoclinic phase. Both systems undergo the monoclinic to tetragonal phase transition on heating [14] at around 500 ºC. All peaks observed in the XRD pattern of Figure 1 correspond to the LNWO phase. Although the crystal structure of the LNWO material is still not fully resolved, additional structural information can be found in reference [8]. [14: [] S. Tsukawa, Sci. Rep. Res. Inst., Tohoku Univ. 29 (1980) 1-16.]  [15: [] J. G. Thompson, R. L. Withers, F. J. Brink, J. Solid State Chem. 143 (1999)122-131.]  [16: [] R. Packer, S. J. Skinner, Adv. Mater. 22 (2010) 1613-1616.] 

	The chemical compatibility of the potential electrolyte has also been studied with both fuel electrode (NiO/YSZ) and oxygen electrode (LSM). The analysis showed no apparent reaction of the LaNb0.84W0.16O4.08 (LNWO) phase with either NiO/YSZ or LSM electrodes (as confirmed by XRD) at temperatures of up to 1000 ºC for a period of 2 hours. The material is seemingly stable and chemically compatible with the other cell components in the short term conditions applied in this work. We can conclude from this short test that the selected electrodes will not degrade during sintering and will also be appropriate for use under SOFC/SOEC conditions when using LaNb0.84W0.16O4.08 as the electrolyte. Further long-term tests will be required to evaluate the durability of the cells, but is outside the scope of the current work.
	The typical microstructure of the cell prior to the electrochemical studies is shown in Figure 2. Figure 2 (a) shows that the LaNb1-xWxO4+δ electrolyte is fully dense, containing grain sizes of between 2 and 20 µm. Figures 2 (b) and (c) show the interfaces of the electrolyte material with the NiO/YSZ fuel electrode and the LSM/YSZ oxygen electrode, respectively. Although the porosity of the electrodes is not fully optimized and functionally graded-electrodes will lead to lower polarization resistances, it is remarkable that clean interfaces were formed, showing no apparent reactivity during sintering, as confirmed by EDS analysis (Table 2). We can conclude that the selected electrodes will be suitable during sintering and under SOFC/SOEC applications using LaNb0.84W0.16O4.08 as the electrolyte.
	In this case, the performance of a cell with ~360 µm electrolyte thickness was explored under both fuel cell and electrolysis conditions. Typical j-V curves for both SOFC and SOEC operation modes recorded using a steam/hydrogen ratio of 1:1 are shown in Figure 3. A summary of the measured properties, including OCV and ASRcell values, and current densities at 0.5V and 1.5V as a function of the temperature are also summarized in Table 3. OCV values are in good agreement with those predicted from the Nernst equation assuring good sealing and, as a consequence, no apparent gas leakage from the fuel chamber to the air chamber was detected. SOFC performance is in concordance with previous studies [8]. Current densities of ~200 mA cm-2 at 950 ºC and 0.7 V using 97% H2/3% H2O as a fuel were previously reported, whereas  in this case, at the same temperature and voltage, the measured current density was ~100 mA cm-2. Even though we can conclude that both samples are comparable, the decrease in the current density can be explained by an increase of the electrolyte thickness for the current sample (~300 µm vs. ~360 µm), and also to the decrease of hydrogen content (97% vs. 50%). The performance of the cell increases significantly when increasing the temperature, due to the high activation energy of the LaNb0.84W0.16O4.08 electrolyte. The scattering observed in the data at 950 ºC, especially at high current densities was associated with contact issues.
[bookmark: _Ref354577416][bookmark: _Ref354577418]The performance of the cell in SOEC mode, reported for the first time, is of great interest. The reversibility of the cell when swapping the cell polarization (change from SOFC to SOEC mode) is demonstrated. In addition, the cell performance is enhanced in SOEC mode, as observed in Figure 3 and also from the obtained ASR values (Table 1). In electrolysis mode there is an increase of pO2 at the oxygen electrode/electrolyte interface due to the oxygen evolution. It has been previously reported that the hyperstoichiometry of some oxygen electrode materials such as the NNO (Nd2NiO4+δ) [[endnoteRef:17]] or LSCN (La1.7Sr0.3Co0.5Ni0.5O4.08) [[endnoteRef:18]] is favourable for oxygen evolution, as the performance of these electrodes is enhanced in SOEC mode. From our knowledge, this is the first time that an oxygen hyperstoichiometric phase has been tested as an electrolyte under SOEC mode. As for the Ruddlesden-Popper electrodes [16,17], the ability of the La(Nb,W)O4+δ structure to accommodate oxygen excess is probably the reason for the increase of performance under electrolysis mode. [17: [] F. Chauveau, J. Mougin, J. M. Bassat, F. Mauvy, J. C. Grenier, J. Power Sources 195 (2010), 744-749.]  [18: [] M. A. Laguna-Bercero, N. Kinadjan, R. Sayers, H. El Shinawi, C. Greaves, S. J. Skinner, Fuel Cells 11 (2011) 102–107.] 

AC impedance experiments (as shown in Figure 4) were also performed applying 50 mA of current load in order to analyse the SOEC regime. A summary of the AC impedance parameters are shown in Table 1. Ohmic resistance of the sample at 850 ºC is rather high due to the relatively low LWNO conductivity at this temperature. This value decreases significantly when increasing the temperature, in concordance with the j-V results. Polarization resistance due to the electrodes is also higher than the SOFC/SOEC standards as the microstructure is not optimized. However the aim of the present study was to demonstrate the suitability of the LaNb0.84W0.16O4.08 as an electrolyte for high temperature electrolysis applications.
	Finally, SEM studies were performed after the SOFC/SOEC experiments in order to study any possible degradation (Figure 5). Figure 5 (a) shows the clean interface between the Ni/YSZ electrode and the LaNb0.84W0.16O4.08 electrolyte displaying no apparent degradation. However, as marked by the arrow in Figure 5 (b), slight delamination of the LSM/YSZ electrode was observed after operation. Although this is out of the scope of the present work, delamination is one of the main problems associated with electrolysis cells due to the high pO2 taking place at the electrolyte/oxygen electrode interface, as previously reported by different authors [1,[endnoteRef:19],[endnoteRef:20]]. [19: [] J.R. Mawdsley, J.D. Carter, A.J. Kropf, B. Yildiz, V.A. Maroni, Int. J. Hydrogen
Energy, 34 (2009) 4198–4207.]  [20: [] A.V. Virkar, Int. J. Hydrogen Energy, 35 (2010) 9527–9533.] 


Conclusions
	LaNb1-xWxO4+δ is presented for the first time as a novel electrolyte for SOEC applications, and the first report of an oxygen interstitial-based SOEC electrolyte. The material presents no apparent reactivity with standard Ni/YSZ and LSM electrodes. Preliminary SOEC results showed similar performance to that of standard YSZ at high temperatures (900-950 ºC). It is believed to be first report of the enhancement in SOEC mode in comparison with SOFC mode for an oxide ion conducting electrolyte. It is suggested that the reason for this effect will be the excess oxygen of the ionic conducting phase. Although much work is now required in order to fully understand this phase, the LaNb0.84W0.16O4.08 structure could be an interesting alternative for the traditional YSZ electrolyte.
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Figure 1. Powder XRD pattern for the single phase W-doped LaNb0.84W0.16O4.08 material. The extra reflections (*) correspond to a superstructure, as observed by TEM [8].
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Figure 2. SEM micrographs showing (a) surface view of the fully dense LaNb1-xWxO4+δ electrolyte; (fractured transverse-cross sections) (b) interface of the LaNb1-xWxO4+δ electrolyte and the NiO/YSZ fuel electrode; and (c) interface of the LaNb1-xWxO4+δ electrolyte and the LSM/YSZ oxygen electrode.
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Figure 3. j-V curves for both SOFC and SOEC operation modes recorded using a steam/hydrogen ratio of 1:1 at temperatures between 850 ºC and 950 ºC.
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Figure 4. AC impedance experiments performed applying 50 mA of current load in order to analyse the SOEC regime at 850 ºC, 900 ºC and 950 ºC.


[image: ]a

[image: ]b


Figure 5. SEM micrographs (fractured transverse-cross sections) showing (a) the clean interface between the Ni/YSZ electrode and the LaNb0.84W0.16O4.08 electrolyte; and (b) slight delamination of the LSM/YSZ electrode.


Table 1.
Summary of the AC impedance parameters
	Temperature (ºC)
	Rohm
(Ω cm2)
	Rpol
(Ω cm2)
	ASRcell
(Ω cm2)

	850
	11.4 ± 0.2
	3.0 ± 0.2
	14.4 ± 0.4

	900
	3.4 ± 0.2
	2.5 ± 0.3
	5.8 ± 0.4

	950
	1.5 ± 0.1
	2.4 ± 0.2
	3.8 ± 0.3



Table 2.
EDS analysis near both oxygen and fuel electrodes (analysed areas are shown in figures 2b and 2c). Theoretical values (in at%) for the LaNb0.84W0.16O4.08 are: La 16.45; Nb 13.82; W 2.63 and O 67.10. Due to spatial resolution, the experiment was performed at a distance from 2 to 6 µm perpendicular to the interface.
	Distance from the interface (µm)
	La
(at%)
	Nb
(at%)
	W
(at%)
	O
(at%)

	Ni/YSZ-LNWO (see figure 2b)

	2
	16.54 ± 0.48
	13.91 ± 0.38
	2.42± 0.15
	67.13± 1.43

	3
	16.76 ± 0.50
	13.22 ± 0.39
	2.64 ± 0.22
	67.38 ± 1.56

	4
	16.16 ± 0.75
	13.56 ± 0.42
	2.80 ± 0.18
	67.48 ± 1.65

	5
	17.08± 0.60
	14.02 ± 0.48
	2.26 ± 0.20
	66.64 ± 1.48

	6
	16.14± 0.88
	13.1 ± 0.40
	2.65 ± 0.18
	68.11 ± 1.46

	LSM/YSZ-LNWO (see figure 2c)

	2
	16.46 ± 0.68
	11.98 ± 0.60
	2.92 ± 0.18
	68.64 ± 1.23

	3
	16.33 ± 0.56
	12.74 ± 0.58
	2.40 ± 0.22
	68.53 ± 1.45

	4
	16.63 ± 0.65
	12.11 ± 0.43
	2.58 ± 0.23
	68.68 ± 1.46

	5
	17.30 ± 0.66
	13.99 ± 0.49
	2.81 ± 0.22
	65.90 ± 1.50

	6
	17.75 ± 0.84
	13.02 ± 0.58
	2.65 ± 0.28
	66.58 ± 1.57



Table 3.
Summary of the j-V parameters
	Temperature (ºC)
	OCV
(mV)
	ASRcell (SOFC)
(Ω cm2)
	ASRcell (SOEC)
(Ω cm2)
	Current density at 0.5V
(mA cm-2)
	Current density at 1.3V
(mA cm-2)

	850
	958
	13.8
	10.1
	-34
	39

	900
	937
	3.5
	2.1
	-124
	178

	950
	910
	1.6
	1.41
	-199
	256
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