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            Abstract
Solid oxide cells (SOCs) can operate with high efficiency in two waysâ€”as fuel cells, oxidizing a fuel to produce electricity, and as electrolysis cells, electrolysing water to produce hydrogen and oxygen gases. Ideally, SOCs should perform well, be durable and be inexpensive, but there are often competitive tensions, meaning that, for example, performance is achieved at the expense of durability. SOCs consist of porous electrodesâ€”the fuel and air electrodesâ€”separated by a dense electrolyte. In terms of the electrodes, the greatest challenge is to deliver high, long-lasting electrocatalytic activity while ensuring cost- and time-efficient manufacture1. This has typically been achieved through lengthy and intricate ex situ procedures. These often require dedicated precursors and equipment1,2,3; moreover, although the degradation of such electrodes associated with their reversible operation can be mitigated4, they are susceptible to many other forms of degradation5. An alternative is to grow appropriate electrode nanoarchitectures under operationally relevant conditions, for example, via redox exsolution6,7,8,9,10. Here we describe the growth of a finely dispersed array of anchored metal nanoparticles on an oxide electrode through electrochemical poling of a SOC at 2 volts for a few seconds. These electrode structures perform well as both fuel cells and electrolysis cells (for example, at 900â€‰Â°C they deliver 2 watts per square centimetre of power in humidified hydrogen gas, and a current of 2.75 amps per square centimetre at 1.3 volts in 50% water/nitrogen gas). The nanostructures and corresponding electrochemical activity do not degrade in 150 hours of testing. These results not only prove that in operando methods can yield emergent nanomaterials, which in turn deliver exceptional performance, but also offer proof of concept that electrolysis and fuel cells can be unified in a single, high-performance, versatile and easily manufactured device. This opens up the possibility of simple, almost instantaneous production of highly active nanostructures for reinvigorating SOCs during operation.
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                    Figure 1: Electrochemical switching.[image: ]


Figure 2: Performance of a solid oxide cell produced by electrochemical switching.[image: ]


Figure 3: Long-term stability.[image: ]
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Extended data figures and tables

Extended Data Figure 1 Microstructures of as-prepared electrode.
a, b, SEM micrographs of the electrodes before any gas reduction/electrochemical switching by potential.


Extended Data Figure 2 TEM analysis of a nickel-exsolved electrode.
a, TEM micrograph of a nickel exsolution particle from an LCNT electrode after â€˜electrochemical switchingâ€™. b, Composition analysis by EDS.


Extended Data Figure 3 Polarization resistance after electrochemical switching.
The plot of imaginary (Zâ€³) versus real (Zâ€²) complex impedance compares the polarization resistance of the whole cell at OCV after electrochemical switching, with the contribution from the air electrode as measured in an impedance half-cell measurement in air. Both spectra were obtained at 900â€‰Â°C and the series resistances were subtracted for easier comparison.


Extended Data Figure 4 Comparison of perovskite electrodes, produced by electrochemical switching, that either contain or do not contain nickel.
a, Currentâ€“voltage curves and b, impedance spectra at OCV. Cells were based on 140-Î¼m-thick electrolytes, with La0.4Ca0.4TiO3 (LCT) and La0.43Ca0.37Ni0.06Ti0.94O3-Î´ (LCNT) electrodes; data were collected at 900â€‰Â°C in 3% H2O/H2.


Extended Data Figure 5 Effects of electrolyte thickness on performance.
a, Currentâ€“voltage curves from SOCs that are supported by electrolytes of thickness 140â€‰Î¼m, operated between 900â€‰Â°C and 700â€‰Â°C in 3% H2O/H2. b, Impedance spectra at 900â€‰Â°C, at OCV or 0.7â€‰V, and for supporting electrolytes of 80â€‰Î¼m or 140â€‰Î¼m.


Extended Data Figure 6 Long-term stability.
The evolution of power density, polarization resistance (Rp), series resistance (Rs) and voltage over time, for a cell supported by a 140-Î¼m-thick electrolyte (Fig. 1g and Extended Data Fig. 5a) at 750â€‰Â°C in 3% H2O/H2. Rs and Rp were measured at 0.7â€‰V. Galvanostatic measurements in fuel-cell mode were made under an applied current of 0.6â€‰A cmâˆ’2 (0â€“54â€‰h) and then 0.5â€‰A cmâˆ’2 (54â€“100â€‰h).


Extended Data Figure 7 Extended dataset for Fig. 3.
The sample that had been operated in EC, FC and RC modes (Fig. 2) was subjected to a long-term test at 700â€‰Â°C, including EC/RC cycling and an extra 40 hours of EC mode. a, Electrochemical data. b, SEM micrograph of the fuel electrode after testing. The data (especially the polarization resistance, Rp, and the microstructure) indicate that the electrode performance and nanostructure are stable throughout ~40 hours of electrolysis in very harsh conditions (50% H2O/N2), possibly indicating that little additional exsolution occurred. This conclusion is also supported by a slight increase in the fuel-cell power density. However, a snapshot of the starting microstructure (that is, after electrochemical switching but before any long-term test) is not available for a direct, quantitative comparison. As illustrated by the microstructure in b, particles are on average smaller than 25â€‰nm and there is negligible growth owing to additional exsolution or coalescence. Note that exsolution will probably self-regulate owing to the formation of a coreâ€“shell structure of perovskite grains (suggested in Fig. 1a), the surface having â€˜depletedâ€™ Ni ions (and lower A-site deficiency, for example, A0.8B0.94Ni0.06O3 â†’ A0.8B0.94O3 (= A0.85BO3) + 0.06 Ni + 0.03 O2) and the core probably having â€˜unalteredâ€™ stoichiometry (A0.8B0.94Ni0.06O3). Because of the lower A-site deficiency of the outer perovskite shell, cation diffusion from the core to the surface and subsequent exsolution will be decelerated and controlled, providing the slow-release mechanism suggested in the text. We also note that, during the 40-hour EC test, the electrode performance was stable, while the series resistance (Rs) increased slightly. After the experiment we found that this was probably due to the cell wiring (Pt), which was severely oxidized because of the harsh conditions. Overall, the results suggest that these nanostructures are very stable in the harsh EC and FC environments.


Extended Data Figure 8 Performance improvement after stability tests.
a, b, Using the sample that was used for the long-term stability test and 20-cyclic test (Fig. 3 and Extended Data Fig. 7), we measured a, currentâ€“voltage curves at 700â€‰Â°C and 900â€‰Â°C in 3% H2O/H2, and b, impedance spectra at 700â€‰Â°C and 900â€‰Â°C at 0.7â€‰V, both before (â€˜initialâ€™) and after the stability test.


Extended Data Figure 9 SEM image of the microstructure of a full cell.
The cell configuration is: LCNT (fuel electrode) | ScSZ (electrolyte) | LSMâ€“ScSZ (air electrode) (see Methods).


Extended Data Figure 10 Particle analysis from SEM images.
a, Original SEM image. b, Individual particles have been highlighted on the basis of pixel contrast. c, Distribution of particle sizes, based on b. d, Other exsolution characteristics that can be calculated on the basis of b, c.
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Highly active nanostructures for solid oxide cells
Incorporating nanostructured electrodes into solid oxide fuel cells improves performance by increasing the active surface area and therefore increasing electrocatalytic activity. However, fabrication of such electrodes by physical or chemical deposition can be complex. Redox exsolution of nanoparticles from a parent perovskite was shown recently to be a viable means of producing electrodes with enhanced stability. Here, John Irvine and colleagues demonstrate that similar exsolution can be achieved by simply poling the cell for a few seconds, rather than the lengthy redox processes previously used. The resulting cells are highly stable in fuel and electrolysis modes, showing that high-performing electrodes can be fabricated quickly and easily in situ.
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