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Abstract

:

This perspective gives the reader a broad overview of the progress that has been made in understanding the physics of the exsolution process and its exploitation in electrochemical devices in the last five years. On the basis of this progress, the community is encouraged to pursue unreported and under-reported opportunities for the advancement of exsolution in electrochemical applications through new materials discovery.
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1. Introduction


Heterogeneous catalysts for energy conversion are most often supported catalysts, where a high surface-area support is decorated by catalytic nanoparticles [1,2,3]. While the support itself is not usually catalytically active, its crucial role in modulating the redox chemistry and stability of the active site has long been understood [4,5,6]. Furthermore, the support plays an important role in tailoring the local chemical environment surrounding the active site during catalysis through the adsorption of reactants and intermediates. For example, the support can be used to increase the concentration of desired adsorbed reactants in the proximity of the active site for more facile kinetics. Nanoparticles (or their soluble precursors) designed to provide active sites are generally synthesized independently of their support, and combined in a final synthetic step to generate the supported catalyst structure. The most common industrialized techniques to generate supported catalysts are “top-down” techniques such as incipient wetness impregnation, electro(less) deposition, and a variety of gas-phase deposition techniques (e.g., CVD, PVD). Such “top-down” techniques, in their essence, attempt to form the supported catalyst structure by decorating high surface-area supports with nanoparticles in a similar way to how one would decorate a cake. Unsurprisingly, this often leads to weak and superficial bonding between the metal and its support [7,8,9,10]. In both thermochemical and electrochemical catalytic processes, weak bonding at the interface between the nanoparticles and the support enables the nanoparticles to move, sinter, ripen, or even fall off. In the case of the electrodes meant to synthesize or consume carbon-based synthetic fuels, weak metal–support interactions (MSI) can enable carbon accumulation by the tip-growth mechanism, clogging pores and covering active sites, ultimately leading to the deactivation of the catalyst [11,12,13,14]. Given the importance of nanoparticle immobilization on the support by a strong MSI, the development of a widely applicable and single-step synthesis technique which could be used to improve catalyst durability is highly desirable [15].



In contrast to “top down” techniques, the focus here is on an "inside-out" technique known as exsolution (also called solid-phase crystallization). Exsolution is a process where catalytic nanoparticles are instead grown by phase-separation in the solid phase within a mixed-metal oxide precursor. The bonds between metal cations and oxide anions within the lattice of the ceramic precursor can be broken in a reducing atmosphere at high temperature. Such a process reduces metal ions to their metallic state (or partially reduced state) in the form of nanoparticles. The resulting material is a supported catalyst where the reduced metal nanoparticles are dispersed about a support surface, or subsurface, as exemplified schematically in Figure 1. The support structure (or backbone) is the ceramic that is released when the desired metal ions have been removed from the lattice of the ceramic precursor material.



This perspective is meant to summarize some of the advancements that have been made in the last 5 years, including potential research paths moving forward. The interested reader is also directed to previous reviews on the exsolution phenomenon both within and outside the context of electrochemistry [17,18,19].




2. Discussion


2.1. Recent Advancements in Exsolution Electrodes


One of the first reports of exsolution was produced in 2002 by auto manufacturers Daihatsu and Toyota in collaboration with the Japanese academy as a method for controlling automotive emissions [20]. In this study, the Pd particles used to treat exhaust gas could be cycled between their reduced state (metallic/exsolved) and their oxidized state (ionic/dissolved) by cycling the atmosphere between the reducing and oxidizing gasses typically found in automotive exhaust. This would cycle Pd between its ionic state in the LaFe0.57Co0.38Pd0.05O3 (LFCP) ceramic and its metallic state when Pd exsolves from giving Pd0/LFC. This was found to be a clever strategy to mitigate the effects of nanoparticle agglomeration. When the Pd particles grew too large and negatively impacted catalysts, exposure to an oxidizing environment allowed the Pd particles to ingress/dissolve into the LFC backbone, forming the original LFCP phase. Afterwards, the LFCP could undergo exsolution anew and Pd would exsolve once more as small, highly dispersed, un-agglomerated nanoparticles.



While this initial application was not electrochemical in nature, the promise of extension to electrochemistry through the design of conductive ceramic backbones eventually followed, but did not pick up significant momentum until around 6–7 years ago. Additionally, electrochemical applications of the exsolution method still used the heated reducing gaseous environment as the driving force for exsolution. Exsolution electrodes have since been used in fuel-flexible solid-oxide fuel cells (SOFC’s), solid-oxide electrolyzer cells (SOEC), and cells which can switch functionality and polarization in order to store or produce energy as needed. The Irvine group showed in 2016 that the exsolution process could be driven electrochemically rather than thermochemically. Interestingly, the electrochemcially-driven process occurred using a similar mechanism but on a timescale of seconds rather than minutes or hours [21].



The exsolution process is similar, in many respects, to the precipitate hardening technique developed to modulate material properties via the growth of internal oxides. In contrast to precipitate hardening, where internal nucleation is desired to improve bulk material properties, most exsolution electrodes give rise to improved activity through the growth of nanoparticles on their surface. An important question which has received much attention is whether exsolution from oxide electrodes is a process which occurs on the surface, or one which begins subsurface, where the resulting internal nanoparticles are subsequently (or not) released to the free interface through strain fields. Experimental evidence using in-situ TEM [22], AFM [23], neutron diffraction [24], and the growth of symmetrical surface-bound core-shell particles’ [25], and theoretical studies [23,26,27] show that internal nucleation can occur and the particles’ release to the surface is driven by an asymmetric strain field described by the metal, surrounding oxide, and the free surface. Indeed, part of the reason that exsolved nanoparticles grown by exsolution exhibit a stronger MSI is attributed to the simultaneous formation of a socket within the precursor oxide and nucleation of the released particle. This is schematically depicted in Figure 2.



By contrast, many pictorial representations of the exsolution process show nucleation of reducible ions occurring only at the surface exposed to the reducing atmosphere. In this external representation, reducible ions diffuse upwards towards the surface and are reduced by the atmosphere. In principle, just as with the formation of oxides at high temperatures, both the internal and external growth mechanisms are plausible, and likely depend on the conditions of exsolution (i.e., temperature, time, and environment), the transport properties of the backbone, and the metal ion being exsolved. In the case of exsolution via heating the oxide in a hydrogen atmosphere, the competing processes are the inward diffusion of hydrogen into the ceramic against the outward diffusion of exsolvable ions to the surface. In the case where inward hydrogen diffusion dominates, internal growth may be expected. By contrast, where the outward diffusion of ions to the surface dominates, external growth may be expected. The diffusion of a high concentration of cations is also crucial for internal nucleation since the activity product (aMx+∙aO2−) must pass a certain threshold for internal nucleation [28]. This product can be modulated by the placement of vacancies in the cation sublattice though the synthesis of A-site-deficient starting materials or by changing the fraction of exsolvable metal in the precursor. Indeed, many studies have shown that exsolution is more favorable from A-site deficient perovskites [16,29,30,31]. Therefore, low-cation transport properties and lower oxygen partial pressures (pO2) should favor internal nucleation. This concept was recently expanded upon by exsolving particles both on the surface and in the subsurface layers in La0.8Ce0.1Ni0.4Ti0.6Ni0.4O3, thus reciprocally straining the subsurface particles with the perovskite and significantly enhancing oxygen exchange [32]. While the application of this later discovery was not electrochemical in nature, the concept of enhanced oxygen mobility via subsurface growth may have applications in electrochemical oxygen reduction electrodes. Furthermore, the size and number density of particles exsolved from a given backbone can be modulated by changing the doping level, time of exsolution, or temperature of exsolution.



At first, the use of exsolution as a technique to design simultaneously stable and active electrodes for SOFCs was only an academic endeavor. Electrodes fashioned by exsolution originally provided additional stability, but at the expense of activity and conductivity. Indeed, exsolution anodes gave a significantly worse performance compared to the standard NiO/YSZ cermet and were thus not considered as an industrially viable replacement. Recently, Barnett has shown that exsolution electrodes on the basis of A-site-deficient and B-site-doped strontium titanates have comparable current densities to NiO/YSZ, and are therefore becoming industrially relevant materials [33]. Figure 3 shows that Sr0.95Ti0.3Fe0.63Ni0.07O3−δ (STFN)-based anodes under a flow of humid hydrogen could generate over 4 A/cm2, making them highly competitive with (if not exceeding) the performance of NiO cermets [33,34].



These results show great promise that cleverly engineered stoichiometry can be synthesized in order to form mixed ionic–electric conductors (MIECs), tailor the electronic properties of the exsolved catalytic nanoparticles through alloying, [33,35,36,37,38,39] and utilize strain engineering or twinning to enhance catalytic properties [40]. One of the major advantages of SOFCs over room temperature (e.g., PEM) fuel cells is their fuel flexibility and ability to operate using non-precious-metal catalysts. Under conditions where carbonaceous feeds are used, carbon accumulation (coking) can impede the longevity of the device, making it industrially irrelevant. Exsolution catalysts have been thoroughly studied under a variety of methane oxidation conditions which are susceptible to coking [37,41,42,43,44,45]. It was found that the strong MSI imbued by the socketed configuration between the metal and the support was able to mechanically block the tip-growth mechanism by which multi-walled carbon nanotubes (MWCNTs) grow. This discrete advantage from thermochemical methane-reforming appears to be completely transferable to the design of SOFC anodes which operate on carbonaceous gas feeds such as CH4 and CO [31,46,47].



Exsolution has also been used recently to drive electrolysis cells for H2O and CO2. Many of the design concepts described above have been exploited to design exsolution electrodes for SOEC CO2 electrolysis. For example, the intentional introduction of A-site deficiencies which showed promising results in the exsolution of cobalt from a (Pr,Ba)2Mn2-yFeyO5+δ backbone, [48] was shown to be reversible on a Ruddlesden–Popper backbone and efficient at CO2 conversion to CO [49]. Additionally, bimetallic FeNi3 nanoparticles were shown as an effective catalysts exsolved from the stoichiometric double perovskite Sr2Fe1.5Mn0.5O6−δ [50]. Ultimately, CO2 electrolysis cells using exsolution electrodes show particular promise because the current densities achieved are beginning to match those found in SOFC devices (>2.5 mA/cm2) [51]. An impressive application for exsolution electrodes is for the co-generation of valuable chemical products (CH4, CO, H2) and electricity. Ru exsolution from La0.43Ca0.37Rh0.06Ti0.94O3 was shown to be effective at co-electrolysis (where CO2 and H2O are reduced to CO and H2 at the cathode), CH4-assisted co electrolysis (where CH4 is simultaneously oxidized to CO2 and H2O at the anode via O2− transport) and co-generation, where the reversible potential becomes negative and electricity and chemical products are produced together [52]. In addition to the examples cited above, a partial summary of the advancements made in the design of exsolution electrodes is given in Table 1.




2.2. Future Research Directions


Despite recent advancements in the design of exsolution electrodes for electrochemical applications, many research opportunities remain in order to broaden the implementation of the exsolution technique and to widen the breadth of materials from which exsolution is studied. A brief list of such opportunities is listed below.



2.2.1. Exsolution from Heteroanionic Ceramics


As is evident from the previous sections, a significant amount of momentum has been established in understanding the role of cationic substitutions on the physics of exsolution and their subsequent material and catalytic properties. Despite this breadth, there remains no robust experimental research detailing the effect of substitutions in the anion sublattice on exsolution electrodes. For example, the typical oxygen-filled anion sublattice can be partially (or completely) substituted by other anions, such as nitrogen (N), sulfur (S), chlorine (Cl), or fluorine (F). Each of these anions has a different radius, electronegativity, and charge (N, F, Cl) compared to oxygen, the effects of which have not been explored on exsolution. In general, research on heteroanionic materials (HAM) by comparison to their oxide counterparts is in its infancy, and studying the physics and applications of exsolution from HAMs could end up bringing about an entirely new class of catalytic materials. In some cases, partial heteroanionic substitution is possible for a wide range of materials. Oxygen and nitrogen show many chemical and structural similarities, such as coordination numbers and ionic radii. Consequently, they can sometimes be substituted for each other to form oxynitrides. In addition to the perovskite structure, oxynitrides have been reported in the spinel, Ruddlesden–Popper, pyrochlore, baddeleyite, sheelite, and apatite structures [72]. Despite the many similarities between the oxygen and nitrogen anion, they differ in electronegativity and polarizability, giving rise to changes in bond strength and degree of covalency within the material as substitutions are made [73]. Investigation into how these differences impact the exsolution process and the resultant materials’ properties is therefore an exciting, unexplored field of research. Such materials could be used as photocatalysts or anode materials for ammonia oxidation (in the case of exsolution from perovskite oxynitrides). Of equal importance would be to study the ingress kinetics of the exsolved particles into the heteroanionic backbone. Possibilities include fully oxidizing the ceramic and then introducing the herteroanion in a second recovery step, or to attempt to control the ingress of oxynitrides or oxysulfides by carefully controlling the equilibrium with NOx or SO2, respectively.




2.2.2. Exsolution in Photocatalysis


With the advancement in understanding of electrochemically-driven exsolution, there remains the possibility that exsolution can be driven photo-catalytically in photoactive ceramics with sufficiently low bandgaps or significantly high thermal stability. It remains of interest to determine how the localized phenomenon of charge separation influences the location and kinetics of exsolution, and how the exsolution process itself impacts the bandgap, absorbance, and photocatalytic properties of such materials. Even in the event that the exsolution process is thermally driven, there remains a gap in understanding whether such exsolution electrodes can be tailored for photocatalytic application. Exsolution in photocatalysis was recently reported using tungsten-doped strontium titanate [66].




2.2.3. Predetermined Location of Exsolution


Several studies have shown that the exsolution of particles occurred preferentially at 2D defects such as grain boundaries [58,68,74,75] and Ruddlesden–Popper stacking faults [43,76]. In-situ TEM has shown that such defects serve as nucleation sites and, consequently, nuclei can be found to form in these locations at lower temperatures compared to the defect-free regions of the same material [43]. This phenomenon can be exploited to design materials (not necessarily for catalytic purposes) where the nanoparticles can be grown at these predetermined locations. In some cases, these particles could ingress into the host material upon exposure to higher pO2, enabling the reversible growth of nanoparticles in at these locations.




2.2.4. Exsolved Core-Shell and Core-Skin Particles


One of the key disadvantages of the exsolution technique is the lack of structural variety that it affords. While the stability and ease of this technique represent clear advantages, diversity in active-site engineering is a critical aspect of catalysis. Any technique that cannot be used broadly to vary the structure of the active site is at a discrete disadvantage compared to other synthetic techniques. To date, a vast majority of papers on exsolution focus on single-metal or alloy particles where atoms are homogeneously distributed. This puts the exsolution technique at a marked disadvantage compared to other techniques where diverse and complex structures such as core-shell, core-skin, single-atom, nano-rafts, and Janus particles can be synthesized according to the needs of a specific reaction or system. There are currently sparse studies which have found the core-shell structure of a metal and its native oxide, [77] and with metals and an oxide from another metal [25,78]. The study of exsolvable core-shell and core-skin nanoparticles is therefore of significant interest as it can increase the structural diversity and ability to tailor electrodes fashioned by exsolution. A previously employed technique was the use of two metals with significantly different reducibility and transport properties. An additional potential technique to form core-skin particles may be the exsolution of a alloy particle where the two metals have a large segregation energy [79].




2.2.5. Exsolution from Thin Films Cast on High Surface Area Supports


One of the other marked disadvantages of exsolution from perovskite-family materials is their relatively low surface area. It is therefore of considerable interest to exploit the exsolution mechanism in a configuration which would allow a support with a specific surface area of hundreds of meters squared per gram rather than tens. This field has already seen some advancement by casting a Pt-doped CaTiO3 onto high-surface-area MgAl2O4 [80]. This technique exploits the physics of exsolution within a thin film coated on a high surface-area support. Since ingress and exsolution kinetics are relatively slow, the use of thin films is also advantageous in order to minimize diffusion distances [81]. Additionally, thin films have been used to engineer the lattice strain experienced by materials during exsolution by varying the misfit strain using different substrates [63].




2.2.6. Exsolution Electrodes for Ambient Temperature Applications


Although most all ceramic backbones (save SrRuO3) are incapable of sufficient electrical conductivity at room temperature, the use of exsolution electrodes for room temperature applications should not be ignored. Jian et al. [82] recently showed that the exsolution of Co from La0.9Fe0.9Co0.1O3 (LFCO) could be used at room temperature if mixed with a conductive carbon black ink. This composite electrode showed enhancement for both oxygen evolution and oxygen reduction reactions. Although electrical conductivity is facilitated via the exterior of the particle rather than through its bulk (here lanthanum ferrite), the stabilization, strain, and alloying strategies mentioned above can still be actuallized. As a large number of room temperature electrochemical reactions still suffer from longevity and durability issues, exploring this strategy is highly desireable.






3. Conclusions


In the last five years, exsolution electrodes have transitioned from a field of academic inquiry to that of industrial promise. SOFC electrodes fashioned by exsolution can now match or exceed the current density of their NiO cermet counterparts and may not suffer the same chemical and mechanical stability constraints. Futhermore, the use of exsolution electrodes in electrolytic or switchable cells shows great promise, as the current densities achieved by steam or CO2 reduction are of a similar magnitude to fuel cell operation. The mechanisms of exsolution, particularly of Ni, have been well studied, and the process has been observed by electron microscopy, diffraction, and atom probe techniques in order to better understand the source of the improved metal support interaction (MSI) imbued by exsolution. Novel materials designed by exsolution could show great promise to expand the breadth of applications for which exsolved electrodes are used.
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Figure 1. Schematic representation of the exsolution process where exsolvable metals are present in their ionic state, typically residing on the B-site of the ceramic lattice. Upon exposure to a reducing atmosphere, exsolution occurs, and the exsolvable metals nucleate by reducing to their metallic state and decorate the surface of the released oxide support. Taken from [16] under CCBY license. 
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Figure 2. Schematic of particle-socket formation during exsolution. (a) Nucleation; depicting the particle as partially embedded within the perovskite, (b) as the particle isotropically grows in the vertical and lateral directions, it pushes the perovskite lattice lifting it, (c) further growth of the particle leads to a volcano-shaped nanostructure, (d) the volcano shape interface relaxes and confinement is retained. Taken from [22] with permission. 
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Figure 3. Current–Voltage–Power curves for SrTi0.3Fe0.7O3−δ (STF) and Sr0.95Ti0.3Fe0.63Ni0.07O3−δ (STFN) anode cells under humidified H2 conditions with a fuel flow of 100 sccm (A,B) at different temperatures and (C,D) hydrogen partial pressures. Taken from [33] with permission. 
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Table 1. Partial list of advancements in exsolution electrode design from last 5 years.
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	Material
	System
	Notes
	Year
	Ref





	Pr0.65Ba0.35Mn0.975Ni0.025O3
	H2 SOFC
	In-situ neutron diffraction of Ni exsolution process
	2020
	[53]



	CaTi0.94Ni0.04O3−δ
	Oxygen reduction
	A-site exsolution
	2020
	[54]



	Sr0.95(Ti0.3Fe0.63Ni0.07)O3−δ
	H2 SOFC
	Effect of non-stoichiometry in Sr(Ti,Fe,Ni)O3
	2019
	[34]



	(Pr,Ba)2Mn2-yFeyO5+δ
	CO2 SOEC
	Exsolution of Fe/MnOx for CO2 reduction
	2019
	[48]



	Sr2CoMo0.95Fe0.05O6−δ
	H2/CH4 SOFC
	Twinning in Co-Fe exsolution
	2019
	[40]



	Sr2Fe1.4Ni0.1Mo0.5O6
	H2 SOFC
	Thermal stability of Ni exsolution
	2019
	[55]



	Sr2Fe1.5Mo0.5O6−δ
	H2 SOFC
	Co exsolution from double-perovskites
	2019
	[56]



	SrV0.5Mo0.5Ni0.1O4−δ
	H2 SOFC
	B-site excess doping
	2019
	[57]



	La1.5Sr1.5Mn1.5Ni0.5O7±δ
	H2 SOFC
	Exsolution in Ruddlesden Popper Phases
	2019
	[46]



	SrTi0.75Co0.25O3−δ
	CO oxidation
	Particle density and growth kinetics
	2019
	[58]



	La0.5Sr1.5Fe1.5Mo0.5O6−δ
	H2 SOFC
	Reversible Fe exsolution
	2019
	[59]



	La0.6Sr0.4Co0.7Mn0.3O3
	CO2 SOEC
	Exsolution in Ruddlesden Popper Phases
	2019
	[49]



	La0.43Ca0.37Ni0.06Ti0.94O3
	Fundamental
	In-situ TEM of Ni exsolution
	2019
	[22]



	LaFePd0.05O3+δ
	CO sensor
	Pd exsolution
	2019
	[60]



	AgNbO3
	NH3 sensor
	Ag exsolution
	2019
	[61]



	SrGdNi0.2Mn0.8O4±δ
	H2 SOFC
	Improved redox stability
	2019
	[62]



	La0.2Sr0.7Ni0.1Ti0.9O3−δ
	Fundamental
	Strain enhanced exsolution
	2019
	[63]



	Sr0.95(Ti0.3Fe0.63Ni0.07)O3
	H2 SOFC
	High current density
	2018
	[33]



	La0.95Ca0.05NixNb1−xO4
	H2 SOFC
	Enhanced proton conductivity
	2018
	[64]



	(Gd0.2−xNixCe0.8O2−δ
	H2 SOFC
	Exsolution in Gd doped perovskites
	2018
	[65]



	SrTiWO3
	H2 Production
	Exsolution in photocatalysis
	2018
	[66]



	Rh/3DOM LaNi0.08Al0.92O3
	CO2 reduction
	Rh-Ni exsolution for methanation
	2018
	[67]



	Many
	Co oxidation
	Predetermined location
	2018
	[68]



	LaNiO3
	Fundamental
	Role of extended defects
	2017
	[43]



	Pr0.5Ba0.5Mn0.85T0.15O3-δ
	H2 SOFC
	Exsolution in layered perovskites
	2017
	[69]



	Sr0.95Ag0.05Nb0.1Co0.9O3−δ
	LT-SOFC
	Oxygen reduction at low temperature
	2016
	[70]



	Co-doped Pr0.5Ba0.5MnOx
	SOFC/SOEC
	High population, dual use
	2016
	[71]
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