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Abstract:



Oxygen reduction is considered a key reaction for electrochemical energy conversion but slow kinetics hamper application in fuel cells and metal-air batteries. In this review, the prospect of perovskite oxides for the oxygen reduction reaction (ORR) in alkaline media is reviewed with respect to fundamental insight into activity and possible mechanisms. For gaining these insights, special emphasis is placed on highly crystalline perovskite films that have only recently become available for electrochemical interrogation. The prospects for applications are evaluated based on recent progress in the synthesis of perovskite nanoparticles. The review concludes with the current understanding of oxygen reduction on perovskite oxides and a perspective on opportunities for future fundamental and applied research.
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1. Introduction


The oxygen reduction reaction (ORR) [1] is a fundamental and ubiquitous reaction for energy conversion. It plays critical roles in the respiration of plants [2], in efficient operation of fuel cells [3,4,5,6,7,8,9,10], in discharge of primary and secondary metal-air batteries [11,12,13,14,15], as well as in corrosion processes of metals [16]. For application in fuel cells and metal-air batteries, the two main challenges are the slow kinetics of the ORR, hindering efficient utilization of chemically stored energy, and optimizing the product yield towards the reduction of oxygen to water. Fundamentally, the efficiency and product yield are both governed by the binding of oxygen and its reaction intermediates on the catalytic surface. The binding energy of oxygen depends on the structure, chemistry, and magnetism of the catalyst, which makes it complex to predict and ultimately control. In contrast to metal catalysts, the semiconducting properties of an oxide must also be considered as a prerequisite for a suitable electrode material for oxygen reduction (and evolution) [14,17,18,19,20]. Systematic empirical studies of the ORR on oxides have been performed since the 1970s (Table 1), where highly active oxides were characterized by amphoteric metallic conduction [17,21], sigma bands [17] with an occupation near unity of eg orbitals [22], high covalence [22], and paramagnetism [23,24] fostering a specific (‘side-on’) configuration of the likewise paramagnetic oxygen molecule on the surface. Oxides with perovskite or closely related structures played an important role in the discovery of these insights because their physicochemical properties can be systematically tuned [14,22,25,26,27,28].



Table 1. Requirements for oxides with high activity towards oxygen reduction.







	
Year

	
Requirement

	
Type

	
Reference






	
1970

	
both n- and p-type conductivity (amphoterism)

	
C

	
[21]




	
1970

	
small band gap

	
C

	
[21]




	
1973

	
paramagnetism

	
M

	
[23,24]




	
1977

	
metallic conductivity

	
C

	
[17]




	
1977

	
occupied sigma band

	
C

	
[17]




	
2011

	
eg occupancy close to one

	
C

	
[22]




	
2011

	
high M-O covalence

	
C

	
[22]








Types: C = chemical; M = magnetic.








This review is focused on non-precious perovskite oxides as electrocatalysts for the ORR in alkaline media. The focus on alkaline media was chosen as non-precious oxides, including perovskites, are not stable in acidic media [11,29,30,31]. A fundamental understanding of catalyst activity is central to the manuscript, which covers electrocatalysts spanning from thin films to nanoparticles. First, the perovskite structure is concisely introduced. Then, the effects of chemical substitutions on catalytic activity are discussed, followed by an introduction to common activity metrics. The microscopic origins of activity segue into efforts toward developments of an atomic picture of the catalytic mechanisms. Building on this foundation, the effects of structural, chemical, as well as magnetic properties on oxygen reduction are surveyed and their impact on activity is quantified. The review is concluded by summarizing the state-of-the-art understanding of the ORR on perovskites and a perspective for future research.




2. The Perovskite Structure


The mineral perovskite (CaTiO3) is the namesake for the crystal structure of oxides with general chemical formula of ABO3±δ (Figure 1) [32,33], where A is commonly a group II cation, a lanthanide cation, or a mix of both; B is one or more transition metals (here only d-block metals); and the oxygen non-stoichiometry δ is small for proper perovskites, i.e., there are few oxygen vacancies. A and B in the perovskite formula are commonly referred to as A-site and B-site. In a perfectly cubic perovskite without oxygen vacancies, the transition metals at the B-site are octahedrally coordinated to oxygen (Figure 1a), while the A-site is 12-fold coordinated to oxygen. Most combinations of A and B cations lead to finite δ and/or structural distortion, both of which lower the effective coordination of the cations. The degree of deviation from the cubic perovskite can be quantified using the Goldschmidt tolerance factor [34]


[image: there is no content]



(1)




where rA, rB, and rO = 1.4 Å are the ionic radii of the A-site cation, B-site cation and oxygen, respectively. Most commonly, specific values are taken from Shannon’s Table [35] or linearly extrapolated from these tabulated values to the appropriate coordination. An alternative approach uses the average interatomic distances between the A-site cation and oxygen (|A—O|) and between the B-site cation and oxygen (|B—O|). These distances can be obtained from bond valence theory [36,37,38] (e.g., calculated using a web form [39] or SPuDS [40]) or from Rietveld refinement of experimental XRD data. In the latter case, t’ is also referred to as the observed tolerance factor [33]. Both computational approaches give comparable results as discussed, e.g., by Lufaso and Woodward [40].


Figure 1. (a) Illustration of a unit cell of the perovskite structure. (b) A cubic perovskite. (c) A perovskite with tilted and distorted octahedral and (d) A perovskite with both cation and anion ordering (a double perovskite is shown). View along y-direction in (b–d).
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The tolerance factor can be used to estimate the symmetry of the perovskite to some degree. A cubic perovskite (Figure 1b; space group, e.g., Pm-3m) has a tolerance factor near unity (t ≈ 1) and is thus likely when the A-O distance is about √2 times larger than the B—O distance. In other words, the B-site cations sit on the corners of a cube and the size of the A-site cation matches the diagonal. For smaller tolerance factors (t < 1), the size of the A-site cation is too small for the diagonal and orthorhombic (Figure 1c; space group, e.g., Pmna) or rhombohedral (space group, e.g., R-3c) distortions occur. This leads to tilt and rotation of the B-site octahedra, which changes the B—O bond angles and thereby strongly affects the hybridization of electronic orbitals. Additionally, the octahedron at the B-site can be distorted due to the Jahn–Teller effect [33,41,42] by which orbital degeneracy is removed upon elongation of one of the octahedral axes.



The stability range of the perovskite structure is constraint by two boundary conditions: (i) when t is 1/√2, A-site and B-site cations have equal size; and (ii) when t is larger than 1.0, the A-site cation is too large to fit on the diagonal of a (pseudo)cubic unit cell. Whether a perovskite structure is actually observed for a specific combination of A-site and B-site cations depends further on the ratio of the ionic radii of the B-site cation to that of oxygen, where ratios above 0.4 are required [43]. The multitude of possible chemical combinations within the perovskite structure results in a wide range of interesting electronic or magnetic properties and correlations [32].



Several crystal structures are closely related to the perovskite structure [44]. So-called hexagonal perovskites (space group, e.g., P63cm) can be observed on the cusp of the range of tolerance factors assigned to perovskites [32,45]. For larger deviations, various non-perovskite structures are likely found. When the requirements for the perovskite structure are met and two A-site cations with strongly differing sizes are used, additional complexity arises from ordering of A-sites and oxygen vacancies as in the double perovskite (AA’B2O5+δ) shown in Figure 1d (space group, e.g., P4/mmm). Ordering of oxygen vacancies without A-site ordering leads to structures related to brownmillerite (A2B2O5). Lastly, layering of perovskite slabs produces the Ruddlesden–Popper phases (An+1BnO3n+1). A detailed discussion of these perovskite-like structures is beyond the scope of this review and the reader is referred to other reviews and books [32,45]. They are introduced here as one can transition from a perovskite phase into these phases during systematic studies.




3. Effect of Chemical Substitution on Activity


The perovskite structure ABO3−δ has been chosen for many systematic studies of catalytic activity [25,46,47,48,49,50], including oxygen reduction and evolution (i.e., oxygen electrocatalysis) [14,22,25,26,27,28,51,52,53,54,55]. The key idea of this section is a demonstration of both intentional and unintentional effects of chemical substitution or changes in stoichiometry on the activity for oxygen reduction (Figure 2). A detailed analysis of correlations between intrinsic properties and catalytic activity requires discussing activity metrics (Section 4) and the mechanisms of ORR (Section 5). The focus on qualitative trends in this section has allowed including a wider range of studies to derive trends. Moreover, this focus facilitates a facile connection between activity for ORR and the components of the perovskite structure ABO3−δ as a foundation for the later discussion of the more universal structural, chemical, and magnetic origins of catalytic activity (Section 6).


Figure 2. Trends in catalytic activity towards oxygen reduction with (a) substitution of the B-site (data extracted from references [22,56,57]), (b) composition of the A-site (data extracted from references [63,64,65]), (c) substitution of the A-site (data extracted from reference [66]), and (d) oxygen non-stoichiometry (data extracted from references [22,67,68,69]). LaMnO3 (open symbols in panel b) was excluded from the trend as it is prone to oxygen non-stoichiometry. Chemical substitution also influences the bulk conductivity and tolerance factor (Table A1 and Table A2), as shown in examples for (e) substitution of the B-site and (f) composition of the A-site (conductivity data extracted from reference [62]) and (g) substitution of the A-site. Tolerance factors were calculated using the bond valence parameters in Table A3. (h) Cyclic voltammetry of the ferri-/ferrocyanide redox on LaMnO3 on Nb-doped STO (LMO|NSTO) showing rectifying behavior with thinning the LMO layer (numbers are LMO thickness in nm). Reproduced from reference [70]. Copyright 2013, Royal Society of Chemistry.



Table A1. Reported conductivities and calculated tolerance factors of (stoichiometric) LaBO3 perovskites near room temperature.







	
Material

	
Space Group

	
t’ *

	
Conductivity (S/cm)

	
Temperature (K)

	
Reference






	
LaCrO3

	
Pnma

	
0.95863

	
2.4 × 10−3

	
298

	
81




	
LaMnO3

	
Pnma

	
0.94151

	
6.0 × 10−3

	
298

	
80




	
LaFeO3

	
Pnma

	
0.94198

	
4.0 × 10−4

	
280

	
72




	
LaCoO3

	
R-3c

	
0.97039

	
2.8 × 10−1

	
298

	
72




	
LaNiO3

	
R-3c

	
0.94621

	
5.7 × 10−3

	
298

	
73








* Tolerance factor, t’, Calculated using Equation (1) and data in Table A3.








Table A2. Reported conductivities and calculated tolerance factors of (stoichiometric) AMnO3 perovskites near room temperature where known.







	
Material

	
Space Group

	
t’ *

	
Conductivity (S/cm)

	
Temperature (K)

	
Reference






	
YbMnO3

	
Pbnm

	
0.86893

	
2.1 × 103

	
603

	
[74]




	
YMnO3

	
P63cm

	
0.88786

	
1.6 × 10−11

	
300

	
[75]




	
DyMnO3

	
Pbnm

	
0.88155

	
1.0 × 10−2

	
600

	
[76]




	
GdMnO3

	
Pbnm

	
0.90399

	
1.0 × 100

	
500

	
[77]




	
SmMnO3

	
Pbnm

	
0.91206

	
2.0 × 10−2

	
600

	
[76]




	
NdMnO3

	
Pnma

	
0.91802

	
5.8× 10−2

	
333

	
[78]




	
PrMnO3

	
Pbnm

	
0.92959

	
1.0× 10−3

	
270

	
[79]




	
LaMnO3

	
Pnma

	
0.94151

	
6.0 × 10−3

	
298

	
[80]








* Tolerance factor, t’, Calculated using Equation (1) and data in Table A3.








Table A3. Bond valence parameters used to calculate t’ using Equation (1).







	
Ion

	
Coordination

	
M-O Distance (Å)

	
R0 (Å)

	
Reference






	
Cr3+

	
6

	
1.980

	
1.724

	
[38]




	
Mn3+

	
6

	
2.016

	
1.760

	
[38]




	
Mn4+

	
6

	
1.910

	
1.760

	
[38]




	
Fe3+

	
6

	
2.015

	
1.759

	
[38]




	
Fe3+

	
4

	
1.865

	
1.759

	
[37]




	
Fe4+

	
6

	
1.909

	
1.759

	
[37]




	
Co3+

	
6

	
1.956

	
1.700

	
[37]




	
Co3+

	
4

	
1.806

	
1.700

	
[37]




	
Co4+

	
6

	
1.850

	
1.700

	
[37]




	
Ni3+

	
6

	
2.006

	
1.750

	
[217]




	
Ca2+

	
12

	
2.630

	
1.967

	
[38]




	
Sr2+

	
12

	
2.781

	
2.118

	
[37]




	
La3+

	
12

	
2.685

	
2.172

	
[38]




	
Pr3+

	
12

	
2.651

	
2.138

	
[38]




	
Nd3+

	
12

	
2.618

	
2.105

	
[38]




	
Sm3+

	
12

	
2.601

	
2.088

	
[37]




	
Gd3+

	
12

	
2.578

	
2.065

	
[37]




	
Dy3+

	
12

	
2.514

	
2.001

	
[38]




	
Y3+

	
12

	
2.532

	
2.019

	
[38]




	
Yb3+

	
12

	
2.478

	
1.965

	
[38]








b = 0.37.
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Catalytic trends with substitution of the B-site in LaBO3 were studied by Sunarso et al. [56], Celorrio et al. [57], and Suntivich et al. [22] in 0.1 M KOH for nominally trivalent 3d transition metals ranging from Cr to Ni in Figure 2a. In all three studies, Mn and Co at the B-site was more active than both Cr and Fe. On the other hand, relative differences between these elements and the most active B-site depended strongly on the study; possible reasons are: the used carbon additive, differences in surface roughness and area of the oxide (if not included in normalization), oxygen stoichiometry and phase purity. Ni-based perovskites are especially prone to phase segregation during synthesis [54,58] and ORR conditions [59] and it has been shown that X-ray absorption spectroscopy (XAS) is superior to XRD for verification of phase purity [58]. Even minor phase segregation can have great influence on the ORR activity [54], which likely explains the widely differing activity of Ni at the B-site relative to the baseline given by Cr and Fe. Interestingly, the carbon-free LaBO3 thin films studied by Stoerzinger et al. [60] show a local maximum of the ORR activity for Co as also observed by Sunarso et al. [56] and Celorrio et al. [57], which suggests that the used carbon did not affect the activity trends.



The composition of the B-site also influences activity as shown, e.g., by Suntivich et al. [22], Larsson & Johansson [61], and Celorrio et al. [62]. For many perovskites, it is also known that charge ordering effects lead to charge disproportionation [33]. Thus, understanding the observed changes requires complementary spectroscopic experiments. For LaNi0.5Mn0.5O3, Suntivich et al. [22] measured the ex situ valence of both Mn and Ni by XAS in the perovskite and concluded that Mn would be the more active element. Based on this argument, the activity should scale with the concentration of the active element as observed for Ba0.5Sr0.5Fe1−xCoxO3−δ (Figure A1a) [62]. However, linear trends were not observed for LaB’xMn1−xO3 (B’ = Cr, Ni, Cu) in the study of Larsson and Johansson (Figure A1b) [61], which strongly suggests that further effects significantly contribute to the observed activity as discussed in Section 6. Due to these complications, the composition at the B-site was not included in Figure 2, but can be found in Figure A1.


Figure A1. (a) Kinetic currents of the system Ba0.5Sr0.5Fe1−xCoxO3−δ. At 0.65 V vs. RHE as function of Co content. Reproduced from [139]. Copyright 2016, American Chemical Society. (b) Trends of the activity for oxygen reduction of LaB’xMn1−xO3 (B’ = Cr, Ni, Cu). The data reported by Larsson & Johansson [61] was normalized by the BET area for the presentation in this figure.
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Trends with composition of the A-site were studied for AMnO3 by Hyodo et al. [65] (A = Pr1−xCax), Celorrio et al. [64] (A = La1−xCax) and Stoerzinger et al. [63] (A = La1−xSrx) as shown in Figure 2b. In the range of 10% to 100% of the divalent A-site, the maximum was found around 40% of the divalent A-site (formal valence Mn3.4+) in all studies. Similar trends with an activity maximum near 0.4 were also reported by Hammouche et al. [71] for La1−xCaxCoO3. Figure 2b further suggests that the maximum activity is found for lower concentrations of the larger Sr cation as compared to the smaller Ca cation. This is supported by a study of Hyodo et al. [66] where the size of the lanthanide at the A-site in AMnO3 was systematically varied (Figure 2c). Higher activity at nominally fixed Mn valence was observed for larger ionic radius of the lanthanide, which suggests that the tolerance factor affects the activity such that the activity is highest for a tolerance factor near unity.



The effect of oxygen stoichiometry on ORR activity was studied by Takeda et al. [67] for SrFeO3−δ and SrCoO3−δ as well as by Du et al. [68] for CaMnO3−δ (Figure 2d). The data of Suntivich et al. [22] (B = Mn) and Zhou & Sunarso [69] (B = Ni) was also included as a guide for LaBO3±δ. For divalent A-sites (solid symbols in Figure 2d), Mn- and Fe-based perovskites show maximum activity near δ = 0.25, while the maximum is closer to δ = 0.1 for Co-based perovskites. The data for trivalent A-sites (open symbols in Figure 2d) was very limited and should not be over-interpreted but it is clear that the oxygen stoichiometry also impacts the activity of those perovskites. Further studies are highly desirable for a more comprehensive understanding of the effect of oxygen stoichiometry on both activity and mechanism.



In a perfect experiment with an ideal material, the effect of changing a single property on catalytic activity could be studied. While the perovskite structure is fairly robust against chemical substitutions (Section 2), it is neither perfect nor ideal. Therefore, it must be expected that properties other than the intended ones, e.g., the number of d electrons at the B-site, are altered during the chemical substitutions in Figure 2a–c. The often unintended (estimated) changes in conductivity and tolerance factor are illustrated for example in Figure 2e–g.



Substitution of the B-site in LaBO3 drastically changes the expected bulk conductivity between ~1 µS/cm for Fe [72] to ~1 S/cm for Ni [73] (Figure 2e), while it has a clear maximum for La1−xSrxMnO3 [63] (Figure 2f). No discernable trend could be identified for substitution of the A-site from La to Dy [74,75,76,77,78,79,80] (Figure 2g) under the caveat that some of the data was only available for temperatures >300 K (Table A2). For the ORR data of Suntivich et al. [22], the activity trend matches that of the typical conductivity of the used LaBO3 perovskites. Moreover, the previously found local activity maximum of Mn relative to Cr and Fe in all data sets is also mirrored in the conductivity data [72,73,80,81]. The detrimental effect of insufficient conductivity is most pronounced in the thin film study of Stoerzinger et al. [60], where no activity was detected for LaCrO3 and LaFeO3 in the investigated voltage range. The series of (carbon-free) La1−xSrxMnO3 thin films of the same group [63] further show a clear correlation between measured conductivity and ORR activity (Figure 2f). Lastly, the oxygen stoichiometry also has a strong influence on conductivity, where the conductivity changes from 80 µS/cm for understoichiometric LaMnO3−δ [80] to 1.6 S/cm for overstoichiometric LaMnO3+δ [80]. In agreement with the above discussion, Suntivich et al. [22] report higher ORR activity for LaMnO3+δ than for LaMnO3. All these observations strongly support the early hypotheses of Meadowcroft [21] and Matsumoto et al. [17] (Table 1) that ORR catalysts must be conductive. The conductivity of LaBO3 and thus its activity can be improved by doping of the A-site with divalent cations such as Sr [54]. Therefore, it would be desirable to conduct systematic studies of the effect of B-site doping on activity using a suitably doped La1−xSrxBO3 series (e.g., x ≈ 0.4 for B = Mn; Figure 2f) rather than using the LaBO3 series and to report the conductivity of the material.



High bulk conductivity is an insufficient criterion for high ORR activity. Meadowcroft [21] proposed that amphoterism is additionally required (or in his words “having both p- and n-type conductivity”). An introduction to the semiconductor physics of oxides is beyond the scope of this review and the reader is referred to other reviews [20,82] and books [83,84,85] on the topic. Nonetheless, a very short introduction of relevant concepts is provided here. In contrast to metals, oxides can support locally charged regions (‘space charge layers’). As a consequence, transfer of either positive or negative charges across an interface with the oxide might be hindered by energy barriers if the Fermi levels of the isolated materials differ strongly. These effects are most strongly pronounced for highly crystalline thin films but they will also affect sufficiently crystalline particles. For thin films, they can be visualized and quantified using a fast-redox couple with suitable redox potential near the thermodynamic potential of oxygen reduction at 1.23 V vs. RHE (see Section 4). Figure 2h shows cyclic voltammetry of the ferri-/ferrocyanide redox on LaMnO3 thin films on Nb-doped SrTiO3 (LMO|NSTO) [70] as a metric for the perovskite oxide to transfer electrons across the electrode-electrolyte interface near 1.23 V vs. RHE. While the expected symmetric shape was observed for bulk-like 10 nm films, thinner films resulted in reduction of the peak currents and an asymmetry where currents are blocked above 1.23 V vs. RHE. Consequently, the ORR activity of the thinner films was drastically reduced compared to 10 nm LMO|NSTO. A similar correlation was also reported by Stoerzinger et al. [63] for thin films of the series La1−xSrxMnO3. It is also conceivable that a buried interface (e.g., between the support NSTO and another perovskite as the active catalyst) limits charge transfer. Therefore, all possible interfaces must be optimized when designing oxide catalysts.



The tolerance factor, t, also varies with B-site substitution, the composition at the A-site and A-site substitution (Figure 2e–g), which affects the activity. The influence of the tolerance factor on activity is known for high temperature oxygen reduction in solid oxide fuel cells (SOFC) [86,87]. Yet, its effect on low temperature oxygen reduction in alkaline electrolytes has not been comprehensively discussed. The relevance of the tolerance factor for the ORR in alkaline media is most clearly visible for substitution of the A-site in Figure 2g, where the highest activity is observed for tolerance factors closest to unity. The correlation between activity and tolerance factor might also explain the local activity maximum for LaCoO3 in the studies of Sunsarso et al. [56], Stoerzinger et al. [60], and Celorrio et al. [57] in the LaBO3 series (Figure 2e). Substituting divalent for trivalent cations leads to a linear increase in the predicted tolerance factor (Figure 2f), which could explain the asymmetry of the activity trend in Figure 2b. This analysis strongly suggests that the tolerance factor correlates with activity and it would be desirable to report it, preferably based on experimentally determined bond lengths.



In this section, the effect of the chemical composition on activity for oxygen reduction was discussed qualitatively. In order to achieve quantitative insight, activity metrics are introduced in the next section, which is followed by a discussion of possible oxygen reduction mechanisms on perovskite oxides in Section 5. This allows us to obtain microscopic insight into general structure–activity relationships, which complements the qualitative discussion above by a quantitative discussion in Section 6.




4. Activity Metrics


The overall reaction of a hydrogen fuel cell is


H2 + ½O2 → H2Oaq



(2)




which is associated with a change in Gibbs free energy of −237 kJ/mol for the production of liquid water at 298 K and 101.3 kPa. [88] The free energy corresponds to the thermodynamic potential of the ORR of E0ORR = 1.229 V. The most meaningful reference potential for the ORR is the reversible hydrogen electrode (RHE), which is essentially the reversible potential of the hydrogen oxidation reaction at the counter electrode. The overpotential of the ORR is defined here as


ηORR = E0ORR − Emeasured



(3)




where Emeasured is most commonly evaluated at a fixed current density. It is also common to report current densities at fixed overpotential to quantify the activity of the reaction on a given electrocatalyst.



Electrocatalysts can be included in a wide range of electrode assemblies, either in two-electrode setups as used in devices such as fuel cells and metal-air batteries or three-electrode setups as used in catalyst screening and fundamental research. In two-electrode setups, the electrocatalyst is loaded onto gas diffusion electrodes (GDE) [8,89,90], which typically contain a binder and carbon in addition to a catalyst with high surface area. While the electrodes can be used directly in devices, the quantification of the catalyst activity is hindered by an ambiguous electrochemically active surface area in these 10–100 micrometer thick films. More defined composite catalyst layers can be deposited on suitable support materials, commonly rotating disks that are measured in three-electrode setups. These electrodes are typically prepared by applying an ink or slurry of the catalyst particles that also contains a binder and carbon. The composite layer should be thinner than 100 nm to approximate a flat surface [91]. Single crystalline surfaces are best suited to evaluate the activity of a catalyst material and gain fundamental mechanistic insight but furthest removed from application in a device. These catalysts with low surface area do not include a binder or carbon.



The carbon added to composite electrodes serves several purposes. It disperses the catalyst particles, electrically connects the catalyst particles, enhances the conductivity locally and can act as a co-catalyst in some cases [92,93,94,95]. Most notably, the activity enhancement after Vulcan carbon addition to a conductive La0.8Sr0.2CoO3 strongly suggests a co-catalytic role of the used carbon [96], which is also likely on conductive LaCoO3 and La0.8Sr0.2MnO3 as supported by kinetic modeling [95,97]. In addition to activity, the carbon in composite electrodes may also affect the stability. Carbon may corrode or erode at oxidative potentials [98], which is a known problem for the stability of catalyst layers made from inks or slurries. The design of perovskite-carbon hybrid systems [98,99,100,101,102] is a possible avenue to make composite electrodes more robust so that catalyst stability is decoupled from catalyst activity. Synergetic effects between carbon supports and perovskite catalysts is a very active field of research and the reader is referred to a recent review for additional discussion [98].



Various metrics exist to quantify the catalytic effect of a material, i.e., its activity, for comparison with other electrocatalysts. The simplest metric is the current divided by the geometric area of the electrode, which is important on the device level. It will not be discussed here because it does not relate the current to a specific property of the electrocatalyst. Another straightforward metric is obtained by dividing the current by the active mass of the catalyst. It includes structural, chemical, and magnetic origins of catalytic activity as well as the surface area of the catalyst. For fundamental insight into the origin of catalytic activity, we could ideally measure the current associated with a specific product (e.g., hydroxide) and divide it by the number of active sites on the surface of the catalytic material. Unfortunately, neither the numerator nor denominator of this seemingly simple calculation is straightforward to obtain.



Oxygen concentration in alkaline media is of the order of 1 mM at room temperature [103]. It is therefore firstly necessary to separate the current limited by mass transport (im) from the current limited by the kinetics of oxygen reduction (ik). The reciprocal measured current is given by


i−1 = im−1 + ik−1



(4)




which can be solved for ik if im was determined, e.g., as the limiting current in an experiment with forced convection. It should be noted here that both im and the apparent ik of composite electrodes depend on the dispersion and loading of the catalytic particles [91,93,94,104,105,106,107,108,109,110,111], which calls for optimization. Kinetic currents should be reported in the range of 10 to 80% of the limiting current and ideally below 50% [91]. It is highly recommended to obtain a measurement of background currents in an oxygen-free electrolyte (e.g., by purging with Ar) and to subsequently subtract these currents from the measurement in an oxygen-containing electrolyte to remove double-layer currents and possibly transition metal redox currents [14].



Conceivable reduction products of oxygen (O2) in alkaline media are: superoxide (O2−, 1 e−), hydroperoxide (HO2−, 2 e−) and hydroxide (HO−, 4 e−) [112]. Hydroxide is the preferred product because the most electrons are transferred per reduced oxygen and due to the very reactive nature of the other products that may corrode cell components [113]. Product currents can be measured by forcing the product to convect to a second working electrode where it is detected using an electrochemical reaction. Most commonly, rotating ring disk electrodes (RRDE) [114,115,116,117] are employed where peroxide is oxidized at the ring. Currents can then be assigned to hydroxide and hydroperoxide production under the assumptions that (i) superoxide can be excluded; (ii) that there are no side reactions or (iii) transition metal redox; and (iv) that the determined collection efficiency is appropriate for the reaction products. The highly reactive superoxide radical is expected to disproportionate quickly in aqueous media so that it is unlikely to be detected in a conventional RRDE experiment. It was also not found below >6 M NaOH using a scanning microelectrode [118]. It is recommended to investigate the source of the measured currents by separate experiments to evaluate contributions due to side reactions, e.g., electrolyte decomposition, and due to B-site redox, which might not have been fully removed by background subtraction. Lastly, collection efficiencies are commonly obtained using fast redox couples such as ferri-/ferrocyanide. The latter undergoes ligand exchange in alkaline media [119], leading to degradation and possibly lowering of the measured collection efficiency, especially in the presence of UV light [120]. While hydroperoxide is miscible with water, it is also very reactive so that the time dependence should be considered when evaluating currents detected at the ring.



The measurement of kinetic currents, in particular using (R) RDEs, is well established for metals [1,91,117,121] and calculation of product-specific currents belonging to the hydroperoxide (2 e−) and hydroxide (4 e−) products is common. For the oxides discussed herein, product-specific currents [56,97] or kinetic constants [57,64] were exclusively reported for composite electrodes containing carbon. Therefore, the currents discussed in this review are not product-specific unless otherwise noted. As both hydroxide and hydroperoxide are likely products on composite electrodes of carbon and perovskite electrodes [57,92,95], it is highly desirable to obtain this information from Koutecký–Levich analysis [122] using an RDE or from the ring and disk currents of an RRDE [123,124].



As initially mentioned, the currents would ideally be normalized to the number of active sites to make measurements of different materials comparable. Unfortunately, this number is unknown and cannot be accessed directly for heterogeneous surfaces. Instead, currents are normalized by the entire surface area of the oxide [14,125], or by the number of redox active metal sites [57,62,64] to compare the specific activity of electrochemical surfaces [126]. Ideally, this is done for a single known surface facet so that the activity is representative of a specific chemical composition at the facet. In this respect, smooth epitaxial thin films and single crystals are ideally suited to investigate the specific activity of perovskite oxides (and any other material). A comprehensive summary of previous investigations of these materials can be found in Table 2, where their specific current densities are compared at 0.85 V vs. RHE (0.38 V overpotential). This overpotential was chosen as it is low enough to compare the kinetic currents of oxides and Pt surfaces, where the kinetic currents of both material classes are between 10 and 80% of the limiting current.



Table 2. Activity of perovskite thin films and select references normalized by the surface area of the oxide obtained by various common methods.







	
Material

	
Substrate/Support

	
Type

	
Orientation

	
|j| at 0.85 V vs. RHE a (µA/cm2ox)

	
Method b

	
Reference






	
LaMnO3 (10 nm)

	
Nb:SrTiO3

	
Thin film

	
(100)

	
15

	
CV, 0 rpm

	
[70]




	
LaMnO3

	
Pt

	
Thin film

	
poly

	
33 *,c

	
CV, 1600 rpm

	
[128]




	
LaMnO3

	
AB carbon

	
Composite

	
poly

	
21

	
CV, kinetic

	
[22]




	
LaMnO3+δ

	
AB carbon

	
Composite

	
poly

	
350

	
CV, kinetic

	
[22]




	
LaMnO3+δ

	
Vulcan carbon

	
Composite

	
poly

	
20

	
CV, kinetic

	
[133]




	
LaMnO3

	
Nb:SrTiO3

	
Thin film

	
(100)

	
18

	
CV, 0 rpm

	
[63]




	
LaMnO3

	
Nb:SrTiO3

	
Thin film

	
(100)

	
6

	
CV, 0 rpm

	
[63]




	
La0.9Sr0.1MnO3

	
Nb:SrTiO3

	
Thin film

	
(100)

	
7

	
CV, 0 rpm

	
[63]




	
La0.8Sr0.2MnO3

	
Nb:SrTiO3

	
Thin film

	
(100)

	
16

	
CV, 0 rpm

	
[63]




	
La0.8Sr0.2MnO3

	
Pt

	
Thin film

	
poly

	
71 *,c

	
CV, 1600 rpm

	
[128]




	
La0.8Sr0.2MnO3

	
Nb:SrTiO3

	
Thin film

	
(100)

	
8

	
CV, 0 rpm

	
[134]




	
Ba0.5Sr0.5Co0.8Fe0.2O3 on La0.8Sr0.2MnO3d

	
Nb:SrTiO3

	
Thin film

	
(100)

	
28

	
CV, 0 rpm

	
[134]




	
La0.67Sr0.33MnO3

	
Nb:SrTiO3

	
Thin film

	
(100)

	
40

	
CV, 0 rpm

	
[63]




	
La0.67Sr0.33MnO3

	
Nb:SrTiO3

	
Thin film

	
(100)

	
37

	
CA, 0 rpm

	
[63]




	
La0.67Sr0.33MnO3

	
Nb:SrTiO3

	
Thin film

	
(110)

	
19

	
CA, 0 rpm

	
[63]




	
La0.67Sr0.33MnO3

	
Nb:SrTiO3

	
Thin film

	
(111)

	
20

	
CA, 0 rpm

	
[63]




	
La0.5Sr0.5MnO3

	
Nb:SrTiO3

	
Thin film

	
(100)

	
21

	
CV, 0 rpm

	
[63]




	
La0.5Sr0.5MnO3

	
Nb:SrTiO3

	
Thin film

	
(100)

	
21

	
CA, 0 rpm

	
[63]




	
La0.5Sr0.5MnO3

	
Nb:SrTiO3

	
Thin film

	
(110)

	
21

	
CA, 0 rpm

	
[63]




	
La0.5Sr0.5MnO3

	
Nb:SrTiO3

	
Thin film

	
(111)

	
23

	
CA, 0 rpm

	
[63]




	
La0.3Sr0.7MnO3

	
Nb:SrTiO3

	
Thin film

	
(100)

	
4

	
CV, 0 rpm

	
[63]




	
La0.7Pb0.3MnO3e

	
n/a

	
Single cryst

	
(100)

	
28 *

	
CA, 0 rpm

	
[135]




	
LaCoO3

	
Nb:SrTiO3

	
Thin film

	
(100)

	
21

	
CV, 0 rpm

	
[60]




	
LaCoO3

	
La0.67Sr0.33MnO3 on SrTiO3

	
Thin film

	
(100)

	
20

	
CV, 0 rpm

	
[129]




	
LaCoO3

	
La0.67Sr0.33MnO3 on LaAlO3

	
Thin film

	
(100)

	
13

	
CV, 0 rpm

	
[129]




	
LaCoO3

	
La0.67Sr0.33MnO3 on (LaAlO3)0.3 (Sr2AlTaO6)0.7

	
Thin film

	
(100)

	
33

	
CV, 0 rpm

	
[129]




	
LaCoO3

	
AB carbon

	
Composite

	
poly

	
27

	
CV, kinetic

	
[22]




	
La0.8Sr0.2CoO3

	
Pt

	
Thin film

	
poly

	
38 *,c

	
CV, 1600 rpm

	
[128]




	
La0.8Sr0.2CoO3

	
SrTiO3

	
Thin film

	
(100)

	
n/a *,f

	
n/a

	
[131]




	
La0.8Sr0.2CoO3

	
SrTiO3

	
Thin film

	
(110)

	
n/a *,f

	
n/a

	
[131]




	
La0.8Sr0.2CoO3

	
SrTiO3

	
Thin film

	
(111)

	
n/a *,f

	
n/a

	
[131]




	
La0.8Sr0.2CoO3

	
n/a

	
Single cryst

	
(100)

	
~0 *

	
CV, 1600 rpm

	
[96]




	
Vulcan carbon

	
La0.8Sr0.2CoO3

	
Composite

	
(100)

	
760 *

	
CV, 1600 rpm

	
[96]




	
La0.8Sr0.2CoO3

	
n/a.

	
Single cryst

	
(110)

	
~0 *

	
CV, 1600 rpm

	
[96]




	
La0.8Sr0.2CoO3

	
n/a.

	
Single cryst

	
(111)

	
~0 *

	
CV, 1600 rpm

	
[96]




	
La0.64Ca0.35Co0.95O3

	
MgO

	
Thin film

	
(100)

	
3 *

	
CV, 0 rpm

	
[130]




	
LaNiO3

	
Nb:SrTiO3

	
Thin film

	
(100)

	
6

	
CV, 0 rpm

	
[60]




	
LaNiO3

	
AB carbon

	
Composite

	
poly

	
185

	
CV, kinetic

	
[22,125]




	
LaNiO3

	
LaAlO3

	
Thin film

	
(100)

	
9

	
CV, 0 rpm

	
[132]




	
LaNiO3 (relaxed)

	
LaAlO3

	
Thin film

	
(100)

	
6

	
CV, 0 rpm

	
[132]




	
LaNiO3 (relaxed)

	
LaSrAlO4

	
Thin film

	
(100)

	
5

	
CV, 0 rpm

	
[132]




	
LaNiO3

	
(LaAlO3)0.3 (Sr2AlTaO6)0.7

	
Thin film

	
(100)

	
4

	
CV, 0 rpm

	
[132]




	
LaNiO3

	
SrTiO3

	
Thin film

	
(100)

	
3

	
CV, 0 rpm

	
[132]




	
LaNiO3

	
DyScO3

	
Thin film

	
(100)

	
2

	
CV, 0 rpm

	
[132]








Digitized from published data and linearly interpolated near 0.85 V vs. RHE. Only activities obtained by an identical method can be compared directly. a Electrolyte was 0.1 M KOH if not noted otherwise. * 1 M KOH. b rotation rate of electrode indicated or kinetic current if reported. The current can be considered kinetically limited below ~40 µA/cm2ox [70], so that the effect of rotation should be negligible for most of the thin films. c capacitive background subtracted. Surface roughness not quantified. d 50% BSCF coverage. e after eight voltage cycles. f a Pt pseudo reference was used and it is unclear if activity above background was observed. Abbreviations: RHE = reversible hydrogen electrode; CV = cyclic voltammetry; CA = chronoamperometry; rpm = revolutions per minute; AB carbon = acetylene black carbon.








The studied B-sites of Mn, Co, and Ni match those identified in Section 3 as being most active in the LaBO3 series. All Mn-containing perovskites showed catalytic activity but the weak dependence on rotational speed in RDE measurements [127,128] suggests that oxygen is not directly reduced to water on these surfaces, which is in agreement with microkinetic analysis of composite electrodes [97]. LaCoO3 [60,129] and La0.64Ca0.35Co0.95O3 [130] were reported as active for oxygen reduction. La0.8Sr0.2CoO3 [96,131] showed no activity but could be activated by addition of carbon [96]. Due to the similarity in the chemistry of the Co-based perovskites, the discrepancy is unlikely to be caused by doping of divalent cations and requires further studies. Lastly, LaNiO3 on various substrates was found active for oxygen reduction [60,132]. In future work, it would be highly desirable to quantify the product yield of these surfaces in the absence of potential co-catalysts such as carbon.



The activity for oxygen reduction of the most active Mn, Co, and Ni-based perovskite oxides are compared to those of low index Pt single crystals in Figure 3a. The current densities of the perovskite thin films increase from Ni [132] to Co [60] to Mn [63], where the most active oxide produced a factor 5 lower current than the least active Pt (100) [136] surface. However, the chemical, structural, and magnetic properties of the oxides are likely not fully optimized as will be argued in Section 6. In contrast to single crystalline Pt (Figure 3a), the activity of single crystalline perovskite oxides depends weakly on the surface facet (Table 2) in previous reports [63,96,131], so that the most commonly investigated (100) surfaces are compared. The most active composite electrodes [22] are also included for reference. The currents of the composites are equal or higher than those of the single crystalline surfaces because carbon can act as a co-catalyst [92,95,137,138,139] and disperses the catalyst [92,93]. The performance gain is particularly pronounced for Ni- and Mn-based perovskite, where LaMnO3−δ showed currents a factor 5 lower than Pt/C (46 wt% Pt on TKK carbon) [125]. Nonetheless, the higher elemental abundance by factors of factors of 3 × 105 and 1 × 104 (reference [140]) relative to Pt make these materials interesting candidate materials for optimization towards practical applications.


Figure 3. Activity metrics for the oxygen reduction reaction at 0.85 V vs. RHE (380 mV overpotential) in alkaline media normalized by (a) the surface area of the oxides or Pt (data extracted from references [22,60,63,125,132,136]) and (b) by the mass loading of the oxides or Pt (data extracted from references [22,99,125,133]).
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The mass activity of select composite electrodes of perovskite powders are compared to that of Pt/C (46 wt% Pt on TKK carbon) [125] in Figure 3b and Table 3. The mass of the oxide (or Pt) directly correlates with the weight and cost of a fuel cell cathode of a given size, which makes it a meaningful metric for the selection of catalyst materials. Further factors, such as stability and product yield, are also important for practical applications [113] but will not be covered here. Three main factors influence the mass activity: (i) the specific activity of the material per surface area, particularly of its majority facet; (ii) the size and microstructure of the particles; and (iii) the aforementioned interactions with the carbon support. The specific activities of the selected perovskites can be found in Figure 3 and Table 2. They are within one order of magnitude of Pt/C with the exception of LaCoO3 [22,57], which is less active. Tremendous progress has been achieved in making perovskite oxides with small particle size and large surface area. This is a great challenge due to the high formation energies of perovskites [141], which conventionally requires annealing at high temperatures, resulting in large particle sizes. Perovskite oxides with surface areas above 20 m2/g were investigated for oxygen reduction (Table 3). Overall, efforts to make nanoparticles with high surface area are focused on Mn-based perovskites.



Table 3. Activity of perovskite thin films and select references normalized by the mass of the oxide.







	
Material

	
Support

	
Specific Surface Area (m2/g)

	
|j| at 0.85 V vs. RHE a (A/g)

	
Method

	
Reference






	
LaMnO3

	
Vulcan carbon

	
n/a

	
7.9 *

	
CV, 900 rpm

	
[99]




	
LaMnO3

	
Vulcan carbon

	
26.8

	
1.4

	
CV, 1600 rpm

	
[57]




	
LaMnO3+δ

	
Vulcan carbon

	
22.1

	
4.3

	
CV, kinetic

	
[133]




	
LaMnO3+δ

	
AB carbon

	
0.5

	
1.9

	
CV, kinetic

	
[22]




	
La1−xCaxAl1−xMnxO3−δ

	
Vulcan carbon

	
6.1

	
3.5

	
CV, 900 rpm b

	
[142]




	
LaCoO3

	
AB carbon

	
0.7

	
0.2

	
CV, kinetic

	
[22]




	
LaCoO3

	
Super P carbon

	
n/a

	
0.2

	
CV, 1600 rpm

	
[56]




	
LaNiO3

	
AB carbon

	
3.5

	
7.0

	
CV, kinetic

	
[125]




	
LaNiO3−δ

	
Carbon black

	
~3.8

	
0.2

	
CV, 1600 rpm

	
[69]








Digitized from published data linearly interpolation near 0.85 V vs. RHE. a Electrolyte was 0.1 M KOH if not noted otherwise. * 1 M NaOH. b rotation rate estimated from limiting current of Vulcan carbon as not reported.








The best perovskite oxide, LaMnO3 [22], reaches 7.9 A/g at 0.85 V vs. RHE, which is approximately two orders of magnitude lower than that of the Pt/C benchmark [125]. As the specific activity of LaMnO3 (Table 2) is within about an order of magnitude of Pt surfaces, this indicates that the surface area of the perovskite oxides needs further engineering to match that of Pt (and other metal particles or binary oxides). Additional activity could also be gained by careful optimization of the electrode composition, particularly considering the possible co-catalytic effect of carbon [92,137,143]. In practical terms, a 100-fold increase in loading of the oxides is currently necessary to match the activity of Pt with state-of-the-art perovskites [125]. In terms of cost, it was estimated composite electrodes of micron-sized LaMnO3+δ [22] and Pt have about equal activity per cost [26], so that the most active nanoparticle LaMnO3 composite in Table 3 would be about four times cheaper as compared to the commercial Pt/C benchmark in Figure 3b, albeit at significantly increased catalyst weight. Thus, perovskite oxides have been employed in many prototype devices of fuel cells [66,144,145] and Zn-air batteries [101,102,108], which is reviewed in detail elsewhere [11,89,90].




5. The Mechanisms of Oxygen Reduction on Perovskite Oxides


Surprisingly little is known conclusively about the mechanism of the oxygen reduction on perovskites and oxides in general. Even for the perhaps best-studied solid ORR catalyst, Pt, there is no generally accepted mechanism to date due to the elusiveness of reaction intermediates [10]. While the ORR on metal surfaces is clearly better understood experimentally [3,10,146,147] and theoretically [148,149,150,151,152,153,154], it is currently unknown if this knowledge can be transferred to oxides without significant adjustments due to properties inherent to oxides. As discussed in Section 2, perovskite oxides frequently exhibit strong electronic and/or magnetic correlations, band gaps, and bending, which may affect the mechanism. These properties have also thwarted insight by DFT calculations, which have been instrumental for a better understanding of the ORR on metals [148]. Nonetheless, select theoretical studies have been reported for various aspects of the ORR on perovskite oxides but exclusively in the LaBO3 series [30,59,155,156,157,158,159].



In this section, the mechanistic discussion of the ORR is prepared by firstly introducing the boundary conditions on perovskite oxides, which is followed by the definition of a minimalistic and universal set of elementary steps. These steps are then examined in the context of mechanistic sequences previously proposed for perovskite oxides.



The surface of stoichiometric perovskites lacks terminal oxygen ions perpendicular to the surface, i.e., it is cleaved, to minimize surface energy. When brought in contact with an aqueous solution, the oxygen of water or hydroxide initially adsorbs on the surface and thus fully coordinates the surface metal sites. The adsorbed molecules engage in hydrogen bonding with each other and the solvent water/hydroxide molecules so that the electrochemical potentials of the perovskite and solution are in equilibrium [20]. The acid dissociation constant (pKa) of the surface site (s) or alternatively the point of zero charge (PZC) of the entire surface then determines the average surface protonation or surface charge. If the PZC is smaller than the pH of the solution, surface water will donate protons to the solvent, thus becoming hydroxide. Since common perovskites with B-sites of a first-row transition metal have PZCs in the range of 6–9 [52], their surfaces are covered by hydroxide in alkaline media. Stoerzinger et al. [60] found, by ambient pressure XPS, that lower hydroxide coverage of LaBO3 perovskites in a humid atmosphere correlated with lower voltage to support 40 µA/cm2 in 0.1 M KOH (Figure 4a). This correlation supports the importance of affinity for hydroxide coverage on the mechanisms of oxygen reduction.


Figure 4. The surface before and during the oxygen reduction reaction. (a) Influence of experimental hydroxide coverage on ORR activity of LaBO3 perovskites. Reproduced from reference [60]. Copyright 2015, American Chemical Society. (b) Surface Eh-pH (Pourbaix) diagram of the La-Mn-O-H system obtained by DFT calculations. Reproduced from reference [30]. Copyright 2015, American Chemical Society. (c) Variation of the surface coverage obtained from the rate constants of La0.8Sr0.2MnO3 in 1 M NaOH. Reproduced from reference [97]. Copyright 2014, Wiley and Sons.
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The hydroxide coverage also depends on the applied voltage and solution pH. Thermodynamically stable (surface) phases can be visualized in an Eh-pH (or Pourbaix) diagram [29]. Rong and Kolpak [30] computed the most stable surface phases of (001)-oriented LaMnO3 in water using DFT (Figure 4b). In the commonly investigated alkaline conditions of pH 13 and 14, the surface traverses through the hydroxide covered phases (denoted B1, A1) to a cleaved surface (denoted A0) when decreasing the voltage from 0.4 V vs. SHE (no ORR overpotential; 1.23 V vs. RHE at pH 14) to −0.4 V vs. SHE (high ORR overpotential; 0.43 V vs. RHE at pH 14) [30]. A cleaved surface offers active sites for oxygen adsorption during the first step(s) of the oxygen reduction mechanisms. Poux et al. [97] calculated the voltage-dependence of a perovskite surface using the empiric rate constants of La0.8Sr0.2MnO3 at pH 14 (Figure 4c). In the investigated voltage range being typical for ORR, the calculated Langmuir-type coverage changed from predominantly O at low overpotential to predominantly OH at high overpotential, having equal coverages slightly below 1 V vs. RHE. Since the cleaved surface (A0) of the related LaMnO3 is thermodynamically favorable at high overpotential (Figure 4b), the increasing OH coverage with overpotential suggests OH displacement by O2 as the kinetically limiting step on the La0.8Sr0.2MnO3 surface.



Hydroxide is the only desired product of the ORR in fuel cells and (aqueous) metal-air batteries but peroxide production is also frequently observed on composite electrodes of perovskite oxides [57,92,95]. Furthermore, perovskites containing Mn, Fe, and Co are known to chemically decompose peroxide [160,161,162]. Exemplary electrocatalytic hydroperoxide yields of composite electrodes containing LaBO3 perovskites and Vulcan carbon are shown in Figure 5a. The hydroperoxide yield was lowest for Mn at the B-site and comparable to the benchmark Pt/C, while it was in the range of 30—40% for Co and Ni B-sites [57]. For Fe and Cr B-sites, the yield was in excess of 80% and equal to Vulcan carbon, which supports negligible ORR activity of these badly conducting oxides. Hydroperoxide yields for composite electrodes are difficult to compare as they depend at least on (i) the total electrode loading (Figure 4b) [92,97]; (ii) the ratios of the perovskite and carbon loadings [92,95,143]; and (iii) the employed type of carbon [92,137]. None of these parameters are standardized in literature. Poux et al. [97] calculated the perovskite and carbon contributions using rate constants obtained from a composite electrode of La0.8Sr0.2MnO3 and Sibunit carbon (Figure 5c). While the total ORR current of the simulation is sigmoidal as frequently observed in experiments, the individual contributions have local minima between 0.5 and 0.6 V vs. RHE and diverge at lower voltages (higher overpotential). The ORR has also been studied on rotated carbon-free crystalline films of La1−xSrxMnO3 [127,128] (x = 0.33, 0.20) and La0.8Sr0.2CoO3 [96,128]. Cyclic voltammetry (CV) of these films does not show the expected sigmoidal shape and saturation currents in contrast to comparable measurements of composite electrodes containing these perovskites mixed with carbon [96]. Therefore, the coupling between the reactions on carbon and the perovskite must be considered when assigning a product yield to a perovskite oxide for discussions of the ORR mechanism.


Figure 5. Product yield of oxygen reduction on select perovskites. (a) Measurement of produced peroxide on composite LaBO3 electrodes containing Vulcan carbon. Reproduced from reference [57]. Copyright 2016, Wiley and Sons. (b) Dependence of the experimental peroxide yield on the loading of La0.8Sr0.2MnO3 and Sibunit carbon. Reproduced from reference [97]. Copyright 2014, Wiley and Sons. (c) Simulation of the contributions of La0.8Sr0.2MnO3 and Sibunit carbon to the total ORR current based on empirical rate constants. Reproduced from reference [97]. Copyright 2014, Wiley and Sons.
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Mn oxides containing Mn3+ in addition to Mn2+ or Mn4+ were identified as the most active for ORR [26], where the 3+/4+ redox is particularly important for Mn-based perovskites [163]. Direct evidence of the active valence by X-ray based methods is rare for the ORR in alkaline media. A notable exception is the recent XAS study at the Mn-K edge of Kan et al. [127] on (001)-oriented La0.67Sr0.33MnO3 in 0.1 M KOH, where Mn reduction of the thin film surface was found at 0.7 and 0.5 V vs. RHE relative to the film at open-circuit. While the spectra clearly support reduction, unfortunately, the analysis was not performed quantitatively. Operando experiments on non-perovskite Mn oxides showed reduction of Mn3+ to Mn2+ at high ORR overpotential [164]. Reduction of perovskites significantly below Mn3+ would require the formation of oxygen vacancies or change in the composition of the A-site for charge neutrality. Perovskite oxides such as LaMnO3 exhibit redox peaks at similar voltages to binary Mn oxides [163] and it was found that the most active sample in the series LaBO3 on carbon (i.e., LaMnO3) showed a redox wave slightly more positive than the onset of ORR [64]. Additionally, Ryabova et al. [163] found a correlation between the voltage of the Mn3+/4+ redox and ORR activity. The availability of Mn3+ was postulated as a requirement for O2 adsorption in their study, thus rationalizing the observed correlation.



Many of the above boundary conditions of surface coverage, product yield, and valence relate to one or more of the processes during catalytic oxygen reduction. Conceptually, the ORR should include the following basic processes

	P1

	
Adsorption of molecular oxygen at a suitable site on the oxide surface




	P2

	
Formation of intermediates to aid charge transfer and lower catalytic barriers




	P3

	
Transfer of electrons/holes and protons/hydroxide to/from the catalyst




	P4

	
Breaking of the O–O bond (if hydroxide is the product)




	P5

	
Product release






where P1, P2, and P5 relate to coverage, P1, P3, and P5 relate to the valence and P4 and P5 relate to product yield. Much insight into these processes comes from DFT calculations of the reaction’s thermodynamics, in particular relating to intermediates (P2) and O–O bond breaking (P4), whose direct study is beyond current experimental capabilities for perovskite surfaces. A plethora of mechanisms are conceivable based on these five basic processes.



Hypothetical reaction pathways of the ORR are compared in Figure 6 where they are classified by the orientation of oxygen adsorption, which yields three prototypical idealized mechanisms. Oxygen can adsorb strongly through formation of a covalent bond with a single site (a2 in Figure 6a) which leads to an inner sphere electron transfer [165] that depends strongly on the electronic properties of the perovskite. On the other hand, oxygen can also adsorb weakly on multiple sites (b2 in Figure 6b) where the oxygen molecule might even be spatially separated by a monolayer of water/hydroxide. In the case of spatial separation, oxygen might be located in the outer Helmholtz layer of the electric double layer [166,167], which leads to an outer-sphere electron transfer that favors hydroperoxide production [165]. It was proposed that an outer sphere electron transfer is promoted by alkaline media on metals [166,167] and Fe–N–C [166,168] catalysts. In addition to materials properties such as magnetism to ensure proper alignment of the paramagnetic oxygen, electrolyte properties such as hydrogen bonding should be considered [149,150,166]. While an in-depth discussion is beyond the scope of this manuscript it should be noted that an outer-sphere electron transfer is conceivable for the mechanism in Figure 6b.


Figure 6. Hypothetical proposals for electrolytic reduction of oxygen to hydroxide in alkaline media. Prototypical O2 adsorption in (a) end-on configuration, (b) side-on configuration and (c) bidentate configuration with participation of a lattice oxygen vacancy.
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Further important distinctions of the idealized mechanisms are the nuclearity of the active site, which increases from Figure 6a to Figure 6c as well as the involvement of oxygen vacancies solely in Figure 6c. The shown mechanisms should be seen as idealized limiting cases. It is conceivable that those mechanisms occur simultaneously and compete on real surfaces, even to the extent that the mechanisms share intermediates, e.g., steps a1, b1, and c3.



The single site mechanism of Figure 6a is most commonly discussed in recent literature for perovskite surfaces. It can be traced back to work of the Goodenough group on the rutiles IrO2, RuO2; the pyrochlores Pb2Ru2−xPbxO7−y; and the perovskites Sr1−xNbO3−δ [169,170]. This mechanism is also assumed in DFT work of both metals [148] and metal oxides [30,59,155]. It starts with an OH covered surface (a1) and proceeds via displacement of an OH group for O2 (a2) that adsorbs in end-on. This is followed by protonation to an OOH group (a3), which might be released as hydroperoxide or remain an intermediate that undergoes O–O bond cleavage (a4) and is finally protonated to an OH group. In each step of this sequence, electron and proton transfers are thought to be coupled. Further coupling was proposed between the formation energy of the steps with a single bond between the metal and oxygen (a2,a4) and between the other two steps [171,172]. These so-called “scaling relations” [172,173,174,175,176] introduce a non-vanishing contribution to the overpotential [177,178,179,180], which could be a consequence of an isolated single active site that limits the available mechanistic pathways [181,182,183].



The mechanism in Figure 6b is based on the “pseudo-splitting” mechanism [184,185] on surface kinks adapted by the Tseung group for Li-doped NiO [23] and later pervoskites such as La0.5Sr0.5CoO3 [24] from an earlier proposal of Evans [185]. It was also discussed by Yeager who called it “bridge model” [55,186,187] and lifted the requirement of surface kinks (i.e., specific surface defects). The mechanism entails the participation of at least two metal sites and, therefore, could mitigate overpotentials caused by scaling between intermediates. This mechanism has been studied for Pt surfaces, where the first electron transfer (b2→b3 in Figure 6b) was proposed as the rate-limiting step [151]. The starting point is identical to the mechanism previously introduced, namely an OH-covered surface (a1 = b1). Then, two OH groups need to be displaced by O2, which is adsorbed in side-on configuration onto two metal sites on the OH-covered surface (b2), either to be released as hydroperoxide or the O–O bond is broken and two hydroxide molecules are released to a highly oxidized metal dimer on the surface (b3). Finally, the dimer is protonated to close the catalytic circle. The applicability of the mechanism depends on proper spacing of the participating metal sites. Furthermore, it was proposed that this mechanism requires magnetic ordering on oxides [23] (i.e., the experiment must be performed below the material’s Néel temperature at which an antiferromagnet becomes a paramagnet), which restricts the mechanism to paramagnetic oxides. It is expected that paramagnetism promotes “side-on” adsorption of the likewise paramagnetic O2 molecule [61]. While discussion of magnetism is scarce for ORR catalysts, many perovskite (-like) oxides can be paramagnetic in the temperature range of alkaline electrocatalysis (i.e., near 300 K) [61,188,189,190].



The mechanism in Figure 6c is motivated by recent reports of an active role of oxygen vacancies in the ORR, which is an example for the possible mechanistic role of surface defects. An in-depth discussion of the role of oxygen in perovskites for catalytic reactions, including the ORR, is reported by Yang and Grimaud [191] in this Special Issue. The shown mechanism is loosely based on high temperature work of mixed oxide ion/electronic conductor (MIEC) oxides [169]. Yet, related mechanisms have very recently been proposed for the reverse reaction of oxygen evolution on SrCoO3−δ perovskite oxides in alkaline media [192,193,194]. The starting point is an OH-covered surface as before but in this mechanism, one or more lattice oxygen vacancies (in the equatorial plane) are present additionally (c1). Next, one OH group near one of the vacancies is displaced and one oxygen of O2 fills the vacancy, while the other binds with the neighboring, previously undercoordinated, metal site (c2). Yeager [186] discussed a comparable configuration (albeit without oxygen vacancies), which would weaken the O–O bond so that a surface state similar to a4 in Figure 5a results. Alternatively, it is conceivable that the apical oxygen migrates on the surface to either recombine with another oxygen ion to yield molecular dioxygen or an oxygen vacancy, see e.g., the discussion in reference [169] (for high temperature electrocatalysis). The next step in the hypothetical mechanism of Figure 5c is protonation of the superoxide group to hydroxide (c3), which is identical to the initial steps (a1, b1) of the mechanism in Figure 5a,b. A route for recovery is protonation of the bridging oxygen (c4) as discussed by Grimaud et al. [194] (for oxygen evolution). The OH group in the bridging position is then discharged, thus recovering the catalyst. This mechanism also has special requirements, namely affinity for oxygen vacancies and structural stability in their presence, which restricts its applicability to a few materials classes among which are many perovskite (-like) oxides [195,196].



The discussed idealized mechanisms are expected to differ in their rate-limiting step and product yield. Under the common assumption of facile O–O bond breaking, the end-on mechanism in Figure 6a would produce hydroxide and be limited by either the initial hydroxide displacement (a1→a2) or recovery of the hydroxide surface (a4→a1). If the O–O bond breaking were limiting, which is commonly postulated for oxygen electrocatalysis using oxides, including perovskites, then hydroperoxide is the more likely a reaction product. The hydroperoxide could be subsequently catalyzed to hydroxide, resulting in an apparent transfer of four electrons per reduced O2. This is a likely scenario for many perovskite electrodes, particularly for composite electrodes containing carbon [92,95,96,137,138,139]. The side-on mechanism in Figure 6b requires that the O–O bond breaking in step b2 is not limiting. However, the interaction of oxygen with two metal sites is expected to weaken the O–O bond as compared to end-on adsorption on a single site of the same transition metal. The adsorption in this configuration (and preceding hydroxide displacement) should require a high degree of paramagnetism of the catalyst material to properly align the paramagnetic O2 molecule. It is thus expected to be limiting for non-magnetic materials. Furthermore, peroxide production seems less likely for side-on adsorption as compared to end-on adsorption as it would require the transition to a state similar to a2 for protonation. The O–O bond should be most weakened for bidentate adsorption in Figure 6c and thus the mechanism is least likely to produce hydroperoxide. The most likely limiting steps for bidentate adsorption at an oxygen vacancy are the chemical recovery of the vacancy or an electrochemical step having non-concerted electron and proton transfers [194]. In summary, the mechanistic pathway determines both the product yield of the ORR and the physical origin of the activity for the desired reduction of oxygen to hydroxide.




6. Derivation of Descriptors from Structure–Activity Relationships


Rational design of electrocatalysts requires fundamental insight into the microscopic origin of activity, which can be derived from structure–activity relationships. In oxygen electrocatalysis, this is frequently called the descriptor approach, where some physical property of the material serves as the descriptor for catalytic activity. Most commonly, chemical descriptors—such as eg occupancy [22] and valence [26]—are discussed and they have the greatest impact on the activity for oxygen reduction (Table 4) and also for the back reaction of oxygen evolution [197]. Further proposals include structural descriptors such as strain [129,132] and magnetic descriptors such as the magnetic moment [61].



Table 4. Ranking and classification of descriptors proposed for the ORR.







	
Rank

	
Type

	
Parameter

	
Range of Activity

	
Parameter Range

	
Reference






	
1

	
C

	
eg occupancy

	
250 mV (Δlog j = 2.1 to 4.2)

	
1 unit (eg 1 to eg 0 or 2)

	
[22]




	
2

	
C, S

	
Valence via oxygen stoichiometry

	
Δlog j = 2.2 (132 to 264 mV)

	
SrFeO3−δ, 0.1 < δ < 0.4

	
[67]




	
Δlog j = 0.8 (48 to 96 mV)

	
SrCoO3−δ, 0.0 < δ < 0.3

	
[67]




	
86 mV (Δlog j = 0.7 to 1.4)

	
LaMnO3+δ, 0.0 < δ < 0.1

	
[22]




	
Δlog j = 0.3 (19 to 38 mV)

	
CaMnO3+δ, 0.1 < δ < 0.5

	
[68]




	
60 mV (Δlog j = 0.5 to 1.0)

	
LaNiO3−δ, δ = 0.00, 0.02

	
[69]




	
Δlog j = 0.3 (20 to 41 mV)

	
La0.33Sr0.66O3−δ, 0.2 < δ < 0.3

	
[204]




	
3

	
C

	
Valence via A-site composition

	
115 mV (Δlog j = 1.0 to 1.9)

	
La1−xSrxMnO3, 0.0 < x < 0.7

	
[63]




	
Δlog j = 0.9 (54 to 108 mV)

	
La1−xCaxMnO3, 0.0 < x < 1.0

	
[64]




	
Δlog j = 0.2 (12 to 24 mV)

	
Pr1−xSrxMnO3, 0.0 < x < 1.0

	
[65]




	
4

	
C

	
Covalence

	
81 mV (Δlog j = 0.7 to 1.4)

	
0.25 absorbance units

	
[22]




	
5

	
S

	
Tolerance factor

	
80 mV (Δlog j = 0.7 to 1.3)

	
LaNiO3a, 1.00 < t < 1.01

	
[69]




	
Δlog j = 0.4 (24 to 48 mV)

	
AMnO3b, 0.87 < t < 0.94

	
[66]




	
6

	
M

	
Magnetic moment

	
Δlog j = 0.7 (42 to 84 mV)

	
LaMn0.5M0.5O3, 4 < µ < 13

	
[61]




	
7

	
S

	
Strain (in-plane)

	
49 mV (Δlog j = 0.4 to 0.8)

	
LaCoO3, −0.5% < ε < 2.6%

	
[129]




	
Δlog j = 0.6 (24 to 48 mV)

	
LaNiO3, −2.2% < ε < 2.7%

	
[132]








Values in italic font were calculated according to log j = 1 ⇔ 60 or 120 mV, see text for discussion. Types: C = chemistry; S = structure; M = magnetism. a Calculated based on crystallographic data in reference [69]; b calculated based on literature data, see Table A1 and Table A3.








Many descriptors can be varied in a parameter range that includes an optimal value as well as values where the parameter is either too weak/low or too strong/high so that a volcano-shaped trend naturally arises. The reason for the discontinuity of the trend at the tip of the volcano is a change of the limiting step in the mechanistic sequence (without changing the overall sequence). If the limiting step does not change in the studied parameter range, linear relations between activity and descriptors are frequently reported. In general, binding between catalyst and reactant should be neither too strong nor too weak for optimal catalysis, which is known as Sabatier’s principle.



A catalyst provides reaction pathways with energy barriers lower than that of the uncatalyzed reaction, which is achieved by the formation of reaction intermediates. Therefore, the Gibbs free energy of the formation of these intermediates is a conceptually obvious descriptor and it has proven very powerful and fruitful in theoretical investigations [30,59,148,150,155,198]. However, it is very challenging if not impossible to measure experimentally for oxide surfaces. As it has been postulated above that the recovery of the hydroxide surface is rate-limiting, the Gibbs free energy of formation of hydroxide is a suitable choice of an intermediate to use as a descriptor (Figure 7a). Lee et al. [59] calculated the Gibbs free energies of reactions a1→a2 and a4→a1 in Figure 6a as function of the Gibbs free energy of formation of metal hydroxide on LaBO3 perovskite surfaces with either La- or B-termination under 0.83 V vs. RHE polarization. For the intended structure-function relationship in Figure 7a, the y-axis should be a measure of the reaction kinetics. It can be obtained using the Eyring equation, which means that the y-axis is proportional to logarithmic current. Lee et al. [59] found Mn- and Co-terminated LaBO3 near optimal OH binding energy at the intersection of the grey lines, which is in agreement with the activity trends in Figure 2a and the assumed B-site termination in Figure 6. For LaNiO3, it was predicted that the La-terminated surface also shows near optimal binding, while the Ni-terminated surface is the least active. Aside from problems with phase purity in LaNiO3 [54], this might explain the diverging activity trends for LaNiO3 in the reported LaBO3 studies [22,56,57].


Figure 7. Select structure–activity relationships of perovskites catalyzing the ORR. (a) The theoretical overpotential of oxygen reduction (ΔG) for the LaBO3 series terminated either by LaO (A-LaBO3) or BO2 (B-LaBO3) calculated as function of the formation of OH intermediates using the GGA + Ueff method. Reproduced from reference [59]. Copyright 2015, Royal Society of Chemistry. (b) Experimental voltage at 50 µA/cm2ox for powders of the LaBO3 perovskite series as function of experimental oxygen desorption temperature (solid circles) and an estimate for LaFeO3 (open circle). Reproduced from reference [199]. Copyright 2013, Electrochemical Society. (c) Experimental voltage at 50 µA/cm2ox as function of estimated eg occupancy of the LaBO3 series (solid circles) and other relevant perovskites (open circles). Reproduced from reference [22]. Copyright 2011, Nature Chemistry. (d) Experimental voltage at 50 µA/cm2ox as function of measured absorbance as a proxy of metal-oxygen covalence. Reproduced from reference [22]. Copyright 2011, Nature Chemistry. (e) The current at 0.4 V overpotential of epitaxial LaNiO3 thin films strained by growth on various substrates. Reprinted from reference [132]. Copyright 2016, American Chemical Society. (f) Current logarithm at −20 mV vs. Hg/HgO (in 6 M KOH) of perovskites in the series LaB’0.5Mn0.5O3 as function of their magnetic moment (data extracted from reference [61]).
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Another obvious choice for a descriptor is the chemisorption of the reactant, i.e., oxygen. Assuming proportionality between adsorption and desorption, temperature programmed desorption (TPD) can be used to measure desorption of O2 from perovskite surfaces for use as a descriptor. Suntivich and Shao-Horn [199] combined the TPD results of Yokoi and Uchida [200] with their activity measurements of the LaBO3 series (Figure 7b). In Figure 7b, the y-axis can be related to kinetics using the Butler–Volmer equation (and often the requirements for the simpler Tafel equation are met for ORR studies) so that the y-axis is again proportional to logarithmic current. The most active perovskites in the LaBO3 series exhibit temperatures of desorption between 120 °C (Ni) and 200 °C (Mn, Co). While few data are provided, the experimental descriptor seems promising, especially for comparison with DFT calculations. It would work with any of the mechanisms in Figure 6 with the caveats that solvent effects are excluded and that the onset of desorption might depend on the mode of adsorption (i.e., end-on vs. side-on vs. bidentate).



On a more fundamental level, the adsorption of oxygen could be rationalized by considering the hybridization of oxygen and frontier metal orbitals. For the mechanism in Figure 6a with end-on adsorption of oxygen, oxygen sp2-orbitals will form σ-bonds with metal eg orbitals in the octahedral coordination environment of perovskites. Following this rationale, Suntivich et al. [22] used the eg occupancy as a descriptor of oxygen reduction (Figure 7c), where the eg occupancy was either obtained from XAS or the chemical formula considering the spin state of the B-site. Again, B-sites having Mn, Ni, and Co are the most active and share a similar descriptor value of single occupancy of the eg orbital or slightly below. The most active sample in the study was oxygen-rich LaMnO3+δ with an eg occupancy of 0.8. While not included in the study of Suntivich et al. [22], manganite perovskites with La, Sr, Pr, and Ca doping [63,64,65] (Figure 2b) also show their maximum activity at estimated eg occupancies between 0.7 and 0.6. The optimum eg occupancy for Mn-based perovskites could thus fall below single occupancy. Yet, pinpointing the exact value requires challenging operando measurements of the eg occupancy.



No single descriptor can predict the optimal material for a given reaction, which was shown statistically for the reverse reaction of oxygen evolution [197]. Therefore, further activity gain can be achieved when a secondary descriptor is varied independently of a primary descriptor such as eg occupancy. These secondary descriptors can be chemical, structural, or magnetic.



The hybridization between oxygen and a metal site is a possible secondary chemical descriptor. At single eg occupancy, Suntivich et al. [22] discussed the M-O hybridization of adsorbed oxygen as a secondary chemical descriptor to explain differences in activity in the LaBO3 series (Figure 7d), where greater hybridization led to higher activity. For the back reaction of oxygen evolution, greater hybridization also led to higher activity in the LaBO3 series at single eg occupancy [51,201]. However, Abrishami et al. [202] report in this Special Issue that lower hybridization at an eg occupancy of 0.3 corresponds to higher activity and stability for first-order Ruddelsden–Popper phases that are related to the perovskite structure (see Section 2). This suggests that the details of the correlation between hybridization and activity might depend on the crystal structure and orbital filling. Further studies are required to fully understand the influence of hybridization on activity.



Strain is a possible secondary structural descriptor. Also at nominally single eg occupancy, Petrie et al. [132] grew epitaxial LaNiO3 on various substrates to vary the strain on LaNiO3 and ultimately the distortion of the Ni–O octahedron (Figure 7e). They found that compressive strain (negative values in Figure 7e) enhanced the activity. While strain also affected the activity of LaCoO3 at single eg occupancy, Stoerzinger et al. [129] found that the activity of LaCoO3 increased for tensile strain in contrast to LaNiO3. The origin of this discrepancy is unclear but a possible explanation for the differing trends might be the La0.67Sr0.33MnO3 buffer layer used in the study of Stoerzinger et al. [129]. While the catalytic effect of strain has been demonstrated, further studies are necessary to identify conclusive trends.



The magnetic moment is a possible secondary magnetic descriptor and was previously proposed by Larsson & Johansson [61]. Their data was used here after renormalizing by BET area to plot the intrinsic activity at fixed eg occupancy of Mn in the series LaB’0.5Mn0.5O3 (B’ = Cr, Ni, Cu). A Mn eg occupancy of ~0.3 was previously calculated from the valence measured by Suntivich et al. [22] using XAS for B’ = Ni and Cu, who argued that the valences of Ni and Cu should be close to each other having a value of ~2.3+ based on the greater Pauling electronegativity of Ni (1.91) and Cu (1.90) as compared to Mn (1.55) [203]. As the electronegativity of Cr (1.66) is also greater than that of Mn (1.55) [203], it is likely that Mn has very similar eg occupation for B’ = Cr, Ni, and Cu in the LaB’0.5Mn0.5O3 series but a direct experimental verification of this conjecture is missing. In the LaB’0.5Mn0.5O3 series in Figure 7f, a smaller magnetic moment yields a higher activity at similar eg occupancy. It is unknown if this trend is robust due to the scarcity of studies on the effect of magnetism on the ORR. Larsson & Johansson [61] could not identify obvious correlations between the magnetic moment and ORR activity. However, their analysis did not account for the chemistry of the materials in addition to magnetism.



Having introduced and discussed select descriptors in the previous paragraphs naturally raises the question which descriptor allows the greatest activity gain. To provide an answer, the descriptors previously proposed for perovskite oxides are ranked in Table 4 according to their activity range. Unfortunately, many activity metrics were used in these studies and activities were reported units of (over)potential or currents. The range was reproduced here as reported or shown in graphs in the original publications and calculated the other unit using the Tafel equation, Δη = a Δlog j, where a is the Tafel slope. Considering the mechanisms in Figure 6, the ORR will either be limited by a chemical step or an electrochemical step, for which Tafel slopes of 120 mV and 60 mV can be roughly estimated [205]. Thus, these Tafel slopes were picked to convert a potential range into a range of logarithmic current (Δlog j) and vice versa. It is noted that the reported activity range depends on the investigated parameter range and thus somewhat on the number of samples in the original study.



The first four descriptors in Table 4 are all related to chemistry and particularly occupation of orbitals, followed by structural and magnetic descriptors. For the top chemical descriptors, the reported activity changed by ~2 orders of magnitude (i.e., Δlog j ~ 2) for the eg occupancy of the B-site and the valence of the B-site accessed via the oxygen stoichiometry. The latter could also be a structural descriptor but too little is known about the role of oxygen vacancies in the ORR to separate structural and chemical effects. Activity changes of about one order of magnitude were reported for the valence accessed via the A-site composition, while the activity range reported for variation of the B—O covalence was below an order of magnitude and similar to the influence of the tolerance factor of the perovskite and the magnetic moment. Strain had the smallest reported activity range spanning about a factor of 3 (Δlog j ~ 0.5).



Based on the current knowledge of the ORR, an enhancement of the intrinsic activity of perovskite oxides by much more than an order of magnitude seems unlikely. In the best case, a secondary descriptor such as the covalence or the tolerance factor could improve the activity by about an order of magnitude at a fixed primary descriptor such as the eg occupancy. In practice, the gain should be lower the closer the primary descriptor gets to its optimum. Nonetheless, an increase by an order of magnitude through materials design would bring the activity of composite electrodes of perovskites and carbon to a level equal to that of composites of the benchmark Pt on carbon per metal/oxide area (Figure 3a). It is worth noting that the most active Pt alloys are currently about a factor 5 higher in activity as compared to pure Pt [206]. For practical applications, material utilization and weight are further challenges that need addressing as discussed above. However, the great advantage of perovskite oxides based on first row transition metals is their abundance, particularly for perovskites with Mn and Fe at the B-sites and Ca at the A-site [140]. This is highly relevant because the largest share (45%) of the produced Pt already has gone to automotive applications (i.e., catalytic converters) in 2014 [207] without commercial use of Pt-based fuel cells. Increased demand is expected due to more widespread use of fuel cells in automotive and stationary power applications. While it remains a great challenge to enhance the activity of perovskite oxides (and their composite electrodes) for oxygen reduction, the high abundance of their elements makes them a viable alternative to current Pt-based technology.




7. Concluding Remarks and Perspective


Correlating chemical, structural, and magnetic material properties to activity is the necessary first step towards a deep understanding of catalysis. From these correlations, fundamental guidelines can be distilled that allow predicting better catalysts. In this review, perovskite oxides are examined as electrocatalysts for the oxygen reduction in alkaline media. The understanding of the solid-state chemistry and oxide physics of perovskite oxides is very mature, which is particularly owed to advances in the preparation of epitaxial thin films and buried solid–solid interfaces since the late 1980s [208,209]. A similar revolution has yet to occur in understanding of the solid–liquid interface, where electrocatalysis takes place. Reaction intermediates at the solid–liquid interface remain elusive for the vast majority of catalysts for oxygen reduction and especially for perovskite oxides. A comprehensive knowledge of the reaction intermediates and the mechanistic sequence is paramount for fundamental insight into the origin of activity and product selectivity. The latter point is critical for the ORR where only reduction of oxygen to hydroxide is desired for alkaline fuel cells and metal-air batteries. Most of the current understanding draws from theoretical studies of the ORR on metals in the early 2000s, which have strongly influenced mechanistic studies on any catalyst. However, different mechanisms are also conceivable for perovskite oxides due to their magnetic and physicochemical properties.



The elusiveness of the intermediates and the mechanistic sequence calls for spectroscopic and microscopic operando measurements. While extremely challenging, it is desirable to perform these experiments on defect-free single crystals or epitaxial thin films for fundamental insight. Due to the limitation by the available signal, synchrotron-based experiments will be crucial for monitoring chemical and structural changes of the catalyst. Furthermore, surface-enhanced vibrational spectroscopy has also been used to track the formation of surface states with relevance to the ORR [210,211]. Changes in the morphology of a fuel cell material have been resolved by transmission electron microcopy (TEM) using a commercial liquid cell [212] but several challenges need to be overcome to provide the resolution required for catalytic insight [213]. The latter should be supported by rigorous electroanalytical analysis of the measured currents. Recent advances made it possible to perform RRDE measurements on epitaxial perovskite thin films [214,215], which is crucial for determining product-specific currents. Method development is thus an important cornerstone for the desired mechanistic insight.



Structure-function relationships (or catalytic descriptors) are an indispensable concept to derive fundamental guidelines for the design of more active catalysts after the mechanism is sufficiently understood. While chemical descriptors show the largest effect on catalysis of the ORR, magnetic and structural descriptors can have sizable influence on activity and they are clearly underrepresented in recent literature. Secondary descriptors are discussed to illustrate that it could be possible to further increase the activity near the optimum of one descriptor. Higher order descriptors should be considered in future material optimization for the ORR. Hong et al. [197] found, by statistical analysis, that a linear combination of nine descriptors was clearly superior to combining two descriptors for predicting the rate of the oxygen evolution reaction (i.e., the ORR back reaction) on perovskites. This illustrates the monumental challenge of optimizing materials for electrocatalysis. Due to the rich physics and chemistry of perovskites, systematic variation of chemical, structural, and magnetic properties could lead to new avenues to enhance the activity of perovskite oxides.



State-of-the-art electrocatalysts based on perovskite oxides still face both scientific and engineering challenges in competition with noble metal-based electrocatalysts. In addition to the aforementioned lack of mechanistic insight, further efforts are required to gain an improved understanding of the interplay between commonly employed carbon supports and perovskite oxides. It is still a matter of active debate whether and which perovskite oxides can independently perform the reduction of oxygen to hydroxide or whether they require a co-catalyst. While catalysts for acidic polymer electrolyte membrane (PEM) fuel cells are frequently tested with the established protocols [113], very little discussion can be found about the stability of perovskite oxides during oxygen reduction and about potential degradation mechanisms. Both stability and potential co-catalysis of the support must also be considered when engineering optimized composite electrodes containing perovskites. Furthermore, the surface area of perovskite oxides falls behind those of metals and simple metals. In addition to reducing the particle size, making perovskites with hierarchical porosity [216] is a promising approach to enhance mass activity. This could level their activity with that of the benchmark Pt, while preserving the advantage of large abundance, which would allow widespread deployment of technology based on perovskite oxides.
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