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ABSTRACT  

High entropy materials are a new pathway in the development of high-activity 

(electro-)catalysts because of the inherent tunability and coexistence of multiple potential active 

sites, which may lead to earth-abundant catalyst materials for energy-efficient electrochemical 

energy storage. In this report, we identify how the multi-cation composition in high entropy 

perovskite oxides (HEO) contributes to high catalytic activity for the oxygen evolution reaction 

(OER), i.e. the key kinetically limiting half-reactions in several electrochemical energy conversion 

technologies, including green hydrogen generation. We compare the activity of the (001) facet of 

LaCr0.2Mn0.2Fe0.2Co0.2Ni0.2O3-δ with the parent compounds (single B-site in the ABO3 perovskite). 

While the single B-site perovskites roughly follow the expected volcano-type activity trends, the 

HEO clearly outperforms all of its parent compounds with 2.8 to 100 times higher currents at fixed 

overpotential. As all samples were grown as an epitaxial layer, our results indicate an intrinsic 

composition–function relationships, avoiding the effects of complex geometries or unknown 

surface composition. In-depth X-ray photoemission studies reveal a synergistic effect of 

simultaneous oxidation and reduction of different transition metal cations during adsorption of 

reaction intermediates. The surprisingly high OER activity demonstrates that HEOs are a highly 

attractive, earth-abundant new material class for high-activity OER electrocatalysts, possibly 

allowing fine-tuning the activity beyond the scaling limits of mono- or bimetallic oxides.  
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INTRODUCTION 

Electrocatalysts are a key asset in the transition towards sustainability because they enable 

net-zero-carbon synthesis of value-added chemicals and chemical fuels, including power-to-X 

approaches.1 One of the scientifically most-studied and technologically most important reactions 

is the oxygen evolution reaction (OER), e.g. for green hydrogen production through water 

electrolysis. This complex four-step reaction suffers from exceedingly large overpotentials.2 A key 

limitation is the linear scaling relation between the energy of different reaction intermediates (and 

their transition states).3–6 Specifically, the reaction intermediates HOO* and HO* (* denotes the 

active site) exhibit the same dependence on the nature of the active site.3 The resulting linear 

scaling of their adsorption energies inherently leads to an “overpotential wall” which must be 

overcome to maximize OER efficiency.7  

Perovskite-type transition metal oxides (ABO3) are of special interest as OER 

electrocatalysts because of high activities in alkaline media even without the use of platinum-group 

metals and their tunability of physical and electrochemical properties through substitutional doping 

of the A and B sites.8–14 This tunability is key to optimize the catalyst activity, but perovskite 

oxides still face the overpotential wall resulting from the linear scaling.3 To overcome this scaling, 

so-called high entropy materials were proposed as alternative future OER electrocatalysts. High 

entropy materials are single-phase multicomponent systems of five or more elements, typically 

with near-equiatomic concentrations. The multitude of available lattice sites in these materials 

enables rapid screening for ideal (local) composition with optimized active site properties, e.g. the 

relative energy levels available for catalysis.15–17 The close proximity of multiple possible active 

sites has even been suggested as a new pathway to overcome scaling relations because of different 

preferred adsorption sites for individual OER steps.7,18 The overall thermodynamic barriers of the 
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catalytic cycle on a high entropy material may thus be decreased through the availability of 

different energy levels for the individual OER steps on different adsorption sites. Accordingly, 

metallic high entropy alloys have already shown great promise for the OER.15–18 For earth-

abundant transition metal high entropy alloys, complex oxide or hydroxide layers form at the 

surface, which lead to extremely low overpotentials and Tafel slopes (~300 mV at 10 mA cm-2 and 

29 mV dec-1 in 1 M KOH),19,20 indicating significant activity enhancement compared to standard 

benchmarks like IrOx or Ni/Fe layered hydroxides/oxyhydroxides.21 

Recent advances in material synthesis22,23 now enable the fabrication of high-entropy oxides 

(HEOs), i.e. single-phase metal oxides with five or more metal cations on the same 

crystallographic site. Compared to high-entropy metal alloys, the presence of additional sublattices 

in HEOs allows dedicated engineering of physical materials properties. For example, rich magnetic  

properties are available through an increase in the number of microstates available to the 

macroscopic system,24 and the mixed oxygen-transition metal orbital character and covalency of 

the employed electronic states allows further fine-tuning of the adsorption energies and charge 

transfer characteristics,25–27 or even an oxygen-related active site for electrocatalysts.28 

Accordingly, HEOs already showed high promise as battery electrodes29 and as (electro-

)catalysts.30–32 The realm of HEOs was extended to perovskite oxides in 2018,22,33 which offer 

combining the promising properties and catalytic performance of high-entropy materials with the 

established high-activity platform of transition metal perovskite oxides. Despite very recent first 

accounts on HEO perovskite OER electrocatalysts,28,34 the electrocatalytic activity has not yet been 

systematically explored and separated from complex morphologies resulting from the employed 

synthesis methods or from self-assembly of oxide layers at the solid/liquid interface.19,20,34,35As the 

Jaramillo, Nørskov, Rossmeisl and Markovic groups argued already in 2011 and 2017, the 
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comparison of intrinsic activity across multiple compositions should be performed on identical 

sample geometries and ideally on single crystalline surfaces.3,36 This approach is even more 

important for high entropy electrocatalysts, where the complexity in composition, structure and 

physical properties has been the main hurdle in understanding of structure-activity relationships.37  

In this report, we explore the OER activity of the (001) facet (using the pseudocubic notation) 

of a perovskite oxide (P-HEO) with five B-site transition metal cations with equiatomic 

concentration, LaCr0.2Mn0.2Fe0.2Co0.2Ni0.2O3-δ (Figure 1a). Cr, Mn, Fe, Co and Ni are chosen as B-

site cations because they span a wide range of binding energies in the activity volcano of the parent 

compounds (single B-site).3 This P-HEO is synthesized as an epitaxial thin-film, which allows 

deriving structure–function relationships between the reactivity and the atomic-level surface 

structure and composition of a defined crystallographic facet.9,36,38 Using epitaxial thin-films 

avoids the effect of complex geometries and the need for carbon-containing binders.39,40 We 

compare the P-HEO OER activity to epitaxial layers of the parent perovskite compounds and find 

that P-HEO exhibits drastically enhanced activity, with a factor 2.8 to 100 enhancement at fixed 

overpotential. These findings suggest that HEOs are a new candidate material class for high-

activity OER electrocatalysts, possibly allowing fine-tuning the activity beyond the scaling limits 

of mono- or bimetallic oxides, and urgently calling for mechanistic studies to investigate the origin 

of the activity-enhancement for further electrocatalyst optimization.  
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RESULTS AND DISCUSSION 

To assess the electrocatalytic activity of a well-defined, single crystallographic facet of the 

recently developed P-HEO, we synthesized epitaxial layers of P-HEO via pulsed laser deposition 

(PLD, Figure 1b) from a self-made ceramic target. The PLD parameters were chosen similar to the 

description in ref. 24, see experimental details. P-HEO films with 12 nm thickness show a 

comparably smooth surface morphology with a root mean square (RMS) roughness of ~300 pm 

(Figure 2a). X-ray reflectivity (XRR) confirms that the film has a thickness of ~12 nm 

(Supplementary Figure 1). High resolution X-ray diffraction (HRXRD, Figure 2b-c) exhibits clear 

Laue fringes, indicating the high crystalline quality of the P-HEO film. The P-HEO film peaks are 

seen as broad features overlapping with the substrate peaks, indicating similar lattice parameters 

for film and substrate (~3.9 Å). X-ray photoelectron spectroscopy with varying mean escape depth 

d revealed that the surface was slightly deficient in Ni, Co and Fe, indicating predominant A-site 

termination (Supplementary Figure 2).41 Interestingly, the 12 nm P-HEO film does not exhibit 

 

Figure 1: (a) Schematic illustration of the P-HEO electrocatalyst for water electrolysis. (b) The epitaxial layer is 

deposited via PLD. The PLD target is synthesized via sintering of P-HEO powder using reverse co-precipitation 

followed by calcination (see experimental section). The insets show optical micrographs of the powder and the 

sintered target and an X-ray diffractogram of the target, which confirms the single-phase perovskite structure, as 

detailed in our previous work.22  
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measurable electrical conductivity at room temperature (the resistance was higher than 10 MΩ), 

as was also observed before.24
  

Transmission electron microscopy investigation of the film/substrate interface is shown in 

Figure 3, confirming a coherent P-HEO layer on the substrate, as expected from HRXRD. The 

film shows a well-ordered crystal structure with occasional extended defects, not unexpected for 

complex oxide thin films fabricated by PLD.42 The sharp interface between the substrate and the 

film is visible through the Z-contrast in high annular angle dark-field (HAADF) imaging 

conditions and the film shows an epitaxial relation to the substrate (Figure 3a). The fast Fourier 

transform (FFT) of Figure 3a, which includes both the film and the substrate, exhibits a spot pattern 

(Figure 3b) that lies on 100 zone axis, and the high resolution TEM image in Figure 3c confirms 

the well-ordered crystal structure.  

An energy-dispersive X-ray spectroscopy (EDX) chemical composition map containing the 

substrate and the film is displayed in Figure 3d. It is evident that the interface between the substrate 

and the film is sharp (limited intermixing) and that there is no significant segregation of specific 

elements at the nanoscale. The chemical composition mapping of the film (Table 1) shows that all 

 
Figure 2: (a) AFM morphology of a 12 nm P-HEO deposited on a Nb:SrTiO3 substrate. (b) and (c) XRD patterns of 

the same P-HEO film, indicating epitaxial growth of the HEO thin film in (001) orientation of the perovskite  

structure. Small peaks at ~ 41.6 and 90.5° correspond to Cu Kβ diffraction of the substrate. 
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the transition metals are in near equiatomic composition, confirming near-stoichiometric transfer 

from the PLD target to the thin film. The mapping was repeated in several locations, confirming 

the homogeneous composition. To summarize, our observations with HRXRD, XRR and TEM 

suggest that the film has a single phase with epitaxial growth and a lattice parameter of ~3.9 Å, 

indicating a slight lattice expansion based on a pseudo-cubic bulk lattice parameter of 3.87 Å.24 

Moreover, no segregation phases or compositional inhomogeneities were detected in the TEM 

analysis. 

 Electron energy loss spectroscopy (EELS) was used to analyze the oxidation states of the 

constituent elements by examining the edge position and ratio of the L2- and L3-edges of Cr, Mn, 

Fe, Co and the ratio of the M4- and M5-edges for La (see  Supplementary Figure 4 for the EELS 

data). The intensity ratios (IL3/IL2 or IM5/IM4) indicate that the oxidation states of Cr and Fe is +3,43,44 

while Mn exhibits a slightly reduced +3/+2 valence,44,45 and Co shows stronger reduction towards 

+2 valence. These oxidation states are in agreement with the expected charge transfer and preferred 

 

Figure 3: (a) TEM micrographs of the interface of the P-HEO film and the substrate (b) Fast Fourier transform (FFT) 

of (a). (c) Magnified view of TEM micrographs of the P-HEO film. (d) EDX chemical composition maps of the film 

and the substrate. 



 9 

valence states in the first row transition metals.46,47 Lanthanum only exhibits +3, as expected from 

the stable inert gas La+3 configuration. The Ni L-edge at 850 eV is not interpretable due to the 

strong overlap by the La M-edge.48 The TEM/EELS analysis confirms that our P-HEO has the 

desired perovskite phase, in contrast to previous reports that exhibited pronounced Cr deficiency.34 

The slight reduction of Mn and Co (and possibly of Ni) may be the result of a small oxygen 

deficiency due to favorable reduction enthalpy, as is frequently observed in the single B-site 

perovskites, especially with increasing degree of covalency.26  

 To compare the OER activity of the epitaxial P-HEO with its single B-site parent 

compounds, (001)-oriented PLD films of LaCrO3, LaMnO3, LaFeO3, LaCoO3, and LaNiO3 were 

grown by PLD. The films of all compositions showed two-dimensional growth resulting in a 

smooth surface with RMS roughness below 300 pm (Supplementary Figure 7-11). All films 

exhibited predominant A-site termination, as revealed by X-ray photoelectron spectroscopy (XPS) 

analysis. While we recently demonstrated that the surface termination can have large effect for the 

OER activity,12 this observation allows direct comparison of the OER activity as a function of film 

composition. With these epitaxial, single-phase and well-ordered (100)-oriented thin films, we are 

thus well-positioned to systematically assess the intrinsic OER activity of the P-HEO. 

Table 1: Atomic fraction from EDX, position of the energy edge, intensity ratio of the edges (IL3/IL2 or IM5/IM4) and 

oxidation states of corresponding elements in the system, as estimated from the edge position and intensity ratios. 

 Element 
Atomic fraction 

from EDX (%) 

Position of L3 

EELS edge (eV) 
Intensity ratio 

Oxidation state from 

EELS 

Cr 9.0±1.3 574 1.68 +343 

Mn 9.7±1.7 637.7 2.96 
Mostly +3 (small +2 

contribution) 44,45 

Fe 10.9±1.9 706.2 4.78 +3 45 

Co 10.1±2.0 776 4.36 
Mostly +2 (small +3 

contribution) 44 

Ni 9.9±1.9    

La 50.6±8.3 832 0.85 +3 
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 OER activity was measured using cyclic voltammetry (CV) in O2-saturated 0.1 M potassium 

hydroxide (KOH) solution in three-electrode configuration using a specially designed rotation disk 

electrode (RDE) setup for epitaxial thin films.12 Electrical contact was ensured through a sputtered 

Pt contact on the film edges and through a highly-conductive Nb:SrTiO3 substrate. Figure 4a shows 

the average of the anodic and cathodic scans for the films with different compositions, indicating 

that P-HEO possesses higher OER activity than all single B-site parent compounds. The single B-

site perovskite oxides roughly follow the volcano-shaped trend predicted from DFT (Figure 4b),49 

which results from increasing energy difference between O* and HO* intermediates with 

increasing electronegativity of the transition metal,3 with the exception of LaFeO3, which showed 

a lower activity than expected based on this trend. The P-HEO activity is approximately 3 times 

higher than for LaNiO3 and LaCoO3, approximately 7.5 times higher than for LaMnO3 and more 

than 100 times higher than for LaCrO3 at the reference overpotential of 450 mV. Similar activity 

trends were also observed in a previous study, which compared samples with high surface 

 

Figure 4: (a) Cyclic voltammetry of  P-HEO and the parent compounds. The plots show the average of anodic and 

cathodic scans in the second consecutive cycle. (b) Comparison of the specific OER activities (current density at an 

overpotential of 450 mV, i.e. 1.68 V vs RHE). The underlying volcano is a guide-to-the-eye, inspired by the 

predicted activity volcano from ref. 49. 
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roughness and unknown surface composition and orientation.34 This further verifies our 

observation of remarkable activity increase, while our results with epitaxial thin films have the 

distinct advantage of confirming intrinsic materials trends. The surface area for all our films is 

well represented with the geometric surface area because of the negligible surface roughness. The 

tensile strain state and crystalline quality of the P-HEO film is also similar to the more active 

parent compounds LaNiO3 and LaCoO3 thin films. If we assume only one active site, lower rather 

than higher activity would be expected for P-HEO because the presumed active sites (i.e., one of 

the transition metal ions with 3+ or mixed 2+/3+ oxidation state) are also present in the parent 

compounds, but with a higher concentration. 

 

 

Figure 5: (a) Valence band spectra of P-HEO and parent perovskite oxides. The intensity was normalized to the area 

of the binding energy region -2 to 8 eV. Oxygen O 2p states (peaks A and B, blue) and TM 3d states (peak C, red) 

are schematically for the examples of LaCrO3 (low degree of covalence) and P-HEO (high degree of covalence). Raw 

data is shown as open dots, lines are a guide to the eye obtained by 5-point adjacent average smoothing. The valence 

band maximum (VBM) is indicated via the zero-photoemission intensity intercept of a linear regression fit of the 

low- binding-energy edge of the valence band spectra. (b) O 2p non-bonding state binding energy 𝐸𝑂2𝑝  and OER 

activity for P-HEO and parent perovskite oxides. The error bars represent the possible maximum deviation of the 

consecutive measurements (top panel) or estimated relative errors from triplicate CV measurements (bottom panel). 

Note that the parent compounds are ordered by 𝐸𝑂2𝑝 rather than atomic number of the TM. (c) Schematic energy 

band diagram for LaNiO3, LaCrO3 and P-HEO. The Fermi level (EF) is labeled by dashed lines in (a) and (c) and the 

valence band maximum is schematically shown as linear extrapolation of the leading edge of the VB.  
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To clarify possible origins of the surprisingly enhanced activity, we examine the electronic 

structure of P-HEO in more detail using valence band spectroscopy (Figure 5a-c). The binding 

energy was calibrated using the C 1s peak and only small errors (< 0.2eV) are expected because 

charging is negligible in such thin films on highly conductive substrate. The valence band 

structures of the parent compounds are similar to previous results obtained on perovskite 

powders,50 consisting of bonding O 2p states (peak A in Figure 5a,c), non-bonding O 2p states 

(peak B) and TM 3d states (peak C). In previous studies, the measured charge-transfer energy (the 

difference in energy between the occupied O 2p band center and unoccupied TM 3d orbitals)27 or 

the computed O 2p band center51 were used as activity descriptors for perovskite-type OER 

electrocatalysts. To assess the O 2p band position experimentally, we fitted the valence band 

spectra using Voigt functions after Shirley background subtraction (Supplementary Figure 3). Our 

parent perovskite oxides LaCrO3, LaMnO3, LaFeO3, LaCoO3, and LaNiO3 exhibit a direct 

correlation between the measured peak position of the non-bonding O 2p states (𝐸
𝑂2𝑝

, with respect 

to the Fermi level) and the OER activity (Figure 5b, Supplementary Figure 12). Among the parent 

compounds, LaNiO3 is the most active for the  OER and exhibits the highest 𝐸
𝑂2𝑝

, as well as the 

smallest energy difference between O 2p and occupied TM 3d-states. Together with a broadening 

of the O 2p bands, this results in a higher overlap of O 2p and TM 3d bands, corresponding to 

higher covalency of the TM−O bonds. It is believed that the TM 3d−O 2p hybridization and large 

total bandwidth are the reason for high OER activity.11,25 In contrast, LaCrO3 shows the lowest 

𝐸
𝑂2𝑝

, a large energy separation and thus a small overlap of O 2p and TM 3d bands, indicating the 

lowest covalency in this series. In addition, LaCrO3 (LaMnO3, LaFeO3) show negligible (small) 

density of states near the Fermi level, indicating that insufficient electronic conductivity may 

further contribute to the low OER activity. The valence band structure data can also explain why 
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LaFeO3 was less active compared to the expected trend (Figure 4b). The increase in exchange 

stability in the 3d5 configuration of LaFeO3 leads to an increase in charge transfer gap and decrease 

in hybridization compared to the trend of 3d TM perovskites.50 Accordingly, we recover a 

monotonic trend when plotting the OER activity as a function of 𝐸
𝑂2𝑝

 (Figure 5b). 

For P-HEO, we find a valence band signature that resembles the highly covalent parent 

compounds. P-HEO has a large bandwidth and TM 3d−O 2p hybridization (Figure 5a). Figure 5c 

shows a schematic illustration of the valence band contribution of TM 3d and O 2p states. The 

binding energy for non-bonding O 2p states is lower than for LaCoO3 and LaNiO3 but higher than 

for LaCrO3, LaMnO3 and LaFeO3 (Figure 5b). Despite the high in-plane electronic resistance 

measured in van-der-Pauw geometry, the P-HEO exhibits a substantial density of states near the 

Fermi level, which was previously shown to be sufficient for high-activity perovskite OER 

catalysts.11 Based on typical OER descriptors, the valence band structure of P-HEO thus suggests 

mediocre OER activity (lower activity than LaNiO3, lower or on par with LaCoO3). Therefore, the 

experimentally observed substantially increased activity compared to LaNiO3 shows that neither 

electronic structure descriptors nor simplistic arguments regarding the availability of active sites 

can explain the OER activity of this P-HEO. Instead, active sites and local, partial reactions of the 

four-step OER must be considered in a holistic or even synergistic picture, lending support to 

previous arguments that the unique arrangement of the surrounding of a given binding site tunes 

the electronic properties of this site,15,52 or that two different neighboring active sites may 

synergize for subsequent steps in the catalytic cycle and therefore “stabilize OER intermediates 

that are unfavorable” on single sites.53 Such a scenario might be particularly important when 

considering decoupled electron-proton transfer OER mechanisms,54,55 and has also been discussed 

in other multi-cation oxide electrocatalysts.56 
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To shed light on the role of the different cations in P-HEO for the binding of hydroxyl 

groups, a key step for all suggested OER mechanisms in alkaline media, we employed ambient 

pressure XPS (APXPS) analysis.54,57 For in-situ measurements, the samples were cleaned by 

300 °C annealing in O2 before exposure to an H2O ambient at 25 °C. The cleaned surface 

represents the as-prepared state (not exposed to air) because the synthesis ends with annealing and 

cooling down in O2. After the annealing, the Cr 2p and Cr 3p levels are indicative of a large Cr6+ 

 

Figure 6: (a) Cr 2p core level of P-HEO during APXPS experiments. (b) Cr 2p core level of P-HEO with different 

mean escape depth d. Cr 2p core level of LaCrO3 are shown for reference. Spectra collected in UHV after annealing 

in O2 . (c) TM 3p core levels of P-HEO during APXPS experiments. (d) VB spectra of P-HEO during APXPS 

experiments. Raw data in (a),(b),(d) is shown as open dots, lines are a guide to the eye obtained by 5-point adjacent 

average smoothing. 



 15 

contribution, while after air exposure, we only find Cr3+ (Figure 6a,c). Measuring the same sample 

with different mean escape depths after annealing (Figure 6b) confirms that the oxidation is 

confined to the top surface of the P-HEO film. We also note that such surface oxidation does not 

occur for LaCrO3 films (Figure 6b) unless treated with ozone or oxygen plasma.58 These results 

thus indicate that oxidation of Cr is more facile in the P-HEO than in the parent perovskite. The 

oxidation of Cr is accompanied by an oxidation in Ni and Co as is qualitatively evident from the 

peak shift and low-binding energy shoulder in the 3p core level,11 while the Mn and Fe valence 

state remain unchanged within experimental resolution (Figure 6c). Judging from previous TM 3p 

measurements,11 the average Ni valence increases by ~0.1, and the average Co valence increases 

by ~0.3 during Cr oxidation. The simultaneous Cr and Co oxidation is also confirmed by XAS 

experiments under the same conditions (Supplementary Figures 5,6), indicating that binding of 

surface species (including OER reaction intermediates) results in a collective response from the 

different TM cations. The adsorption of HO* is also evident in the valence band spectra of P-HEO, 

where exposure to both ambient and water vapor lead to the development of a clear -OH peak and 

a decrease in intensity of non-bonding O 2p states (Figure 6d), further highlighting the importance 

𝐸𝑂2𝑝. The charge transfer direction still follows the expected trend with reduction for the more 

electronegative transition metals.46 The Ni valence change is barely visible within our 

experimental XPS resolution and cannot be tracked by soft X-ray XAS because the Ni L-edge 

overlaps with the La M-edge, which is much higher in intensity. The Ni valence change will thus 

not be discussed in more detail because the changes in Co valence are more pronounced. 

When the O2-annealed surface is exposed to H2O vapor in the APXPS experiment, the 

changes in oxidation state are partially reversed: Cr is reduced (Figure 6a,c). A Co oxidation is 

evident in the XAS signature (Supplementary Figure 6), while no large change is appreciable in 
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the Co 3p XPS core level. The Mn and Fe valence state remain unchanged within experimental 

uncertainty. All spectral changes are smaller compared to air-exposure, which can be rationalized 

by the low𝑝𝐻2𝑂 in the APXPS experiment and the absence of other species that may bind to the 

surface like carbonate groups. It was previously observed that oxide OER electrocatalysts benefit 

from the presence of Cr6+ ions, but their role for OER is not yet fully understood.59 For P-HEO, 

the Cr (and to some degree Co) valence changes are directly connected to the adsorption of HO* 

and these cations have a strong tendency for facile changes in the oxidation state. The preferential 

valence change of Cr alongside much smaller changes in other TM oxidations states may indicate 

a synergistic effect in the binding of surface adsorbates, a possible reason for enhanced OER 

activity. One may therefore speculate that the Cr and Co cations play an integral role in the OER 

mechanism in this class of P-HEO electrocatalysts and that the presence of easy-to-oxidize Cr in 

the HEO matrix contributes to high OER activity. The presence of multiple cations with different 

electronegativity and ease of oxidation apparently facilitates both the initial bonding of HO* and 

the following oxidation steps, which would present a deviation from the often observed scaling 

relations. In the framework of the Sabatier principle (optimum activity if reaction intermediates 

bind neither too weakly nor too strongly), one may speculate that Cr active sites may have a low 

thermodynamic barrier for the initial oxidation (HO* to O* in the adsorbate evolution mechanism), 

while Ni and Co have a lower thermodynamic barrier for additional oxidation steps (e.g. O* to 

HOO*), leading to a synergistic effect of adjacent TM sites of the P-HEO.3  
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CONCLUSIONS 

In conclusion, our findings reveal that the (001) facet of the P-HEO LaCr0.2Mn0.2Fe0.2Co0.2Ni0.2O3-δ 

is highly active for catalyzing the OER. Our study provided a one-to-one comparison of the same 

crystallographic facet with close to identical morphology and surface termination for a range of 

perovskite oxides. While the single B-site perovskites follow the OER trend expected based on the 

binding energy of non-bonding O 2p states, in reasonable agreement with DFT-predicted activity 

trends, the new class of P-HEO electrocatalysts clearly outperforms all of its single-B parent 

compounds. Our valence band analysis showed that the electronic structure of P-HEO is of a highly 

covalent nature, which is beneficial for OER activity. But the activity of P-HEO is higher than 

expected from electronic structure considerations. APXPS analysis showed that on adsorption of 

reaction intermediates, several transition metals exhibit a valence change, indicating a synergistic 

effect in the binding of surface adsorbates, which may be the cause of the enhanced OER activity. 

These findings necessitate detailed future clarification of the OER mechanism on P-HEO materials 

and possible synergistic roles of multiple active sites to enable further electrocatalyst optimization 

based on rational design rules and advanced materials synthesis, as well as dedicated 

compositional screening for optimized synergistic effects between different cations. Furthermore, 

we note that the magnetic moment of the active sites may play a crucial role in the formation of 

the oxygen molecule, which possesses a triplet ground state.60 This will be an important point of 

consideration for future investigation of high entropy oxygen electrocatalysts. Our conclusions 

provide a new stimulus in the field of HEOs to explore and exploit high entropy electrocatalysts 

for fundamental research as well as in application. In this sense, high entropy oxides provide a 

surprisingly active addition to the recent shift towards high-entropy OER electrocatalysts. 

METHODS 
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Thin film preparation. High entropy LaCr0.2Mn0.2Fe0.2Co0.2Ni0.2O3-δ films of 12 nm and 70 nm 

were deposited on (001)-oriented Nb:SrTiO3 substrates (0.5 wt%) via PLD. The PLD target was 

synthesized via sintering of perovskite powder using reverse co-precipitation followed by a 

calcination process. The powders were annealed at 1200˚C for 7 h, followed by uniaxial-pressing 

at 300 MPa and a heat treatment at 1500˚C for 12 h.61 The P-HEO films were deposited with a 

laser fluence of 1.6 J/cm2 and a frequency of 1 Hz at an oxygen pressure of 0.05 mbar and the 

temperature of the substrate was kept at 750 ˚C during deposition. The distance between sample 

and target was kept at 2.5 cm and the laser spot size was 0.04 mm2. The aperture for laser entry 

during PLD was kept at 7 mm. After deposition, the sample was annealed inside the PLD at 750 ˚C 

and 100 mbar oxygen pressure for 10 mins.  

Single B-site thin films were deposited on TiO2-terminated and step-terraced Nb:SrTiO3 substrates 

(0.5 wt%, etched with buffered hydrofluoric acid, followed by annealing in oxygen at 950 °C for 

2 h). PLD was performed in a vacuum system with a base pressure of 2 × 10−8 mbar, equipped 

with an in situ RHEED and a KrF excimer laser of 248 nm. The central part of the laser beam was 

selected with a rectangular mask, resulting in a spot size: of 1.92 mm² on polycrystalline targets 

of desired composition. The optimized growth parameters per material (substrate temperature, 

laser repletion rate, spot size, laser fluence, substrate-target distance, O2 background pressure, 

obtained growth rate) are summarized in Supplementary Figures 7-11. 

 

 

Thin film characterization. Surface morphology was investigated using atomic force microscopy 

(AFM), with a Bruker Dimension ICON (USA). Roughness was determined as RMS roughness of 

a line profile along a step edge.  

X-ray reflectivity (XRR) and high resolution X-ray diffraction (HRXRD) were conducted in a 

Bruker AXS D-8 X-ray diffractometer with a monochromated Cu source to characterize the 

crystallinity of the films. Additional XRD measurements were performed on a Panalytical X’pert 

Pro MRD with a nonmonochromated Cu source, using of a nickel filter to remove the Kβ emission.  

XPS measurement were conducted with an Omicron XM 1000 MkII Al Kα monochromated X-ray 

source and an Omicron EA 125 energy analyzer. The mean escape depth d is defined through the 

inelastic mean free path of photoelectrons 𝜆 = 2.2 nm (calculated via QUASES-IMFP-TPP2M)62 

and the photoemission angle θ through𝑑 = 𝜆 × 𝑐𝑜𝑠𝜃63, photoemission angles  used are 0° and 55°. 

This isotropic approach uses the straight-line approximation,64 as is suitable in the absence of well-

characterized, material-specific angle-dependent effective attenuation lengths. For a full 

description of the information depth in photoemission, the readers are referred to refs. 63–65. To 

calculate the surface stoichiometry from the measured intensities, we compared the relative 

intensity of the A-site and B-site peaks as a function of d. The stoichiometry was determined based 

on the integrated raw peak areas after subtraction of a Shirley background using CasaXPS. For 

analysis of the valence band, the binding energy was calibrated by shifting the C 1s peak of the 

adventitious carbon layer to 284.8 eV. 

A Focused ion beam (FEI strata 400) (FIB) was used to extract cross-section lamellas for 

transmission electron microscopy (TEM) characterization, following procedures described 

elsewhere 66. TEM characterization was conducted along the cross-section of the films in a 

Themis-Z (ThermoFischer). A Super-X EDX detector was used to analyse the chemical 

composition of the films, while EELS data was collected using a Gatan GIF Continuum 970 High 

resolution camera. 
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Electrical resistivity was measured in van der Pauw geometry after sputtering of gold contacts in 

all 4 corners of the sample. Additional testing was performed with by connecting the gold contacts 

to a multimeter. 

 

Electrochemical characterization. To perform electrochemical experiments with epitaxial thin 

films on 10×10×0.5 mm3 single crystal substrates, we used a custom-made adapter to press the 

sample back side to the Pt plug of a rotating disk electrode (RDE, Pine Research). 50 nm Pt 

connections from the sample back side to the front side ensured electrical contact to the Nb:SrTiO3 

substrate and the epitaxial layers. On the front side, a film area of 0.75 mm diameter was exposed 

to the electrolyte and sealed using an O-ring (Kalrez, ERIKS, Germany). The RDE shaft was 

rotating at 1600 rpm. Electrochemical testing was performed using a Parstat 4000 potentiostat 

(Cyclic voltammetry sweep rate 10 mV/s), in a 150-mL alkaline-resistant Teflon cell (Pine 

Research) with a Pt wire as a counter electrode. Electrochemical impedance spectroscopy (EIS) 

was conducted with the amplitude of 10 mV at open circuit potential and the correction for the cell 

resistance (IR correction, typically 45-55 Ω) was based on the high-frequency intercept of the real 

impedance. The electrolyte solution of 0.1 M KOH, prepared by dissolving KOH pellets (Sigma-

Aldrich, 99.99%) in deionized water. The electrolyte was O2-saturated prior to testing for at least 

30 minutes and maintained under O2 atmosphere during testing. All electrochemical measurements 

were performed at room temperature, following the recommended practices for comparison and 

benchmarking of model electrocatalyst systems.67 Potentials were referenced to a Hg/HgO 

reference electrode (C3 Prozess- und Analysentechnik, Germany), which was periodically 

calibrated to the reversible hydrogen electrode (HydroFlex, USA) in 0.1 M KOH with typical 

values of ~890 mV. All OER testing was performed on a fresh electrode that had not undergone 

previous testing. Cyclic voltammetry was first performed in the pseudocapacitive redox phase 

change region (~0.9 to 1.75 V vs. RHE) at scan rates between 10 and 500 mV s-1, followed by 

OER testing performed from 0.9 to 1.9 V vs. Hg/HgO at a scan rate of 10 mV s-1. For LaMnO3, 

unstable behavior was observed for potentials exceeding 1.75 V vs. RHE, so only data below 1.73 

V vs. RHE was reported. The CV data was capacitance corrected through averaging the forward 

and backward scans. The second cycle is shown for each sample.  

 

Ambient pressure XPS. Ambient pressure X-ray photoelectron spectroscopy was performed 

using the soft X-ray beamlime 9.3.2 at the Advanced Light Source, Lawrence Berkeley National 

Laboratory with a photon energy of 750 eV. The measurements were carried out in the as-received 

state of the thin-film at UHV conditions as well as under exposure of the sample with 

p(O2) = 75 mTorr at T = 300°C, and subsequently, at p(H2O) = 75 mTorr at room temperature. The 

H2O reservoir was prepared from deionized water (Millipore, > 18.2 MΩ cm) and degassed by 

three consecutive freeze–pump–thaw cycles. For each sample state, a full set of La 4d, Cr 2p, 

Mn 2p, C 1s, O 1s as well as the shallow core-level region including the valence band was 

recorded. The respective partial pressures of the O2 and H2O atmosphere were adjusted at room 

temperature and the measurements were started approximately 20 min after the probing conditions 

have stabilized (and the C 1s contribution has vanished upon O2 annealing). The heating rate in O2 

environment was ~50°C/min, while the cooling rate was ~10°C/min. Evaluation of the XPS spectra 

was performed using KolXPD. 

ASSOCIATED CONTENT 

Supporting Information. Additional XPS, XAS, XRD and AFM analysis. 
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