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Abstract 

An electrocatalyst for water-splitting based on earth-abundant metals is reported. This perovskite-
oxide catalyst, CaSrFe0.75Co0.75Mn0.5O6−δ (CSFCM), is examined using both experimental and 
computational methods. It demonstrates a combination of properties, which include  (a) very high 
activity for oxygen-evolution reaction, with an overpotential of  = 0.19 V at 10 mA/cm2, (b) high 
stability over 1000 cycles of catalysis, (c) the ability to catalyze hydrogen-evolution reaction 
effectively in both acidic and basic conditions, and (d) catalytic activity as a single-phase bulk 
material, without the need for any additional processing, multi-component composite preparation, 
or nanofabrication. Therefore, the catalytic activity of CSFCM is intrinsic, making it a good 
benchmark compound for future studies of electrocatalytic parameters. This work also highlights 
the impact of systematic structural design on electrocatalytic activity. Results from density-
functional-theory calculations indicate that in addition to an optimal eg occupancy of ~1, an 
additional descriptor, i.e., maximizing the number of free eg carriers, correlates with the 
electrocatalytic activity.  
Keywords: electrocatalyst, water-splitting, earth-abundant metals, perovskite-oxide, oxygen-

evolution reaction, hydrogen-evolution reaction 
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1. Introduction 

The discovery of efficient, stable and economical electrocatalysts for oxygen-evolution and 

hydrogen-evolution reactions is essential to water electrolysis. In addition to water splitting, the 

oxygen evolution reaction (OER)1 is a key process in solar energy utilization,2 rechargeable metal-

air batteries,3 and regenerative fuel cells.4 However, this reaction is a multistep four-electron-

transfer process with high activation energy.5 The high cost of conventional OER catalysts, such 

as IrO2 and RuO2, has hindered their practical applications. As a result, much effort has been 

dedicated to the discovery of new catalysts based on earth-abundant metals that can compete with 

precious metal catalysts. In recent years, we have investigated multiple oxide materials for this 

purpose.6-11 One promising family of materials for OER are oxygen-deficient perovskites, which 

show significant catalytic activity and stability. Their well-defined structure and compositional 

versatility make it possible to tune their electrocatalytic properties by modification of atomic 

composition. Their general formula is ABO3–δ, where large A cations reside in spaces between 

BO6–δ polyhedra (Figure 1). In these materials some of the oxygen sites, that are occupied in a 

typical perovskite, are vacant. Several members of the oxygen-deficient perovskite family have 

demonstrated good OER activity, Sr2Fe2O6–δ, studied by our group.6 Other examples include 

Ba0.5Sr0.5Co0.8Fe0.2O3-δ (BSCF),1 SrNb0.1Co0.7Fe0.2O3-δ,12 SrCo0.9Ti0.1O3-δ,13 and 

Pr0.5Ba0.3Ca0.2CoO3‑δ,14 with BSCF being a paradigmatic example against which new perovskite 

catalysts are often benchmarked.  

For hydrogen evolution reaction (HER), the best electrocatalyst is Pt/C, which suffers 

from a similar problem as the precious metal catalysts for OER, namely high cost and lack of 

economic efficiency. Therefore, a range of materials have been studied for HER catalysis, such as 

phosphides,15 sulphides,16-18 nitrides,19  carbides,19 and oxides.20 Despite the relative success of 

oxygen-deficient perovskites in OER catalysis, few members of this family have shown HER 

activity in alkaline conditions.21, 22 In addition, perovskite-type oxides based on non-precious 

metals that show HER activity in acidic conditions are rare. One study that briefly examined La-

based perovskites, reported extremely low activity in acidic condition.23   

Importantly, catalysts based on earth-abundant metals that have twofold catalytic 

properties and can catalyze both half-reactions of water-splitting are uncommon, especially among 

perovskite-type oxides. However, there are multiple examples of such catalysts based on platinum-

group metals, Ru, Ir or Rh.24-26 In addition, multicomponent composites26, 27 have been explored 
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as catalysts with twofold properties. Some single-phase catalysts with twofold properties have also 

been reported, but they often require nanofabrication.28, 29 Catalytic materials that can be used in 

bulk form as catalysts for both OER and HER are uncommon.  

In the present study, we report an outstanding perovskite oxide, CaSrFe0.75Co0.75Mn0.5O6−δ 

(CSFCM), which is capable of catalyzing both half reactions of water splitting in bulk form without 

the need for composite preparation, nanofabrication or any other type of processing. In particular, 

it shows a remarkably low overpotential for OER and retains its performance even after 1000 

cycles. Using density-functional-theory (DFT) calculations, we find that the experimentally 

observed OER activity correlates with the number of free eg carriers, which could be used as a 

descriptor, in addition to the eg orbital occupancy, to further tailor the performance of oxide 

perovskite electrocatalysts.  

 

2. Methods  

2.1. Synthesis and structural characterization. Solid-state synthesis method was used to prepare 

all materials. The powders of the precursor compounds CaCO3 (Alfa Aesar, 99.95%), SrCO3 (Alfa 

Aesar, 99.95%), Fe2O3 (Alfa Aesar,99.998%), Mn2O3 (Sigma Aldrich,99.99%) and Co3O4 (Alfa 

Aesar, 99.7%), were mixed in stoichiometric proportions and ground together using an agate 

mortar and pestle, then pressed into a pellet and calcined in air at 1000 °C for 24 h. The samples 

were then reground and sintered at 1200 °C for 24 h in the same environment, followed by slow 

cooling. The heating and cooling rates were 100 °C/h in all cases. The structures of the 

polycrystalline materials were determined by Rietveld analyses with powder X-ray diffraction 

using Cu Kα1 radiation (λ = 1.54056 Å). The GSAS software30 and EXPEGUI interface31 were 

used for Rietveld refinements. The sample morphologies were examined using high resolution 

field-emission scanning electron microscopy (SEM). X-ray photoelectron spectroscopy (XPS) was 

performed at room temperature using Al Kα radiation (1486.7 eV). 

2.2. X-ray absorption near-edge structure (XANES). XANES spectra were collected at 

beamline 9-BM of the Advanced Photon Source at Argonne National Laboratory. CaSrFe1-xCo1-

xMn2xO6-ẟ powders with x = 0.2, 0.25, 0.3 were studied at the Co, Fe, and Mn K-edges. The energy 

of the X-rays was selected with a Si (111) double crystal monochromator, and the X-ray beam was 

focused to a spot of approximately 500 m in diameter using a Rh coated toroidal mirror. Higher 

energy harmonics were rejected using a Rh coated flat mirror. XANES spectra from multiple 
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reference materials were also collected, including powders of CoO, LaCoO3, FeO, Fe2O3, SrFeO3, 

MnO, Mn2O3, and MnO2. The absorption was determined by measurement of the X-ray 

transmission through the powder, which was either spread in a thin uniform layer onto tape, of 

which multiples were stacked, or pressed into a pellet after dilution with polyethylene glycol 

powder. Details of the XANES data analysis and fitting methods are provided in the Supporting 

Information. 

2.3. Electrode preparation and electrochemical measurements. Catalyst ink was prepared by 

sonicating a mixture of 35 mg perovskite powder, 40 μL Nafion and 7 mL THF for 30 minutes. 

Then 40 μL of the ink was drop-casted (four coatings of 10 µL each) on the surface of a glassy 

carbon electrode (with area of 0.196 cm2) and allowed to air-dry overnight. Experiments were also 

done by addition of 7 mg carbon black to the above mixture. For CSFCM, the results without or 

with carbon black were similar. 

Electrocatalytic OER experiments were done using a three-electrode setup. The glassy carbon 

electrode loaded with catalyst was used as the working electrode and was rotated using a rotating 

disk electrode system at 1600 rpm. A commercial Pt electrode and silver/silver chloride electrode 

were used as counter and reference electrodes, respectively. The OER cyclic voltammetry data 

were recorded at a scan rate of 10 mV s−1 versus Ag/AgCl (3 M KCl), as commonly done for OER 

experiments.12-14, 32 The potential range that was scanned in OER experiments was 0.0 to 0.8 V (vs 

Ag/AgCl) for basic and 0.0 to 2.1 V (vs Ag/AgCl) for acidic condition. The HER data were 

obtained using a carbon counter electrode at a scan rate of 10 mV s−1 versus Ag/AgCl (4 M KCl), 

as commonly utilized in HER.33-35 The electrode preparation and data collection procedure were 

the same for measurements on all samples and reference materials. The potential range that was 

scanned in HER experiments was -0.5 to -1.6 V (vs Ag/AgCl) for basic and 0.0 to -1.0 V (vs 

Ag/AgCl) for acidic condition. The ohmic drop (iR) correction was made to all polarization curves 

by measuring solution resistance via AC impedance, which gave 31 – 50 Ω for 0.1 M HClO4, 50 

– 63 Ω for 0.1 M KOH, and 9 – 12 Ω for 1 M KOH. The potential values versus silver/silver 

chloride (EAg/AgCl) were converted to be expressed against RHE according to the equation ERHE = 

EAg/AgCl + 0.059 pH + E⁰Ag/AgCl, where E⁰Ag/AgCl  = 0.21 V for 3M KCl32 and 0.197 V for 4 M KCl.36  

Chronopotentiometry experiments were conducted to test the stability of the catalyst by applying 

the current of 10 mA and measuring the potential over time.  
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2.4. Density-functional-theory (DFT) calculations. DFT calculations, as implemented in the 

VASP package,37 were used to investigate the electronic structure of CaSrFe0.8Co0.8Mn0.4O6, 

CaSrFe0.75Co0.75Mn0.5O6, and CaSrFe0.6Co0.6Mn0.8O6. To simulate the random distribution of the 

transition metal ions within small supercells for DFT calculations, we used special quasirandom 

structures (SQS) as implemented in the Alloy Theoretic Automated Toolkit (ATAT).38, 39 We 

adopted SQS supercells having paramagnetic order40 with 100 atoms for CaSrFe0.75Co0.75Mn0.5O6 

and CaSrFe0.8Co0.8Mn0.4O6, and 80 atoms for CaSrFe0.6Co0.6Mn0.8O6 (see Supplementary 

Information). PDOS of the compounds were calculated to analyze their electronic structure and 

orbital occupation. The effect of oxygen deficiency on the distribution and occupancy of the eg 

states in these compounds is simulated by introducing one oxygen vacancy within the supercells 

used above. The orbital hybridization between eg states of transition metal and 2p states of oxygen 

is calculated through integration of their shared area in the PDOS.  Further information about DFT 

calculations is described in detail in the Supporting Information.   

 

 

3. Results and Discussion  

3.1. Crystal Structure  

Initially, a series of oxygen-deficient perovskites with formula CaSrFe1−xCo1−xMn2xO6−δ (x = 0 – 

1) were synthesized, as shown in Figure 1. The best electrocatalytic performance was observed in 

the composition CaSrFe0.75Co0.75Mn0.5O6−δ (CSFCM). The structural framework of this material is 

similar to that of a perovskite (Figure 1), but with partial occupancy on oxygen sites, as shown in 

Table S1. The oxygen-vacancies have a disordered distribution in the crystal lattice, which forms 

a cubic Pm-3m structure, as demonstrated by Rietveld refinement with X-ray diffraction data in 

Figure 1a. It is noted that the formation of the cubic structure is a function of the Mn stoichiometry. 

As shown in Figure 1b, the structure of materials in the series CaSrFe1−xCo1−xMn2xO6−δ changes 

as the Mn concentration (represented by 2x) is increased systematically. The materials with 2x = 

0 – 0.2 form structures where the oxygen vacancies are ordered, leading to the so-called 

brownmillerite type structure (Figure 1b), in which the transition metals have alternating 

octahedral and tetrahedral coordination.41 The 2x = 0.3 phase is an intermediate where the 

transformation of brownmillerite to cubic perovskite structure begins. The compound with 2x = 

0.4 shows cubic structure with relatively wide diffraction peaks, which indicate that transformation 
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to the cubic structure is incomplete. Finally, the compounds with 2x = 0.5 – 1.0 show cubic 

perovskite structure. We examined the electrocatalytic activity of the entire series, and among 

them, the compound with 2x = 0.5 showed the highest activity. Its superior performance compared 

with the adjacent compositions is shown in Figure S1. Therefore, this material, along with two 

adjacent compositions with 2x = 0.4 and 2x = 0.6, were studied in greater detail to develop the 

structure-property relationships. Scanning electron microscopy data (Figure S2) show similar 

average grain sizes for the three compounds. Oxygen vacancies have been found to influence the 

catalytic activity of perovskite-based catalysts.42-44 Therefore, iodometric titrations were carried 

out to determine the degree of oxygen-deficiency in CaSrFe0.75Co0.75Mn0.5O6−δ. These titrations 

showed δ ≈ 0.56, for this compound, which indicates a significant degree of oxygen-deficiency. 

Clearly the presence of these oxygen-vacancies has an impact on the valence states of transition 

metals, which were studied by X-ray absorption spectroscopy, as described in the next section.  

 

 
Fig. 1. (a) Rietveld refinement profile and crystal structure of CSFCM. (b) Change in the X-ray 
diffraction data for CaSrFe1−xCo1−xMn2xO6−δ as a function of Mn-concentration, from 
brownmillerite structure (2x = 0 – 0.3) to perovskite structure (2x = 0.5 – 1.0). Crosses show two 
of the distinct brownmillerite peaks.  
 

 

 



7 
 

3.2. X-ray Absorption Near-Edge Structure  

X-ray absorption near-edge structure (XANES), shown in Figure 2, was used for detailed analysis 

of the oxidation states of transition metals in CaSrFe0.75Co0.75Mn0.5O6−δ (CSFCM), as well as two 

adjacent compositions, containing 0.4 and 0.6 Mn per formula unit, i.e., CaSrFe0.8Co0.8Mn0.4O6-δ 

and CaSrFe0.7Co0.7Mn0.6O6-δ. In addition, XANES spectra were obtained on multiple reference 

materials, including powders of CoO, LaCoO3, FeO, Fe2O3, SrFeO3, MnO, Mn2O3, and MnO2.  

 

 
Fig. 2. The spectra of (a) Fe, (b) Co, and (c) Mn for CaSrFe1-xCo1-xMn2xO6-ẟ and reference 
compounds. The edges used for determination of oxidation states are marked by asterisks. (d), (e) 
and (f) show the oxidation states of Fe, Co and Mn, respectively, in CaSrFe1-xCo1-xMn2xO6-ẟ (x = 
0.20, 0.25, 0.30) as well as in reference compounds FeO, Fe2O3, SrFeO3, CoO, LaCoO3, MnO, 
Mn2O3, and MnO2. The straight line shows the fit.  
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Details of the XANES data analysis and fitting methods are provided in the Supporting 

Information. XANES experiments show that the Mn oxidation state is very similar in all three 

compounds, CaSrFe0.8Co0.8Mn0.4O6-δ, CaSrFe0.75Co0.75Mn0.5O6−δ, and CaSrFe0.7Co0.7Mn0.6O6-δ. As 

shown in Table S2, most of the manganese in these materials is in tetravalent state, with a smaller 

percentage of trivalent manganese. For iron, all three compounds contain a combination of 

trivalent and tetravalent states (Figure S3). However, there is a systematic increase in the iron 

oxidation state among these materials. A similar increase also appears to be present for the 

oxidation state of cobalt, although the variation is on the order of the measurement error. For all 

three compositions, the cobalt oxidation state is a combination of divalent and trivalent, as shown 

in Table S2. 

 

 

3.3. Hydrogen and Oxygen-Evolution Activity  

Since HER catalysts are commonly investigated in either alkaline, i.e., 1M KOH,19, 34, 45 or acidic 

media, e.g., 0.1M HClO4,19, 45, 46 we examined CSFCM under both conditions. Although oxygen-

deficient perovskites show good OER performance, very few compounds from this class of 

materials show catalytic activity for HER. The few examples that have been reported are HER-

active in alkaline environment.21, 22 Even less common are perovskite-type oxides based on non-

precious metals that show HER activity in acidic media. A brief report on La-based perovskites 

shows very low HER activity in acidic conditions.23  

Remarkably, CSFCM shows comparable HER activity in both acidic and basic 

conditions (Figure 3), a rare property for a perovskite-type oxide. The generally accepted 

mechanism for HER involves Volmer reaction, followed by either Heyrovsky or Tafel reaction, as 

shown below:45, 47   

Volmer reaction in acidic condition: H3O+ + M + e– ⇌ M–H* + H2O 

Volmer reaction in alkaline condition: H2O + M + e– ⇌ M–H* + OH– 

Heyrovsky reaction in acidic condition: M–H* + H3O+ + e–  ⇌ M + H2 + H2O 

Heyrovsky reaction in alkaline condition: M–H* + H2O + e– ⇌ M + H2 + OH– 

Tafel reaction in both acidic and alkaline conditions: 2M–H* ⇌ 2M + H2  
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The onset potential where the electrocatalytic activity commences and the polarization curve 

begins to depart from a flat line is one of the parameters used for comparing the activity of HER 

catalysts. Also, by convention, the overpotential required to achieve the current density of 10 

mA/cm2 (10) is taken as an indication of the performance of an electrocatalyst.48, 49 CSFCM shows 

overpotentials of 0.35 V and 0.31 V in acidic and basic conditions, as shown in Figure 3. We note 

that CSFCM acts as a catalyst in bulk form with no additional processing. Also, as presented in 

Figure 3, it shows high stability over 12 hours.  

 

 
Fig. 3. HER polarization curves for CSFCM in acidic and basic conditions. The inset shows the 
stability over 12 hours in 0.1 M HClO4.  
 

 

The OER activity was also studied for CSFCM along with that of the precious metal 

catalyst RuO2. Carbon black is generally added to the electrode composition during OER 

measurements to enhance the conductivity within the electrode and improve the utilization of the 

catalyst.50-52 However, recent studies have shown that the role of carbon is more complex than 

originally thought.53, 54 For example, it has been shown that during the preparation of 

Ba0.5Sr0.5Co0.8Fe0.2O3−δ/carbon electrode, cobalt does not retain its valency and gets reduced.55 

Therefore, OER experiments without carbon black are adopted by some researchers to avoid the 

interference from carbon.56 We performed OER experiments for the new compound, CSFCM, both 

without and with carbon black. Both methods gave similar results, indicating that the catalytic 

performance of this compound is not dependent on carbon black. The experiments without carbon 

are more desirable, as they demonstrate the intrinsic catalytic performance of the catalyst, without 

any contribution form carbon. Therefore, we used this method for further studies, where the 
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catalyst was dropcasted on the surface of a glassy carbon electrode without the addition of carbon 

black powder. The OER experiments are commonly done in 0.1 M KOH. We used the same 

condition to be able to directly compare our results to those reported for other catalysts. However, 

other conditions (1 M KOH and 0.1 M HClO4) were also tested as shown in Figure S4. The best 

results were those of 0.1 M KOH, which is the typical OER condition.1, 6, 12-14  

 

 
Fig. 4. (a) OER polarization curves in 0.1 M KOH for CSFCM and RuO2 dropcasted on a glassy 
carbon electrode. The inset shows stability over 12 hours. (b) OER polarization curves for pure 
disk of CSFCM without glassy carbon electrode or any additives. Note the low overpotential, 10 
= 0.19 V, and excellent performance over 1000 cycles.  

 

 

In addition, given the fundamental nature of this study, methods of investigation of the 

OER activity that can further examine the intrinsic catalytic properties by eliminating all other 

contributions, are highly desired. One of the electrode components that is nearly always used in 

OER studies is glassy carbon electrode, on which the catalyst is drop-casted. The glassy carbon 

electrode provides high electrical conductivity, while the catalyst film facilitates the OER. 

Recently some researchers have examined pure disks of catalytic materials to eliminate all 

electrode components, even the glassy carbon electrode.57, 58 Given that the magnitude of OER 

potential is greater than that of HER, we speculated that the conductivity of the catalyst might be 

enough to be used alone without being loaded on a glassy carbon electrode. Therefore, in addition 

to the conventional glassy carbon method, we also conducted OER experiments using pure disks 

of the catalyst.  
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Again, the onset potential and the overpotential beyond the ideal potential of 1.23 V (at 10 

mA/cm2) were evaluated. In 0.1 M KOH, the conventional drop-cast experiments for CSFCM give 

onset potential of 1.45 V and overpotential of 10 ≈ 0.31 V (Figure 4a). The inset of Figure 4a 

shows the stability of this catalyst even after 12 hours. The pure disks of CSFCM show onset 

potential of 1.30 V and overpotential of 10 ≈ 0.19 V (Figure 4b). In pure disk experiments, the 

whole surface of the disk contributes to the OER, leading to the enhanced overpotential. As shown 

in Figure 4b, the CSFCM disk shows excellent performance even up to 1000 cycles. In addition, 

CSFCM retains its structural integrity during the electrocatalysis process as evident form X-ray 

diffraction (Figure S5) and X-ray photoelectron spectroscopy data (Figure S6). The remarkable 

performance of CSFCM becomes more evident when its activity is compared to that of the 

traditional precious metal catalyst RuO2, which shows overpotential of 10 ≈  0.42 V.59 Its activity 

is also superior to that of the highly regarded perovskite oxide BSCF, with overpotential of 10 ≈  

0.4 - 0.5 V.12, 13, 60 While in recent years there have been reports of some catalysts with comparable 

OER overpotentials to CSFCM, they often utilize precious metals, either in the catalyst 

composition or as substrate.61, 62 Such high OER activity in a non-precious-metal oxide is 

uncommon.  

The kinetics of OER is commonly examined based on the Tafel equation  = a + b log j. 1, 

12-14 The slope of the Tafel plot,  vs. log j, is indicative of the reaction rate. Smaller slope indicates 

smaller overpotential required to deliver the same current density increment, which implies faster 

electron-transfer and enhanced reaction kinetics.45 To obtain the Tafel slope, we first collected 

steady state chronoamperometry data (Figure S7) at different potentials starting from the OER 

onset potential. The steady state output currents from these measurements were then iR-corrected 

and plotted against the applied potentials.  The overpotentials from these iR-corrected steady state 

data were then used to obtain the Tafel plots and Tafel slopes (Figure S7). As seen here, the Tafel 

slope for CSFCM is 71 mV/dec, as compared to ~71–94 mV/dc reported for the well-known BSCF 

catalyst.12, 13, 60 This is consistent with the high OER activity of CSFCM and indicates the facile 

charge transport and enhanced kinetics.63 

We also examined the electrochemically active surface area (ECSA) of CSFCM, as 

compared to RuO2. This is often done using the electrochemical double layer capacitance (Cdl) of 

the catalysts using cyclic voltammetry in non-faradic region,64 where electrode reactions are 

negligible and the electrical double layer charge and discharge is the main source of the current.64, 
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65 The ECSA value is related to Cdl through the relationship ECSA=Cdl/Cs, where Cs is specific 

capacitance.64, 66, 67 Irrespective of the Cs value, given the proportionality between the double layer 

capacitance, Cdl, and the electrochemically active surface area,68-71 it is common to take Cdl as a 

representative of the magnitude of ECSA.69-71 The Cdl value is obtained using the equation Cdl = 

Δj/v,69-71 where Δj is the absolute value of the difference between janodic and jcatodic in cyclic 

voltammetry data and v is the scan rate.69-71 Usually, Δj is plotted against v,  and the value of Cdl 

is determined as half of the slope of this plot.69-71 Alternatively, some researchers have used the 

plot of  javerage versus  v, where javerage is the average of the absolute values of janodic and jcatodic,68, 72 

and the slope is equivalent to Cdl without the need to divide by 2.68 Figure 5 shows the plot of Δj 

at the middle potential,70 0.977 V, against the corresponding scan rates. The value of Cdl is 

determined by dividing the slope of this plot by 2.69-71 As shown in Figure 5, the Cdl for CSFCM 

is considerably larger than that of RuO2, which is consistent with the high OER activity of CSFCM. 

Further analyses can also provide information about specific capacitance, as shown in Figure S8.  

In addition, the electrocatalytic activity can be normalized by Cdl instead of geometric surface area 

of the electrode. Figure S9 shows the Cdl-normalized activities of both CSFCM and RuO2, which 

again indicates the significantly enhanced electrocatalytic performance of CSFCM compared to 

RuO2. 

 
Fig. 5. (a) Cyclic voltammetry data in non-Faradic region with different scan rates for CSFCM. 
(b) The plot of Δj versus scan rate. The value of double layer capacitance, Cdl, is equivalent to half 
of the slope of this plot.   
 

 



13 
 

3.4. Electronic Structure  

The electronic structure of perovskites, such as the filling of eg states of the transition metals, have 

been suggested to explain their catalytic activity. Initially, the high OER activity of BSCF led to 

the proposal that eg filling of near unity is optimum for obtaining the best OER performance.1 

Other researchers have since used this descriptor to explain the performance of various 

electrocatalysts for OER.13, 73 The importance of eg orbitals is that they form σ-bonding with 

oxygen-containing intermediates during the electrocatalytic process, unlike t2g orbitals that form 

π-bonds. Therefore, the electron transfer between catalyst and reaction intermediates is more 

directly promoted by eg orbitals.1 Perovskite-related oxides with eg electron occupation close to 

1,1, 22, 73-75 have been reported to show high catalytic activity. This has been explained in terms of 

a moderate binding strength between the catalyst surface and reaction intermediates, optimizing 

both adsorption and desorption. It has been proposed that the catalyst-adsorbate interaction is 

relatively weak when eg orbital occupation is larger than 1. Conversely, if eg orbital occupation is 

less than 1, the strong bonding between the catalyst and the adsorbate can poison the catalyst by 

hindering the desorption process and reducing the number of available binding sites. A correlation 

between activity and eg orbital filling has been suggested for some HER catalysts as well.76, 77 

However, in many cases, the assignment of eg orbital occupancy has been done by electron count 

and based on the assumption of a certain spin state.1, 13, 73, 76, 77  

We used DFT calculations to investigate the electronic structure, and identify descriptors 

that lead to the enhanced electrocatalytic activity of CaSrFe0.75Co0.75Mn0.5O6-δ (CSFCM). We also 

calculated the electronic structure of two other compositions with lower and higher Fe/Co contents, 

namely CaSrFe0.6Co0.6Mn0.8O6-δ and CaSrFe0.8Co0.8Mn0.4O6-δ, to highlight the unique features of 

CSFCM. Initially, oxygen-vacancy-free models were examined and then vacancies were 

introduced into the structure. In both cases, the same trends for t2g and eg states were observed 

among the three materials. Figure 6 shows the projected density of states (PDOS) of t2g and eg 

states for the transition metals hybridized with the p states of oxygen. The 3d states of Fe and Co 

dominate the Fermi energy (EF) with the empty eg states of Mn being at relatively higher energies. 

Therefore, it is reasonable to assume that, in these CaSrFexCoxMn2-xO6-δ catalysts, the Co and Fe 

sites determine the catalytic properties, as they can bind most easily with the adsorbates.  

A quantitative analysis of the PDOS shows that CaSrFe0.75Co0.75Mn0.5O6, exhibits the 

highest density of eg states (4.43×10-2 states/eV) around EF as shown in Table S3. We also find a 
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strong hybridization between eg states of Co (1.37 e), Fe (1.41 e) and Mn (1.92 e) with oxygen 2p 

states in CaSrFe0.75Co0.75Mn0.5O6, which would suggest efficient charge transfer within the 

CaSrFe0.75Co0.75Mn0.5O6 structure. Stronger hybridization between the transition metal d states and 

oxygen p states is likely to facilitate efficient charge transfer between the transition metal and 

reaction intermediates during HER and OER.78 The average hybridization of the three transition 

metals with O 2p is 1.57 e for CaSrFe0.75Co0.75Mn0.5O6, which is greater than that of 

CaSrFe0.6Co0.6Mn0.8O6 (1.25 e) and CaSrFe0.8Co0.8Mn0.4O6 (1.34 e). The PDOS of 

CaSrFe0.6Co0.6Mn0.8O6 and CaSrFe0.8Co0.8Mn0.4O6 are shown in Figure S11. Their eg states around 

the Fermi energy are mainly comprised of Fe and Co contributions, similar to 

CaSrFe0.75Co0.75Mn0.5O6. However, the density of eg states around the Fermi energy is reduced in 

these two compositions compared with CaSrFe0.75Co0.75Mn0.5O6, as shown in Table S3. Moreover, 

the average eg states hybridization between different transition metals and oxygen 2p states in these 

two compounds is relatively small. Therefore, the catalyst-adsorbate charge transfer in 

CaSrFe0.6Co0.6Mn0.8O6 and CaSrFe0.8Co0.8Mn0.4O6 is expected to be weaker than that of 

CaSrFe0.75Co0.75Mn0.5O6, resulting in reduced catalytic activity.  

 

 
Fig. 6. (a) Spin-polarized projected density of states (PDOS) of eg and t2g state of Co, Fe and Mn, 
as well as oxygen 2p state for CaSrFe0.75Co0.75Mn0.5O6. (b) Top panel shows the average 
occupancy of eg states of Co, Fe, Mn, and the bottom panel shows free eg carriers at room 
temperature (298 K) in CaSrFe0.75Co0.75Mn0.5O6, CaSrFe0.8Co0.8Mn0.4O6, and 
CaSrFe0.6Co0.6Mn0.8O6. 
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We have calculated the eg orbital occupation in CaSrFe0.75Co0.75Mn0.5O6, as well as 

CaSrFe0.6Co0.6Mn0.8O6 and CaSrFe0.8Co0.8Mn0.4O6, from the PDOS, shown in Figure 6 and Table 

S4. The results show that eg orbital occupancy of the three transition metals in 

CaSrFe0.75Co0.75Mn0.5O6, is similar, with an average value of ~0.87e. The average eg occupancy of 

the three transition metals decreases to 0.73e in CaSrFe0.8Co0.8Mn0.4O6 and 0.69e in 

CaSrFe0.6Co0.6Mn0.8O6.  The relation between the eg orbital occupancy and electrocatalytic activity 

has been previously studied for some other perovskite-type oxides, such as (Ln0.5Ba0.5)CoO3-δ
73 

and Nd1-xBaxMnO3-δ.22 A similar effect has also been investigated for oxides such IrO2, where Cu 

coping has been used to tune the electron occupation between t2g and eg states, resulting in the 

enhancement of electrocatalytic properties.79  

In addition to the eg-occupancy, we find that the free eg carriers can also be used as a 

descriptor for electrocatalytic activity in this class of compounds. An analysis of free eg carriers at 

room temperature (Figure 6b) shows that the best catalyst, CaSrFe0.75Co0.75Mn0.5O6, has the largest 

free carriers among the three compounds. This indicates a more facile charge transfer between the 

catalyst and the reaction intermediates, which can enhance the catalytic activity.   

It is noted that there is oxygen deficiency in all experimental samples, with the oxygen site 

occupancy being close to 0.90 for all materials. Therefore, we incorporated oxygen vacancies in 

DFT models (Figure S12) and analyzed the electronic structure of these compounds. The results 

show the same trend of eg orbital distribution and occupation (Table S4) for the three compounds. 

The density of eg states around EF in CaSrFe0.75Co0.75Mn0.5O6-δ is again the largest among all 

compounds, and its average eg orbital occupancy is higher than CaSrFe0.6Co0.6Mn0.8O6-δ and 

CaSrFe0.8Co0.8Mn0.4O6-δ. 

Overall, DFT calculations show that the enhanced electrocatalytic activity of 

CaSrFe0.75Co0.75Mn0.5O6-δ can be attributed to: (a) greater density of eg states around the Fermi 

energy, (b) optimum electron occupancy of eg states, resulting in moderate binding between 

catalyst and reaction intermediates, (c) enhanced hybridization between transition metals and 

oxygen 2p states, and (d) the number of free eg carriers, which in concert with optimum eg-

occupancy and hybridization, can facilitate efficient charge-transfer and enhance the 

electrocatalytic activity.  
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We note that electronic structure of these materials is a function of crystal structure and the 

ratio of transition metals, Fe/Co/Mn. While the optimum eg filling correlates with high 

electrocatalytic activity, the underlying factors that lead to a certain type of eg filling are indeed 

related to the structure and composition.  

 

Conclusions 

Controlled manipulation of the composition and structure can be a powerful tool in designing 

inexpensive electrocatalysts for water splitting based on transition metal oxides. Systematic 

control of the composition can result in structural transformations, which in turn affect the catalytic 

activity. We have shown that it is possible to find an optimum oxide system, with perovskite-type 

structure, which exhibits remarkable electrocatalytic properties for water splitting. The new 

catalyst, CSFCM, shows intrinsic catalytic activity in bulk form without the need for additional 

processing or microfabrication. This catalyst is highly stable and can be used for hundreds of cycles 

of catalysis. It features optimum eg occupancy and free eg carriers, which correlate with its high 

electrocatalytic activity.  

 

Supporting Information 

Detailed information about XANES analyses and DFT methods; tables of atomic positions, 

transition metal oxidation states from XANES, average eg density of states around Fermi level, 

and eg orbital occupations from DFT calculations; OER data for compounds with lower and higher 

Mn contents; SEM images, Fe K-edge XANES pre-edge data; OER data in different electrolytes; 

X-ray diffraction and XPS data before and after OER and HER; steady state chronoamperometry 

and Tafel plots; additional CVs for RuO2 and CSFCM; Cdl-normalized OER data; charge transfer 

resistance under OER condition; additional spin-polarized projected density of states plots; atomic 

models used for DFT simulations.  
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