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Abstract

Ever proposed descriptors of catalytic activity for oxygen evolution reaction (OER) were 

systematically investigated. A wide variety of stoichiometric perovskite oxides ABO3 (A = Ca, Sr, 

Y, La; B = Ti, V, Cr, Mn, Fe, Co, Ni, Cu) were examined as OER catalysts. The simplest descriptor, 

eg electron number of transition metal ion at B-site, was not applicable for OER overpotentials (η) 

of the compounds tested in this study. Another descriptor, oxygen 2p band center relative to Fermi 

energy (ε2p), was not necessarily adequate for the most part of perovskite oxides. Eventually, a 

recently proposed descriptor, charge-transfer energy (Δ), displayed a linear relationship with η the 

most reasonably. Since Δ values were obtained from theoretical calculations, not only by 

spectroscopic experiments, systematic exploration for a wide range of compounds including 

hypothetical ones could be allowed. This finding proposes the charge-transfer energy as the most 

helpful descriptor for design of perovskite oxide catalyst for OER.
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1. Introduction

The oxygen evolution reaction (OER, 4OH− → O2 + 2H2O + 4e− in alkaline conditions) plays a 

crucial role in achieving renewable energy society because of the versatility for energy conversions 

such as water splitting and rechargeable metal-air batteries.1-3 As well as precious-metal oxides,4-

6 perovskite oxides (ABO3) consisting of earth-abundant transition metal elements have been 

extensively investigated as promising OER catalysts. Recent advances in experimental and 

computational techniques proposed rational descriptors for highly active OER catalysts beyond 

those reported several decades ago:7, 8 metal-oxygen covalency,9 metal-oxygen bond 

length/angle,10-12 magnetic spin state,13-15 oxygen diffusion rate,16 eg orbital occupancy,17 oxygen 

2p band center relative to Fermi level,18 and charge-transfer energy.19 Among them, the last three 

have attracted particular interest because of their simplicity. Suntivich et al.17 proposed that the 

OER onset potentials for perovskite oxides follow a volcano-type plot, in which the lowest onset 

potential is achieved when the B-site transition metal ion has eg
~1.2 configuration for regular 

octahedral crystal field splitting. Grimaud et al.18 demonstrated that OER onset potentials of Co-

based perovskite oxides have a linear relationship with oxygen 2p band center energy level. 

Recently, Hong et al.19 proposed that charge-transfer energy determined by X-ray spectroscopy 

experiments serves as an electronic descriptor to explain change in OER mechanism, followed by 

examination for selected perovskite oxides very recently.12, 20

Although the above descriptors are all focused on the metal-oxygen covalency to increase 

charge-transfer in rate-determining step of OER and applicable even for other systems,21, 22 careful 

verification of universality and scope of application among a wide range of compounds is desired. 

Statistical analysis of a large number of data (101 observations of 51 compounds) proposed that a 

few electronic factors (d electron number, metal-oxygen covalency, and eg occupancy) primarily 
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affect OER activity, in addition to significant structure effect of metal-oxygen bond angle.23 

Multiple descriptors are necessary to reasonably explain the OER activity and it is difficult to give 

a description with a sole descriptor.

Several active OER catalysts are reported for chemically complex perovskite oxides such as 

Ba0.5Sr0.5Co0.8Fe0.2O3−δ (BSCF),17 LnBaCoO5+δ' (Ln = Pr, Sm, Gd, and Ho),18 and 

Sr(Co0.7Fe0.2Nb0.1)O3−δ.24 Despite of their high performance, precise theoretical study is generally 

difficult owing to their intrinsic randomness (oxygen deficiency, mixing of A/B-site atoms), thus 

acquisition of a simple descriptor based on theoretically proper electronic-state calculations from 

these catalysts are not able to be expected in this light.

We recently reported that perovskite oxides containing unusual high-valence Fe4+ ions, CaFeO3 

and SrFeO3, exhibit OER catalytic activity comparable to BSCF.25 Large differences in OER 

activity between nominally isoelectronic oxides with eg
1 configuration, highly active (Ca/Sr)FeO3 

and poorly active LaMnO3, could not be explained by the eg occupancy descriptor.17 Also, we 

reported the oxygen 2p band center descriptor is not realized in manganese perovskite oxides.26 

These counterexamples imply that it is desired to verify the adequacy of the ever proposed 

descriptors, but no careful examination was performed in a wide range of perovskite oxides. 

Systematic study on perovskite oxide catalysts containing various 3d transition metals (Ti, V, Cr, 

Mn, Fe, Co, Ni, and Cu) may clarify which factor is effective against OER catalytic activity beyond 

separate investigations exploring for highly active OER catalysis.

In this article, we demonstrate an experimental and theoretical study of OER catalysis for ABO3-

type perovskite oxides consisting of various 3d transition metal ions. We have found that the 

previously proposed descriptors, eg electron number and oxygen 2p band center, are not necessarily 

applicable for a wide range of perovskite oxides. By contrast, we have found that charge-transfer 
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energy19 obtained from density functional theory (DFT) calculation closely relates to the OER 

overpotential. This finding provides a rational design principle for OER catalysts based on pure 

electronic descriptor calculated theoretically.

2. Experimental and Computational Procedures

Sample Preparation

The perovskite oxides, SrBO3 (B = Ti, V, Cr, Mn, Fe, and Co), YBO3 (B = V, Cr, Mn, Fe, Co, 

and Ni), and LaBO3 (B = V, Cr, Mn, and Ni) were synthesized by solid-state reaction. Several 

compounds were synthesized under high pressures up to 12 GPa to stabilize perovskite structures 

(SrVO3 and SrCrO3)27, 28 or fully oxidize in tetravalent states (SrFeO3 and SrCoO3).29 SrMnO3 

with a cubic perovskite structure was obtained from hexagonal SrMnO3 (4H-SrMnO3) by 

annealing at 1773 K in an Ar flow and subsequently at 623 K in air.30 All the data for CaBO3 (B = 

Ti, V, Cr, Mn, Fe, and Co), LaFeO3, LaCoO3, and LaCuO3 were taken from the reference,20 in 

which all the experiments and theoretical calculations were performed in the same manner as the 

present study. Six reference samples of solid solutions with nominal half-integer eg electron 

configurations, Sr0.5La0.5MnO3, CaMn0.5Fe0.5O3, and SrMn0.5Fe0.5O3 for eg
0.5, Ca0.5La0.5FeO3, 

Sr0.5La0.5FeO3, and LaMn0.5Fe0.5O3 for eg
1.5, were also prepared at ambient- and high-pressure 

conditions. The detail synthesis conditions are listed in Table S1 in the Supporting Information.

Basic Characterization

X-ray powder diffraction (XRD) patterns were collected by using X-ray diffractometer with Cu 

Kα radiation (Ultima IV, Rigaku, Japan). Synchrotron X-ray powder diffraction (SXRD) patterns 

at room temperature were collected using a Debye-Scherrer camera installed at the BL02B2 

beamline of SPring-8, Japan.31 The wavelength was determined to approximately 0.5 Å using 
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CeO2 as reference. The SXRD data were analyzed using Rietveld refinement program RIETAN-

FP.32 Specific surface area was estimated by the Brunauer-Emmett-Teller analysis of Kr gas 

adsorption data (BELSORP-max, MicrotracBEL, Japan).

Electrochemical Characterization

OER catalytic activities were evaluated by using rotating disk electrode system in the same 

manner as the previous study.20, 25, 26 A 5 wt% proton-type Nafion suspension (Sigma-Aldrich), 

0.1 M KOH aqueous solution (Nacalai Tesque, Inc., Japan), and tetrahydrofuran (THF, Sigma-

Aldrich) were mixed in a 2:1:97 volume ratio. The catalyst ink was prepared by mixing 5 mg of 

catalyst, 1 mg of acetylene black (Denka Co., Ltd., Japan), and 1mL of the above THF solution. A 

6.4 μL of catalyst ink was taken with stirring and drop cast onto the glassy-carbon disk electrode 

(4 mm in diameter). Electrochemical measurements were performed using a rotating-disk 

electrode rotator (RRDE-3 A, BAS Inc., Japan) in combination with a bipotentiostat (Model-2325, 

BAS Inc., Japan). Pt wire and Hg/HgO electrodes (International Chemistry Co., Ltd., Japan) filled 

with a 0.1 M KOH aqueous solution (Nacalai Tesque, Inc., Japan) were used as the counter and 

reference electrodes, respectively. All electrochemical measurements were conducted under O2 

saturation at room temperature. This fixed the equilibrium potential of the O2/H2O redox couple 

to 0.304 V versus Hg/HgO. The disk potential was controlled between 0.3 and 0.9 V versus 

Hg/HgO at a scan rate of 10 mV s−1 and disk rotation rate was set at 1600 rpm. The disk potentials 

are represented in those versus reversible hydrogen electrode (RHE), together with iR-

compensation (R ~43 Ω). The capacitive effect was compensated by averaging the cathodic and 

anodic scans.

DFT calculation
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Spin-polarized DFT calculations were systematically performed for perovskite oxides, namely, 

SrBO3 (B = Ti, V, Cr, Mn, Fe, and Co), YBO3 (B = V, Cr, Mn, Fe, Co, and Ni), and LaBO3 (B = 

V, Cr, Mn, Co, Ni, and Cu). The calculations were made using the plane-wave based projector 

augmented wave (PAW) method as implemented in the Vienna Ab-initio Simulation Package 

(VASP).33-35 The wavefuncitons were expanded in a plane-wave basis set with an energy cutoff of 

500 eV. The exchange-correlation interactions were treated within the generalized gradient 

approximation (GGA) using the Perdew-Burke-Ernzerhof (PBE) functional. The strong on-site 

Coulombic interactions on the localized 3d electrons were treated with the GGA+U approach,36 in 

which the Ueff parameters were chosen to reproduce the experimental oxidation enthalpy, as 

reported previously.37, 38 Radial cutoff and valence electrons for PAW potentials, as well as Ueff 

parameters for 3d electrons adopted in this work are summarized in Table S2. The magnetic 

structures and nominal electron configurations considered in this work are summarized in Table 

S3. For k-point sampling, the mesh k1×k2×k3 was prepared in accordance with the Monkhorst-Pack 

scheme, where the mesh count in each direction was selected as the near natural number of 40 per 

lattice parameter (1 Å−1). The lattice constants and internal coordinates were optimized until the 

total energy difference and residual forces converged to less than 10−5 and 10−2 eV Å−1. 

The oxygen 2p band centers and unoccupied 3d band centers of transition metal atoms were 

computed from the projected density of states (DOS).20 Oxygen 2p band center (ε2p)18 was obtained 

by eq. 1 as:

𝜀2𝑝 =
∫𝐸𝐹

―∞𝐸𝑓2𝑝(𝐸)𝑑𝐸

∫𝐸𝐹

―∞𝑓2𝑝(𝐸)𝑑𝐸
 (1)

where  is DOS projected on 2p orbitals of oxygen and EF is the Fermi energy. Transition 𝑓2𝑝(𝐸)

metal unoccupied 3d band center (ε3d-un) was calculated by eq. 2 as:
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𝜀3𝑑 ― 𝑢𝑛 =
∫𝐸max

𝐸𝐹
𝐸𝑓3𝑑(𝐸)𝑑𝐸

∫𝐸max 

𝐸𝐹
𝑓3𝑑(𝐸)𝑑𝐸

(2)

where  is DOS projected on 3d orbitals of the transition metal, and Emax is the upper bound 𝑓3𝑑(𝐸)

of unoccupied 3d bands. The value of Emax was selected so as to discard the insignificant peaks 

(smaller than 0.1) at higher energy of 3d projected DOS. The number of conduction bands were 

increased until the shapes of projected DOS were converged. Band centers and charge-transfer 

energies are summarized in Table S3.

3. Results and Discussion

Perovskite oxides consisting of a single 3d transition metal element from Ti to Cu were 

synthesized by solid-state reactions under ambient- and high-pressure (~8 GPa) conditions. High-

pressure synthesis with strong oxidizing agent (KClO4) enables entire filling of oxygen atoms even 

for late 3d transition metal oxides with high valences (e.g. SrFe4+O3, SrCo4+O3, and LaNi3+O3). 

XRD patterns in Figure 1 display that perovskite oxides were obtained in almost single phase. The 

lattice constants obtained from Rietveld refinement (Table S4) were close to the values reported 

previously. Specific surface areas ranged from 0.34–2.9 m2/g (see Table S4), which are typical 

values for metal oxides synthesized by high-temperature solid-state reactions.

Figure 2 displays linear sweep voltammograms in OER conditions for 25 kinds of perovskite 

oxide catalysts: CaBO3 (B = Ti, V, Cr, Mn, Fe, Co; data taken from reference20), SrBO3 (B = Ti, 

V, Cr, Mn, Fe, Co), YBO3 (B = V, Cr, Mn, Fe, Co, Ni), and LaBO3 (B = V, Cr, Mn, Fe, Co, Ni, 

Cu; data for Fe, Co, and Cu taken from reference20). The OER onset potentials (Eonset) were 

determined as the potential in which the current densities per catalyst surface areas exceeded 0.05 

mA cm−2
oxide, in accordance with the previous studies,17, 20, 25 and the OER overpotentials (η) were 

calculated by subtracting the theoretical OER potential (1.23 V vs. RHE): η = Eonset − 1.23 V. The 
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left panels in Figure 2 roughly represented that late 3d elements (Mn/Fe–Cu) were superior to early 

ones (Ti–Cr/Mn) for any perovskite series. Overpotentials for several compounds could not 

available because of their poor activities not attaining the threshold value (see right panels in 

Figure 2). These compounds were excluded from analyses of OER overpotential and descriptor 

hereinafter. Figure 3a illustrates the dependence of η values on B-site element (also see the 

numerical η values in Table S5). The η values roughly decreased from early (Ti–Cr/Mn) to late 

(Mn/Fe–Cu) elements. Increase in transition metal valence from trivalent (B3+ for A = Y3+, La3+) 

to tetravalent (B4+ for A = Ca2+, Sr2+) efficiently lowered η by ~0.05–0.1 V in most cases. 

Comparison of specific activities (current densities at 1.6 V vs. RHE) is illustrated in Figure 3b. 

Oxides with higher valences and late 3d transition metal elements tend to exhibit higher specific 

activities. On the above examination, the OER catalysis is maximized for B = Fe4+ and Co4+. 

Therefore, Fe4+/Co4+-containing perovskite oxides, CaFeO3, SrFeO3, and SrCoO3, are the best 

OER catalysts for pure perovskite oxides. Tafel plots also demonstrated similar tendency (Figure 

S1 and Table S5 in the Supporting Information), in which Fe4+-oxides had the smallest Tafel slope 

values.  The difference in overpotential and specific activity between isoelectronic compounds 

variously changed. For example, the difference in overpotential (Δη = 0.18 V) between CaMnO3 

and SrMnO3 was significant whereas very slight (Δη = 0.01 V) between CaFeO3 and SrFeO3. This 

is also a point to intrigue structure-activity relationship within isoelectronic compounds. However, 

we do not intend to study investigate individual cases in this study.

Previously proposed descriptors for OER catalysis were examined based on the above-

demonstrated experimental data. A volcano-type plot along the eg electron number was originally 

proposed by Suntivich et al.,17 and is widely accepted at present.21, 22, 39-48 Figure 4a shows η versus 

eg electron number for the perovskite oxides, where the eg electron numbers were estimated from 
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10

the most likely electron configurations (Table S3). Less active compounds (CaTiO3, CaCrO3, 

SrTiO3, SrVO3, YVO3, YCrO3, LaVO3, and LaCrO3) were excluded in this plot because the η 

values could not be defined. The η values widely ranged in any electron configurations: 0.36–0.54 

V for eg
0, 0.33–0.56 V for eg

1, and 0.40–0.50 V for eg
2. The average η values at each configuration 

were calculated to be 0.47(±0.08), 0.40(±0.08), and 0.44(±0.06) V for eg
0, eg

1, and eg
2, respectively. 

Indeed, these average values apparently followed a gradient volcano-like shape (dashed curve in 

Figure 4a). However, compared with the previous report,17 it does not efficiently serve to describe 

OER activity because of wide dispersion of data points (see error bars in Figure 4a). To compensate 

the data of non-integer eg configurations, we also studied the solid solutions between compounds 

at eg
0, eg

1, and eg
2 configurations (see Figure S2 in the Supporting Information). The nominal eg

0.5 

and eg
1.5 configurations were obtained by chemical substitution of either A- or B-site, forming three 

solid solution series from eg
0 to eg

1 to eg
2, as shown in Figure 4b. Two series, SrMnO3 (eg

0) – 

SrMn0.5Fe0.5O3 (eg
0.5) – SrFeO3 (eg

1) – Sr0.5La0.5FeO3 (eg
1.5) – LaFeO3 (eg

2) and CaMnO3 (eg
0) – 

CaMn0.5Fe0.5O3 (eg
0.5) – CaFeO3 (eg

1) – Ca0.5La0.5FeO3 (eg
1.5) – LaFeO3 (eg

2), roughly depicted 

volcano-type plots. In contrast, the other system, SrMnO3 (eg
0) – Sr0.5La0.5MnO3 (eg

0.5) – LaMnO3 

(eg
1) – LaMn0.5Fe0.5O3 (eg

1.5) – LaFeO3 (eg
2), represented a reverse volcano shape. This 

contradiction indicates a clear counterexample to the proposed volcano-type plot. Therefore, we 

conclude that the eg electron number can be utilized for selected compounds but is not a universal 

descriptor any more.

Trends in electronic states were investigated by DFT calculations. The B-site element 

dependence of oxygen 2p band center energies (ε2p) are shown in Figure 5a. The ε2p values for 

tetravalent oxides (CaBO3 and SrBO3) were slightly closer to Fermi level (0 eV) than trivalent 

oxides (YBO3 and LaBO3). This implies superiority for the former in the identical elements 
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according to the previous report.18 Figure 5b illustrates unoccupied 3d band centers (ε3d-un) for the 

perovskite oxides. The ε3d-un values for trivalent transition metal oxides with identical B-site 

elements (e.g. YMn3+O3 and LaMn3+O3) were almost the same, whereas those for tetravalent metal 

oxides exhibited relatively large differences (~1 eV). Theoretical charge-transfer energies (Δ) were 

calculated by the difference between ε3d-un and ε2p: Δ = ε3d-un − ε2p (Figure 5c). It is obvious that 

the Δ values with identical ions are almost the same and systematically decreased from Ti to Cu, 

in stark contrast to unsystematic trend in ε2p and ε3d-un. The Δ values decreased by ~1 eV from 

trivalent to tetravalent state for each transition element.

Hereafter, we examine DFT-based descriptors for OER overpotentials and specific activities. 

Figure 6a shows the η as a functions ε2p. The 17 data points disperse widely, inconsistent with the 

previous report, in which all the data points follow a linear relationship without large deviation, 

except for a few amorphized compounds.18 Since the coefficient of determination (R2) obtained by 

a linear fitting (R2 = 0.268) was far from the unity, thus this descriptor is not utilized for a wide 

range of compounds. Charge-transfer energy (Δ) was recently proposed as a descriptor to represent 

specific activities.19 The Δ values can be obtained by both experiments19 and DFT calculations.12 

We have recently reported that CaBO3 series and several perovskite oxides roughly follow a linear 

relationship between η and Δ, as well as quadruple perovskite oxides.20 We examine unoccupied 

3d band centers (ε3d-un) in addition to Δ. Figure 6b demonstrates η versus ε3d-un. The η versus ε3d-un 

plot roughly follows a linear dependence, obtained a much better R2 value (R2 = 0.617) than the 

η–ε2p plot. This is the first indication that the unoccupied 3d bands are closely related to the OER 

activity. The role of unoccupied 3d band has not been attentively considered, but the present study 

proposes the importance of this band in OER. The η as a function of Δ is displayed in Figure 6c. 

The data points followed a line more closely and the correlation is increased (R2 = 0.686). Note 
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that this relationship includes a wide range of perovskite catalysts with overpotentials from lower 

(~0.3 V) to higher (~0.55 V). 

Specific activity is another index19 thus examined by using the above DFT-based descriptors. 

Figure 6d represents a correlation between specific activity at 1.6 V vs. RHE and ε2p, in which all 

the tested compounds (25 data points) are included. There was no clear relationship, supported by 

a very small coefficient of determination (R2 = 0.081) as well as the η–ε2p plot. Figure 6e displays 

correlation with unoccupied 3d band center, exhibiting a better linear relationship (R2 = 0.593). A 

rational correlation with charge-transfer energy (R2 = 0.610) was also observed (Figure 6f). These 

results indicate that charge-transfer energy is the most useful descriptor, leading to a model of the 

charge-transfer energies between adsorbates and transition metals (denoted as Δ’ in Figure 7), in 

which O 2p band centers of adsorbates are linked to those in bulk. Δ’ is related to the energy barrier 

in the charge-transfer process at the rate-determining step of OER. As Δ decreases, Δ’ may also 

decrease and lower this energy barrier, which enhances the OER catalytic activities. The present 

study also confirms that a single descriptor does not necessarily explain OER catalysis. Thus, 

further studies based on informatics methodology are needed to elucidate the relationship between 

electronic states and OER catalytic activity.

4. Conclusions

We systematically investigated OER catalysis for ABO3-type perovskite oxides and examined 

adequacy of descriptors ever proposed. The eg electron number of transition metal ion and oxygen 

2p band center were not applicable to wide range of compounds. In contrast, the charge-transfer 

energy obtained from DFT calculations was the most appropriate descriptor, suggesting a simple 

model that charge-transfer energies in bulk are associated with those between transition metal and 

adsorbate.  
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Figure Caption

Figure 1. XRD patterns of (a) SrBO3 (B = Ti, V, Cr, Mn, Fe, Co), (b) YBO3 (B = V, Cr, Mn, Fe, 

Co, Ni), and (c) LaBO3 (B = V, Cr, Mn, Fe, Co, Ni, Cu).

Figure 2. Linear sweep voltammograms of (a) CaBO3 (B = Ti, V, Cr, Mn, Fe, Co), (b) SrBO3 (B 

= Ti, V, Cr, Mn, Fe, Co), (c) YBO3 (B = V, Cr, Mn, Fe, Co, Ni), and (d) LaBO3 (B = V, Cr, Mn, 

Fe, Co, Ni, Cu). The yellow lines represent current densities of 0.05 mA cm−2
oxide, which determine 

onset OER potentials. The upper and bottom panels display entire and enlarged ranges, 

respectively.

Figure 3. OER overpotentials and specific activities for perovskite oxides.

Figure 4. OER overpotentials (η) versus eg electron number. (a) Pure perovskite oxides: CaBO3 

(B = V, Mn, Fe, and Co; black squares), SrBO3 (B = Cr, Mn, Fe, and Co; red circles), YBO3 (B = 

Mn, Fe, Co, and Ni; green triangles), and LaBO3 (B = Mn, Fe, Co, Ni, and Cu; blue reverse 

triangles). The gray diamonds and dashed line represent average η values at eg
0, eg

1, and eg
2 

configurations. The error bars illustrate standard deviations. (b) Solid solutions: SrMn1−xFexO3 and 

Sr1−xLaxFeO3 (blue triangles), CaMn1−xFexO3 and Ca1−xLaxFeO3 (green circles), Sr1−xLaxMnO3 and 

LaMn1−xFexO3 (red squares). Gray open circles represent the data in the reference.17

Figure 5. Band centers and charge-transfer energy for perovskite oxides obtained from DFT 

calculations: (a) O 2p band center (ε2p), (b) unoccupied 3d band center (ε3d-un), and (c) charge-

transfer energy (Δ).

Figure 6. OER overpotential (η) versus (a) O 2p band center (ε2p), (b) unoccupied 3d band center 

(ε3d-un), and (c) charge-transfer energy (Δ), and specific activity versus (d) ε2p, (e) ε3d-un, and (f) Δ. 

The purple lines were obtained from fitting.
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Figure 7. Schematics of charge-transfer energies in bulk (Δ) and those between catalyst metals 

and adsorbates (Δ’). 

Page 15 of 28

ACS Paragon Plus Environment

The Journal of Physical Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



16

Figure 1
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Figure 2
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Figure 3

Page 18 of 28

ACS Paragon Plus Environment

The Journal of Physical Chemistry

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



19

Figure 4
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Figure 5
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Figure 6
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Figure 7
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