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Conceptual Insights 

 

Electrochemical splitting of water into molecular oxygen (O2), protons, and electrons 

could provide a way to store the electricity generated from sustainable but intermittent 

energy sources, such as wind and solar power, as fuels. The water oxidation is also an 

essential process for metal-air batteries, and regenerative fuel cells. A major challenge 

is that efficient catalysts for water electrolysis are expensive and contain rare noble 

metals, so cost effective approaches will require the discovery of efficient 

electrocatalysts that contain only Earth-abundant elements. Although perovskite 

oxides represent a promising group of candidates to lower the oxygen evolution 

reaction (OER) barriers in water splitting, further improvement of their activity and 

durability is imperative. Herein we report doping of strontium cobaltite perovskites 

with scandium and niobium cations (Sc
3+

 and Nb
5+

) to generate a family of highly 

active and durable electrocatalysts (SrScxNbyCo1-x-yO3-δ) for the OER in alkaline 

solution. The intrinsic OER activity of these perovskites is enhanced by up to a factor 

of 5.8 over that of Ba0.5Sr0.5Co0.8Fe0.2O3-δ (BSCF) at overpotential of 0.35 V. The 

higher OER activity is correlated to the higher affinity for surface hydroxide 

adsorption and more abundant electron states near the Fermi level of the developed 

perovskites compared with BSCF. 
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Abstract 

Development of highly active and cost-effective electrocatalysts is central to the 

large-scale electrolysis of water for renewable energy generation. Perovskite oxides are 

a group of promising candidates to lower the oxygen evolution reaction (OER) barriers 

in water splitting and further improvement of their activity and durability is an 

important objective. Here we report scandium and niobium cation (Sc
3+

 and Nb
5+

) 

doped strontium cobaltite perovskites (SrScxNbyCo1-x-yO3-δ) as a family of highly active 

and durable electrocatalysts for the OER in alkaline solution. These perovskites not 

only manifest up to a factor of 50 increase of the intrinsic activity compared to the 

gold-standard OER electrocatalysts (such as IrO2 and RuO2) and a factor of 5.8 

enhancement to the perovskite-Ba0.5Sr0.5Co0.8Fe0.2O3-δ at overpotential of 0.35 V, but 

also, more importantly, show excellent durability in alkaline solutions under operation. 

 

The oxygen evolution reaction (OER) is an essential but sluggish process for 

many energy storage applications, such as electrolyzers, solar-driven water-splitting 

devices, metal-air batteries, and regenerative fuel cells
1-5

. A variety of transition metal 

oxides have been developed to mitigate the high overpotential loss in the OER 

process, including rutile oxides (e.g. RuO2 and IrO2)
6, 7

, spinel oxides (e.g. NiCo2O4)
8
, 

and perovskite oxides (e.g. LaNiO3 (LN) and LaxSr1-xCoyFe1-yO3-δ)
9-11

. Low 

abundance, high cost and instability in alkaline solution are all issues that inhibit 

practical utilization of the precious-metal electrocatalysts such as RuO2 and IrO2. In 
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contrast, the low cost and high efficiency of perovskites clearly indicate an important 

direction for OER electrocatalyst development
12-18

. 

Conventional perovskite-type OER electrocatalysts have the general formula 

ABO3 with the A-site occupied by alkaline earth and/or rare earth metal(s) and the 

B-site occupied by first-row transition metal(s) with 3d electrons. The active centers 

for the OER are transition metal couples with high redox ability at the B-site such as 

Co
3+/4+

and Fe
3+/4+

. Based on a density functional theory (DFT) study, Man et al. 

theoretically predicted the cobaltite perovskite SrCoO3 as having near-optimal OER 

activity 
19

. However, the preparation of fully oxidized SrCoO3 perovskite is difficult. 

Instead, the doped SrCoO3 perovskites with oxygen vacancies, such as 

Ba0.5Sr0.5Co0.8Fe0.2O3-δ (BSCF) and SrCo0.8Fe0.2O3-δ (SCF) are more facile to prepare 

and show up to one order of magnitude in enhancement of activity towards water 

oxidation compared with IrO2 and RuO2 at overpotential of 0.4 V
 6,16

. However, the 

BSCF and SCF perovskites readily lose the perovksite structure to become amorphous 

as the OER proceeds
20, 21

. To this end, the development of perovskites with both high 

activity and durability is imperative in order to enable substantial market penetration 

in the relevant applications. 

Here, we report a new series of perovskite-type OER electrocatalysts using 

scandium (Sc
3+

) and niobium (Nb
5+

) to partially replace cobalt in SrCoO3 to form 

SrScxNbyCo1-x-yO3-δ perovskites. The doping of Sc
3+

 and Nb
5+

 retains the 

perovskite-type structure and keeps a similar electronic configuration to the SrCoO3 
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perovskite host structure. These SrScxNbyCo1-x-yO3-δ perovskites exhibit substantive 

improvements in both catalytic activity and durability for OER in alkaline solution. 

We synthesized the SrScxNbyCo1-x-yO3-δ perovskites through a conventional 

ceramic process 
22

, i.e. solid state reaction. Among all Sc and Nb co-doped samples, 

only SrSc0.025Nb0.025Co0.95O3-δ (SSNC1) and SrSc0.175Nb0.025Co0.8O3-δ (SSNC2) show 

single phase with optimized synthetic parameters (Fig. S1). The samples with other 

compositions show additional phase(s) depending on the synthetic temperature. The 

formation of a brownmillerite phase was found on all other SrScxNbyCo1-x-yO3-δ 

perovskites (except SSNC1 and SSNC2) at 1250 °C. This is due to the significantly 

different reaction activity of Sc2O3 and Nb2O5 causing the phase separation in 

SrScxNbyCo1-x-yO3-δ perovskites 
23 

(Fig. S2). Enhancing the synthesis temperature to 

1300 °C can diminish this difference to some extent but leads to the separation of 

CoO as a new phase (Fig. S3). The formation of additional phase(s) is detrimental to 

the OER activity (as shown in next paragraphs), hence SSNC1 and SSNC2 are 

selected to demonstrate the optimal performance determined to date. Due to the 

higher calcination temperature, the as-synthesized SSNC1 and SSNC2 show much 

larger particle size as compared to those of BSCF, SCF, LN, La0.6Sr0.4Co0.2Fe0.8O3-δ 

(LSCF) and La0.6Sr0.4CoO3-δ (LSC) (Fig. S4).   

We collected the OER currents of perovskites using a thin-film rotating-disk 

electrode with well-defined oxygen transport in ultra-high purity O2-saturated 0.1M 

KOH solution at room temperature. Carbon black was used to provide a conductive 

medium to facilitate the utilization of the perovskite electrocatalysts. The OER 
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activity of the carbon additive is negligible in the potential regime studied here (Fig. 

S5). The electrochemical behavior of the electrocatalysts is shown in Fig. 1A. Linear 

sweep voltammogram (LSV) measurements revealed a sharp increase in current at 

~1.55 V for SSNC1 and SSNC2, which corresponds to catalytic water oxidation. 

Based on enlarged LSV profiles (Inset in Fig. 1A), the co-doping of Sc and Nb shifts 

the onset voltage more negatively for the SSNC1and SSNC2 perovskites compared 

with those of BSCF, SCF, RuO2 and LN. The onset potential of RuO2 is about 1.45 V 

vs RHE, which is in line with those reported in the literature 
6,24,25

. The OER behavior 

of SrCoO3-δ (δ≈0.5) in brownmillerite structure (not perovskite structure) is tested 

(Fig. S6). As expected it shows much lower OER activity as compared with SSNC1, 

SSNC2 and BSCF (Fig. S7). 

The redox couple peaks of transition metals (Co, Fe, Ni and Ru) were observed in 

cyclic voltammogram (CV) measurements for SSNC1, BSCF, SCF, RuO2 and LN 

electrocatalysts (Fig. S8). The redox couples varied with the doping strategy. The 

sequence of voltage for the redox couple occurring is SSNC1< 

BSCF≈SCF<RuO2<LaNiO3. Rasiyah et al. 
26 

and Maiyalagan et al. 
27

 have shown a 

relationship between the onset potential for OER and the potential of the redox 

couples. They observed the lower potential of redox couples related to the lower onset 

potential of OER, which is also the case in our study. The shift of redox couple peak 

in SSNC1 suggests the co-doping of Sc and Nb affect the properties of Co. 

Fig. 1B shows the Tafel plots for the electrocatalysts. In the lower potential range 

(<1.6 V), the Tafel slopes of 55~60 mV dec
-1

 were observed for SSNC1 and SSNC2, 
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which are close to that for LN (~55 mV dec
-1

) and lower than those for RuO2 (~80 

mV dec
-1

), SCF (~90 mV dec
-1

) and BSCF (~75 mV dec
-1

). In the higher over 

potential range (>1.6V), the Tafel slopes of SSNC1 and SSNC2 changed to ~70 mV 

dec
-1

, while the slopes increased to 110, 145, 150 and 110 mV dec
-1

for BSCF, SCF, 

RuO2 and LN respectively.  

The intrinsic activity normalized to the surface area is used to evaluate the 

performance of the electrocatalysts as reported in the literature 
12, 27

. Selection of a 

proper method to measure the surface area of electrocatalysts is of importance to 

calculating their intrinsic OER activity. The surface area of the electrocatalysts can be 

measured by geometrically or electrochemically. The electrochemical surface area 

(ECSA) should ideally represent the material surface available for electrochemical 

processes, which can be obtained by measuring the double-layer capacitance in a 

suitably small voltage range. This method has been recommended as a tool for 

benchmarking oxide electrocatalysts 
28

. However, the use of the ECSA to quantify the 

surface activity of oxide materials is not well established 
29

, because the dependence 

of capacitance upon potential in oxides is not well known and that there might be 

faradaic reactions present even within a small potential window. A recent study 

reported that the pseudocapacitance is related to the oxygen stoichiometry of the 

perovskite oxides 
30

. This leads to even more difficulty to compare the ECSA between 

different perovskite oxides because the oxygen stoichiometry of perovskites could 

vary in a large range based on their chemical composition and crystallite structure. In 

some recent studies, surface areas based on imaging the particle size distribution 
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directly with an electron microscope, or obtained via gas adsorption, are more 

accurate 
12, 27, 31, 32

. As a result, the intrinsic activity of the oxides was normalized to 

the specific surface area determined from BET measurement in the present study. The 

as-measured OER activity of the thin-film electrocatalyst is capacity-corrected by 

taking an average of forward and backward (positive and negative-going) scans. The 

capacity-corrected OER current is then ohmically corrected with the measured ionic 

resistance to yield the final electrode OER activity (Fig. S9). All the samples were 

measured at least three times to obtain the data corrected with the standard deviations 

(Fig. S10). The phase purity of all the samples was studied by XRD and the specific 

surface area of the samples was determined from nitrogen Brunauer, Emmett, and 

Teller (BET) area measurements (Table S1). Fig. 1C shows the intrinsic OER activity 

of SSNC1and SSNC2 compared with some other electrocatalysts measured at 

overpotential of 0.35 V. The intrinsic OER activities of IrO2, RuO2 and LN measured 

by us are comparable to those found in previous studies 
6, 9

. The intrinsic OER 

activities of BSCF is about 10 times as large as that of IrO2 at an overpotential of 0.35 

V, which is in line with that reported by Y. Shao-Horn’s group 
12

. SSNC1and SSNC2 

show up to a factor of 50 increase of the intrinsic activity compared to the 

gold-standard OER electrocatalysts IrO2 and RuO2 and a factor of 5.8 enhancement to 

the perovskite-BSCF at overpotential of 0.35 V 
12

. We synthesized BSCF 

electrocatalysts through different methods and at various temperatures to evaluate 

possible effect from different synthetic conditions. As shown in Fig. 1C, the intrinsic 

activity is similar for all the BSCF perovskites synthesized in this study, with no 
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obvious correlation to the particle size of the sample and synthetic methods. 

It has been reported that the amount of hydroxide species formed on the surface 

of the metal oxide electrocatalysts correlates with their OER activity in alkaline 

solution 
10, 33

. The least energetically favorable (rate-determining) step of OER is 

surface OH
−
 oxidation based on the previous studies of OER kinetics on perovskites. 

Therefore, the chemical properties of the oxide surfaces (e.g., hydroxide species) have 

a significant impact on the OER catalysis. The OER rate is governed by the 

concentration of hydroxide species that participate in the formation of the O−O bond 

in hydroperoxide.
33

 Here, we analyzed the oxygen species on the surface of 

electrocatalysts by x-ray photoelectron spectroscopy (XPS). The XPS spectra of the 

O1s levels are shown in Fig. 2A. The O1s XPS spectra for both samples present two 

features at about 529 and 531 eV. The lower binding energy peak can be ascribed to 

the lattice oxygen species (O
2-

) and the higher one can be assigned to less 

electron-rich oxygen species. By deconvoluting the broad peak at higher binding 

energy (530-534 eV), three peaks can be obtained: the one with lower BE (~530.5 eV) 

is assigned to oxygen in the form of O2
2-

/O
-
 on the surface; the next (~531.5 eV) is 

ascribed to the hydroxyl groups (-OH) or the surface-adsorbed oxygen (O2); and the 

third peak (~533 eV) is due to molecular water or carbonates adsorbed on the surface 

34
. Table S2 lists the relative concentrations of the different kinds of oxygen species 

which are estimated from the relative area of these subpeaks. As can be seen, the 

relative concentration of hydroxide species is the highest for SSNC1 and SSNC2. 
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As XPS can only provide semi-quantitative information on the surface oxygen 

species, we performed TG-MS analysis to provide more accurate measurement on the 

OH amount in SSNC1 and BSCF (Fig. 2B). Based on the MS results (Fig. 2C), the 

weight loss below 250 °C is due to water desorption. Since the sample subjected to 

TG-MS test was pretreated to remove the adsorbed water under vacuum conditions at 

200 °C, most of the desorbed water (detected by TG-MS for Mass=18) originates 

from hydroxide species rather than surface adsorbed molecular water. This is also 

well supported by the fact that most of the water desorbed from SSNC1 is between 

100 and 250 °C. The TGA results show that the amount of water released from 

SSNC1 is around 5 times larger than that from BSCF. Given the similar ratio of 

intrinsic activities as measured herein, it is likely that the higher affinity for surface 

hydroxide adsorption of the SSNC1 perovskite compared to BSCF is correlated to its 

higher OER activity.  

To aid in understanding the unprecedentedly high activity of Sc and Nb co-doped 

SrCoO3 perovskite (SSNC), the partial electronic density of states (PDOS) projected 

onto the active Co atoms of SSNC and BSCF were calculated. As we can see, there 

are abundant electron states near the Fermi level for both cases, which facilitate the 

activity of the surface (Figs. 3A and B). For SSNC, the peak of the PDOS of dxz/dyz 

orbitals is closer to the Fermi level than that of BSCF. This may be one reason why 

SSNC is more active than BSCF, since the dxz/dyz orbitals dominate the OER activity 

of the surface. SrCoO3 perovskite was theoretically predicted to have the highest OER 

activity 
19

: there is abundant electronic density of states of dxz/dyz orbitals at the Fermi 
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level and the peak of the PDOS of dxz/dyz orbitals is close to the Fermi level (Fig. 3C). 

These features are largely preserved in the PDOS profile of SSNC. For BSCF, 

however, the degeneracy of the PDOS of dxz/dyz orbitals is lifted and the peaks of the 

PDOS are away from the Fermi level. This suggests that the co-doping of Sc and Nb 

largely maintains electronic configuration of SrCoO3, such that SSNC achieves very 

high OER activity. We also evaluated the over-potential of SSNC and BSCF 

theoretically
 19 

using data from first-principle calculations (Table S3). The 

overpotential difference (∆OEP) between SSNC and BSCF is about 77 mV. Assuming 

that reaction rate obeys an Arrhenius relation with respect to ∆OEP and that similar 

pre-exponential factors apply in each case, i.e., rate ∝ exp(∆OEP/kBT), where kB is 

the Boltzmann constant, the reaction rate of SSNC is estimated to be about 19 times 

higher than BSCF at room temperature. Given the complicated experimental 

conditions and the simplifications of the theoretical treatment and the structural 

model, this represents a reasonable supportive correlation between modeling and the 

experimentally observed trends in activity.  

Another important challenge for OER electrocatalysts is to increase the 

durability. Very interestingly, SSNC1 and SSNC2 are very stable under OER 

potentials. No significant changes were detected in the repeated CV scans for SSNC1 

or chronoamperometry measurement for SSNC2 (Figs. 4A and B). The steps in the 

chronoamperometry test (Fig. 4B) are related to the release of oxygen gas bubbles 

built up during the OER, as also reported in references 
24,35

. Since no obvious 

degradation of the electrocatalyst was observed during the long term stability test, the 
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carbon corrosion is negligible. It has been reported that the instability of BSCF and 

SCF stems from the degeneration of their near-surface regions to amorphous structure 

caused by the leaching of the Ba and Sr cations from the perovskite lattice 
20, 21

. The 

stability of the SSNC2 during OER was further supported by HRTEM images. No 

obvious change in the surfaces of SSNC2 was observed after OER measurements, 

while TEM imaging showed that the surfaces of SSNC2 after chronoamperometry 

testing are comparable to that of the as-synthesized SSNC2 (Figs. 4C and D). 

In conclusion, we have demonstrated a new family of perovskites, Sc- and Nb 

co-doped SrCoO3 with high performance and stability for the OER. The intrinsic OER 

activity of these perovskites is enhanced by up to a factor of 5.8 over that of the 

perovskite - Ba0.5Sr0.5Co0.8Fe0.2O3-δ at overpotential of 0.35 V. Moreover, these 

perovskites also display excellent durability in alkaline solutions during operation. The 

results presented here encourage further study of perovskite-type electrocatalysts for 

OER to enable the development of efficient water oxidation in water splitting devices, 

rechargeable metal-air batteries, regenerative fuel cells and other rechargeable 

air-based energy storage devices. Because of the lower specific surface area of the 

SSNC perovskite oxides, the mass activity of the electrocatalysts can be further 

improved by enlarging their effective surface area or involving active elements into 

the lattice of the perovskites 
36,37

. 

 

Methods and associated references are available in supporting information 
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Fig. 1 a, iR-corrected polarization curves of SSNC1,SSNC2,BSCF, SCF, RuO2 and 

LN electrocatalysts in 0.1M KOH at scan rate of 10 mV s
-1

. Inset is the enlarged 

picture to compare the onset potential of OER for the electrocatalysts. b, The Tafel 

plots of OER on SSNC1, SSNC2, BSCF, SCF, RuO2 and LN electrocatalysts. c, The 

comparison of intrinsic OER activity of SSNC1-8, BSCF, BSCF1, BSCF2, SCF, 

LSCF, LSC, LN, RuO2 and IrO2 electrocatalysts at 1.58 V vs RHE (overpotential 

η=0.35 V). SSNC3: SrSc0.025Nb0.075Co0.9O3-δ; SSNC4: SrSc0.15Nb0.05Co0.8O3-δ; 

SSNC5: SrSc0.125Nb0.075Co0.8O3-δ; SSNC6: SrSc0.05Nb0.05Co0.9O3-δ; SSNC7: 

SrSc0.1Nb0.05Co0.85O3-δ; SSNC8: SrSc0.1Nb0.1Co0.8O3-δ; LSCF: La0.6Sr0.4Co0.2Fe0.8O3-δ; 

LSC: La0.6Sr0.4CoO3-δ. BSCF was synthesized by EDTA-citrate method calcinated at 

900 °C for 5 hours with a specific surface area of 0.53 m
2
 g

-1
; BSCF1 was synthesized 

by EDTA-citrate method calcinated at 1000 °C for 5 hours with a specific surface 

area of 0.33 m
2
 g

-1
; BSCF2 was synthesized by solid state reaction calcinated at 1050 

°C for 5 hours with a specific surface area of 0.15 m
2
 g

-1
. 
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Fig. 2 a, XPS spectra of O1s species on the surface of SSNC1, SSNC2, BSCF and LN. 

b,  Weight losses for SSNC1 and BSCF from 25 to 350 °C. c, Desorption of water 

from SSNC1 and BSCF measured by mass spectroscopy (M=18) from 25 to 350 °C.   
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Fig. 3 The electron density of states (PDOS) projected onto the atomic orbitals of the 

active Co atom on the upmost surface of a SSNC, b BSCF, and c SC. The 

contributions of the five d orbitals are marked by the lines in different colours. The 

PDOS of the dxz and dyz orbitals are degenerated for a and c due to the symmetry of 

the surfaces. The energy at the Fermi level was set to zero.   
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Fig. 4 a, The 1st and 10000th CV scans of SSNC1 electrocatalysts. The CV scans 

were performed at 100 mV s
-1

. b, Chronoamperometric response of SSNC2 

electrocatalyst kept at 0.7 V vs Ag|AgCl (3M NaCl) in 0.1 M KOH solution for 17 

hours. HRTEM image of as-synthesized c SSNC2 perovskite and d the SSNC2 

electrocatalyst after chronoamperometry test for 17 hours. 

 

Page 23 of 23 Materials Horizons

M
at

er
ia

ls
H

or
iz

on
s

A
cc

ep
te

d
M

an
us

cr
ip

t


