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ABSTRACT 
Perovskite oxides are significant candidates to develop electrochemical catalysts for water oxidation in consideration of their high catalysis 
capacity, low costing and excellent stability. Rational design of coordination structure and overcoming poor electronic transport are regarded 
as critical factors for outstanding perovskite-based oxygen evolution reaction (OER) catalysts. Herein, we report a mild chemical oxidation 
method to realize ligancy engineering from strongly-correlated brownmillerite Sr2Co2O5 to perovskite phase Sr2Co2O5.5, along with abundant 
oxygen vacancies formation and greatly boosted electric conductivity, which helps to form the active species of Co hydroxide/oxide on the 
surface of catalysts. The coupling effect of catalytic kinetics and unimpeded electronic movement brings high OER activities in Sr2Co2O5.5 
with a low onset potential and a small Tafel slope. Our work not only displays in-depth understanding into the relationship among catalysis 
performance and multiple physical degrees of freedom, but also paves a new path to develop high-efficient electrochemical catalysts. 
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1 Introduction 
The development of high-efficient, inexpensive, and stable 
electrocatalysts for the oxygen evolution reaction (OER) is critical 
for many electrochemical energy conversion technologies, such as 
metal-air batteries, water splitting, and regenerative fuel cells [1–4]. 
Up to now, benchmarks of OER catalysts are expensive and scarce 
novel metal oxides, such as IrO2 and RuO2, which hinders their 
extensive applications [5, 6]. Perovskite oxides, which are made up 
of alkaline earth cations (A-site), transition metal cations (B-site) 
and oxygen anions, have shown attractive physical properties and 
impressive catalytic potential in oxidation reaction [7–9]. Therefore 
they are considered as low-cost alternative of precious-metal-based 
materials [10–12]. Expect for outstanding OER activity and stability, 
perovskite with common BO6 octahedrons as basic structural units 
and variable-valence B-site transition metal cations as catalytic 
active sites provides an ideal platform to design high-performance 
catalysts and understand OER catalysis mechanism. In previous 
studies, OER process was considered to be multiple-step reaction 
process, including realization of fast reactive molecule absorption, 
intermediate atom transfer and product molecule dissociation, 
which is tightly associated with strength of B–O bonds [13–15] and 
coordination structure around B-site atoms [16–18]. Based on the 
theory, various strategies were designed to modulate B–O bonding 
or create unsaturated coordination environment of B-site atoms. 
For example, vibronic super-exchange interaction was designed to 
weaken B–O bonding via strongly asymmetric ligand field effect 
and largely optimized the OER performance of La2NiMnO6 [19];  

ordered oxygen vacancies and abundant unsaturated BO5 pyramids 
have been found to be responsible for high-efficient OER properties 
in CaMnO3−x and RE0.5Ba0.5Co2O5+x [20, 21]. Up to data, the main-stream 
coordination modulation methods are limited in deoxygenation at 
high temperature or A-site doping by high-valence rare earth atoms. 
Nevertheless, structure damage is inevitable when reduction in a 
high-temperature step or replacement with exotic atoms, which not 
only affects electron transferring across catalyst particles, but also 
makes catalysis mechanism complicated and confusing [22]. Thus, 
it is urgent to find straightforward methods for mild coordination 
modulation in perovskite-type transition metal oxides to realize the 
enhanced electrochemical catalysis performance.  

Brownmillerite phase (BM phase) Sr2Co2O5 is one kind of layered 
perovskite-type oxides and has been found to be an efficient OER 
catalyst in alkaline solution due to alterable Co valent state and 
reversible surface redox reaction [23, 24]. However, the essence of 
oxygen-vacancies-free brownmillerite superlattice structure contains 
only one half of catalytically active MO6 octahedron while another 
half of catalytically inactive MO4 tetrahedron. Even worse, brownmillerite 
Sr2Co2O5 displays insulator-like electric transport property on account 
of strong antiferromagnetism (AFM) correlative charge order coming 
from alternant CoO6 octahedron and CoO4 tetrahedron [25]. Thus 
the coordination form of Co–O in Sr2Co2O5 hinders itself to own 
better electrochemical performance to a great extent.  

Herein, we used a simple one-step chemical oxidation with NaClO 
aqueous solution to realize ligancy modulation of BM phase Sr2Co2O5, 
successfully transformed CoO4 tetrahedrons to CoO5 pyramids and 
greatly enhanced the OER performance of Sr2Co2O5. As Fig. 1 shown, 
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oxygen anions would intercalate into the Sr2Co2O5 superlattice and 
switch Sr2Co2O5 to perovskite phase Sr2Co2O5+x via a cascade of 
distorted CoO4 layer to produce ordered CoO5 pyramids. Oxygen 
ions can smoothly transfer through exchange between CoO5 pyramid 
and adjacent CoO6 octahedrons. At the same time, antiferromagnetic 
Mott insulator Sr2Co2O5 converts to ferromagnetic Sr2Co2O5.5 with 
high electric conductivity. Electrochemical OER performance has 
been greatly promoted in Sr2Co2O5.5 via ligancy modulation. This 
work provides a new sight into designing high-performance perovskite 
oxide based OER catalysts. 

2 Experimental 

2.1 Chemicals 

Cobalt(II) nitrate hexahydrate (99.99%), strontium nitrate (99.97%), 
citric acid monohydrate (≥ 98%), ethylene glycol (AR), barium 
nitrate (≥ 99.5%), iron nitrate nonahydrate (≥ 98.5%) and potassium 
hydroxide (AR) were purchased from Sinopharm Chemical Reagent 
Co. Ltd. All chemicals were used without further purification. 

2.2 Experiment 

Brownmillerite-phase Sr2Co2O5 powder and perovskite 
Ba0.5Sr0.5Co0.8Fe0.2O3−δ (BSCF) powder were synthesized by conventional 
sol-gel technique. In detail, quantitative nitrates were dissolved in 
80 mL citric acid concentrated aqueous solution containing 60 mmol 
citric acid under stirring at 80 °C. Then 3 mL ethylene glycol was 
added and stirred for another hour at 80 °C. The solution was dried 
at 120 °C to get an organic resin. The so-formed organic resin was 
further dried at 200 °C overnight and then annealed at 500 °C for 
12 h to get a black predecessor powder. Predecessor was heated at 
800 °C for 10 h in air to obtain hexagonal Sr2Co2O5 powder and 
perovskite Ba0.5Sr0.5Co0.8Fe0.2O3−δ powder. The brownmillerite-type 
Sr2Co2O5 was obtained by quenching hexagonal Sr2Co2O5 phase 
from 1,000 °C to liquid N2 temperature. Deficient-perovskite-type 
Sr2Co2O5.5 powder was obtained by immersing Sr2Co2O5 into NaClO 
solution at room temperature. All product was carefully washed with 
water and alcohol for several times and dried in vacuum overnight 
before further characterization and electrochemical tests. 

2.3 Characterization 

X-ray powder diffraction (XRD) was performed using a Philips 
X’Pert Pro Super diffractometer with Cu-Kα radiation (λ = 1.54178 Å). 
The field-emission scanning electron microscopy (FE-SEM) images 
were taken on a JEOL JSM-6700F SEM. The high-resolution 
transmission electron microscopy (HRTEM) images and energy 
dispersive X-ray spectra (EDS) were obtained on a JEM 2100F 
(field-emission) transmission electron microscope equipped with 
an Oxford INCA x-sight EDS Si(Li) detector: The microscope was 
operated at an acceleration voltage of 200 kV. X-ray photoelectron 
spectroscopy (XPS) was measured on ESCALAB MK II X- 
rayphotoelectron spectrometer equipped with an Mg-Kα excitation 
source. The absorption spectra of Co K-edge were collected in 
transmission mode using a Si (111) double-crystal monochromator 
at the X-ray absorption fine structure (XAFS) station of the 
beamline 14W1 of the Shanghai Synchrotron Radiation Laboratory 
(SSRL, Shanghai) at room temperature. Electrical conductivity 
measurements were carried out on pressed pellets using standard 
four probe transport measurement on commercial apparatus of 
Physical Property Measurement System (PPMS, Quantum Design). 
Magnetism was measured using magnetometry on a superconducting 
quantum interference device magnetometer (SQUID). 

2.4 Electrochemical test 

Electrochemical measurements were performed in a three-electrode  

 
Figure 1 Crystal structures of (a) brownmillerite Sr2Co2O5 and (b) perovskite 
Sr2Co2O5.5. (c) Illustration of CoO4 tetrahedron transforming to CoO5 pyramid. 

system on an electrochemical workstation (CHI760E) by using an 
Ag/AgCl (3.3 M KCl) electrode as the reference electrode, Pt electrode 
as the counter electrode, and a Pine Bipotentiostat rotating disk 
electrode (RDE) with one of the catalysts as the working electrodes. 
In a typical procedure, 4 mg of samples and 40 μL of Nafion solution 
(5 wt.%, Sigma Aldrich) were dispersed in 1 mL of water-isopropanol 
solution (volume ratio of 3:1), and then the aforementioned solution 
was sonicated for 30 min. After that, 15 μL of the as-prepared 
homogeneous ink was loaded onto an RDE. Linear-sweep voltammetry 
was conducted at a scan rate of 5 mV/s in 0.1 M KOH solution (purged 
with oxygen for 30 min). Alternating current (AC) impedance 
measurements of the catalysts were performed in the same 
configuration at the potential of 0.7 V vs. Ag/AgCl from 100 kHz 
to 100 mHz with a Zahner IM6 electrochemical workstation in 
O2-saturated 0.1 M KOH. 

3 Results and discussion 
As shown in Fig. 2(a), we synthesized high-quality BM phase 
Sr2Co2O5 with three peaks near 33° due to a quasi-two-dimensional 
feature of BM structure. The bright and focused selected-area electron 
diffraction pattern in Fig. S1(a) in the Electronic Supplementary 
Material (ESM) implies perfect crystalline quality. After mild room- 
temperature oxidation treatment, BM-phase transforms to a new 
phase with degenerative XRD peak, implying the elevation of 
crystalline symmetry to cubic lattice. The lattice parameter of the 
new phase equals 0.34 nm, which corresponding to Sr2Co2O5.5 in 
previous research [26]. The structural conversion is further confirmed 
by HRTEM tests. Figure 2(b) shows a tetragonal lattice symmetry 
with two lattice fringes of 0.79 and 0.28 nm, corresponding to (020) 
and (002) with 90° included angle, which are well matched with 
BM-phase Sr2Co2O5. After oxidation, lattice fringes with the distance 
of 0.27 nm and a 60° included angle are indexed to {110} lattice 
plane of perovskite phase Sr2Co2O5.5. Meanwhile, selected area electron 
diffraction (SAED) image with hexagonal bright lattice matches 
well with cubic Sr2Co2O5.5 along [111] direction. Meanwhile, the 
size and morphology of Sr2Co2O5.5 are not changed after the mild 
oxidation process, as present in SEM images in Fig. S2 in the ESM. 
The structural analysis visually demonstrates the successful structural 
transformation during the oxidation process. 

Furthermore, XAFS spectrum was obtained to survey the local 
symmetry evolution around Co atoms. As seen in Fig. 2(d), the 
distinct blue-shifted X-ray absorption near edge structure (XANES) 
edge by 1.5 eV after oxidation implies the increased average valence 
of Co atoms after structural transition. XPS study was carried out  
to provide detail ratio of Co3+ and Co4+ in Sr2Co2O5.5. As shown in 
Fig. S3 in the ESM, Co 2p XPS spectrum can be fitted with two sets 
of XPS peaks with similar integral area, suggesting nearly equal 
Co3+ and Co4+ components and an average covalence state of +3.5 
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in Sr2Co2O5.5. Besides, an increased Co–O coordination number is 
suggested by intensifying intensity of white-line peak, boosting 
amplitude in oscillation function 3 ( )k χ k  and enhancing intensity 
in corresponding Fourier transforms 3FT( ( ))k χ k  in Sr2Co2O5.5 (as 
shown in Figs. 2(e) and 2(f)). In detail, the increased amplitude in 
oscillation function 3 ( )k χ k  shows an increment of scattering path 
degeneracy due to higher symmetry with advanced degree of order 
and coordination number. Moreover, the 3FT( ( ))k χ k  spectrum 
exhibits an enhancement of the first coordination shell (Co–O shell) 
in Sr2Co2O5.5, supporting the increased Co–O coordination number 
[27]. In addition, a slightly shift from 1.75 to 1.80 Å hints a 
prolonged Co–O distance as all tetrahedral CoO4 geometry with 
short Co–O distance disappeared. The second peak and the third 
peak with increased absolute intensity represent the distance of 
Co–Sr and Co–Co, respectively. It is interesting that the relative 
intensity reverses after oxidation. This increased absolute intensity 
is caused by ordering of Co in a more symmetric environment and 
the intensity of Co–Co shell gains more than Co–Sr shell. To further 
check the local environment of Co–O polyhedron, pre-edge peaks 
in XAFS are meticulously analyzed since it has strong finger-print 
effect to symmetry environment and geometry coordination 
environment of central atoms. The pre-edge feature in our results 
accords with the dipole-forbidden transition from 1s to 3d, which is 
forbidden by Oh symmetry in octahedral CoO6 [28]. A blue-shift is 
also found, further testifying the raised covalent state. More 
importantly, even though the pre-shift peak gets slightly broader, its 
intensity remains almost unchanged, verified incomplete oxidation 
from CoO4 tetrahedron to CoO5 pyramids. The abundant CoO5 
pyramids with Co–O unsaturated coordination provide ample oxygen 
vacancies homogeneously spread over the cubic lattice, which 
prompts Sr2Co2O5.5 to own high potential for electrochemical water 
splitting. 

As a typical strong electronic correlation system, along with 
dramatic structural phase transition, the intrinsic physical properties 
of Sr2Co2O5.5 have changed drastically, especially spin-arrangement 
dependent magnetism and electric transport. We measured the 
temperature dependent susceptibility curves (M–T) of Sr2Co2O5 
and Sr2Co2O5.5 from 10 to 300 K at 500 Oe, as shown in Fig. 3(a). 
Negligible susceptibility within our test region implies the possible 
antiferromagnetic ground state of Sr2Co2O5. However, no AFM 

phase transition is observed within the region due to its high Neel 
temperature (about 570 K in previous report [29]). A linear field- 
dependent magnetization curve (M–H) at room-temperature for 
Sr2Co2O5 (as shown in Fig. 3(b)) gives further evidence for the AFM 
exchange coupling between neighboring Co in Sr2Co2O5. As many 
AFM materials, such as LaMnO3 and La2CuO4, strong electronic 
correlation blocks electrons from moving freely across the metal- 
oxygen-metal pathways and makes them to be Mott-type insulator 
[30, 31]. An insulating electric transport in Sr2Co2O5 is observed 
with a large room-temperature resistivity of 8,000 Ω·cm, which is 
an obstacle for electrochemical catalysis. Unlike the AFM ground 
state in Sr2Co2O5, we find Sr2Co2O5.5 displays paramagnetism near 
room temperature and ferromagnetism (FM) below 160 K, which 
obviously elucidates spin rearrangement after successful oxidation. 
Curie–Weiss law is utilized to analysis spin arrangement in Sr2Co2O5.5 
with the paramagnetic data in the inverse susceptibility (1/χ) plot 
(shown in Fig. S4 in the ESM). A positive Weiss constant at 160 K is 
obtained, indicating a strong FM coupling between adjacent Co 
atoms. The efficient magnetic moment μeff, which stands for the 
numbers of unpaired electrons in a formula unit, can be calculated 
to be 2.9 μB for every Sr2Co2O5.5 formula. An S-shaped M–H curve 
with a saturation magnetization of about 43.5 emu/g for Sr2Co2O5.5 
at 10 K is another evidence for the FM interaction between adjacent 
Co–Co. Considering the parallel arrangement of all unpaired 
electrons in the saturation region, the number of unpaired electrons 
for each Co can be predicted via constructing a bridge connecting 
microscopic atomic magnetic moment and macroscopic saturated 
magnetic moment. The predicted number of unpaired electron is 
2.96 for every Sr2Co2O5.5 formula, which agrees well with the value 
obtained from Curie–Weiss law. The rational filling state of 3d 
electrons can be deduced to be 50% Co3+ in intermedium spin state 
(IS) and 50% Co4+ in low spin state (LS). Notable, IS Co3+ with t2g

5eg
1 

occupancy state is regarded to own optimal binding energy of 
oxygen-related intermediate species and therefor can powerfully 
promote its OER activity [32]. On account of the magnetic transition, 
electronic transport in Sr2Co2O5.5 is much easier with a small 
room-temperature electric resistivity of only 0.7 Ω·cm, 10,000 times 
less than Sr2Co2O5. Comprehension based on double-exchange 
mechanism is illustrated in Fig. 3(d), which has been widely applied 
to explain the relationship between magnetism and electric transport  

 
Figure 2 (a) XRD of the Sr2Co2O5 and Sr2Co2O5.5. HRTEM images of (b) Sr2Co2O5 and (c) Sr2Co2O5.5. Co K-edge (d) XAFS spectra, (e) EXAFS oscillation function

3 ( )k χ k  and (f) the corresponding Fourier transformations 3FT( ( )k χ k ) for Sr2Co2O5 and Sr2Co2O5.5; inset of (d): comparison of XANES spectra for Sr2Co2O5 and
Sr2Co2O5.5. 
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Figure 3 (a) Susceptibility curves at 500 Oe and (b) magnetization curves at 
300 K of Sr2Co2O5 and at 10 K of Sr2Co2O5.5. (c) Temperature-dependence 
resistivity of Sr2Co2O5 and Sr2Co2O5.5 from 250 to 350 K. (d) Scheme of spin 
regulation in Sr2Co2O5.5 and double-exchange mechanism of Co3+–O–Co4+. 

in perovskites [33, 34]. The combination of electronic configuration 
optimization and enhanced electronic transport promotes Sr2Co2O5.5 
to be an effective OER catalyst. 

The OER performance of Sr2Co2O5 and Sr2Co2O5.5 was tested in a 
standard three-electrode system with oxygen-saturated 0.1 M KOH 
aqueous solution as electrolyte. To further confirm the performance 
of our samples, one of the best perovskite OER catalysts, BSCF, was 
synthesized and utilized as a reference [35]. To highlight the intrinsic 
electrochemical catalysis performance, additive (e.g. acetylene black) 
was not used in any of our tests. Linear-scan voltammetry (LSV) 
was adopted for determining OER performance and iR-correction 
was utilized to eliminate potential error derived from solution 
resistance. The iR-corrected LSV results for all samples are shown 
in Fig. 4(a). Sr2Co2O5.5 exhibits an onset potential of 1.50 V vs. RHE, 
which is similar to 1.49 V of BSCF and much lower than 1.54 V of 
Sr2Co2O5. The current density reaches 1 mA/cm2 at an overpotential 
η of 347.3, 406.3 and 401.0 mV for Sr2Co2O5.5, Sr2Co2O5 and BSCF, 
respectively (Fig. S6 in the ESM). Figure 4(b) plots current density 
at special potentials. Outstanding performance of Sr2Co2O5.5 can be 
distinguished: 1.6 times, 5.1 times and 7.7 times enhanced current 
density than Sr2Co2O5 at 1.60, 1.65 and 1.70 V, respectively. Tafel 
slopes are plotted in Fig. 4(c) as significant performance criterion 
and to explore inner mechanism of the electrochemical pathway. As 
shown in Fig. 4(d), Sr2Co2O5.5 displays a much lower Tafel slope of 
47 mV/dec than BSCF of 99 mV/dec and Sr2Co2O5 of 61 mV/dec, 
which further highlighted the remarkable OER performance of 
Sr2Co2O5.5. The OER performance of Sr2Co2O5.5 is also comparable 
to the most reported OER catalysts as listed in Table S1 in the ESM. 
The much lower Tafel slope implies the determining step change 
from –OH absorption to O–OH formation, profiting from vast 
absorption sites providing luxuriant oxygen defects in Sr2Co2O5.5 
[36]. Besides, electrochemical impedance spectroscopy (EIS), as 
displayed in Fig. 4(d), was conducted to comprehend actual reaction 
kinetics. The equivalent circuit shown by Nyquist plots can be fitted 
to assembly of a solution resistance (Rs), a constant phase element 
(CPE), and a charge transfer resistance (Rct). All catalysts were tested 
in the same condition with similar Rs of about 40 Ω. Compared with 
Sr2Co2O5, Sr2Co2O5.5 reveals a dramatic reduced interfacial charge 
transfer resistance of only 30 Ω, indicating an accelerated charge 
transfer process on the interface between electrolyte and Sr2Co2O5.5 
catalyst. In hence, the advantageous OH absorption in pyramid 
CoO5 and fast electron transfer pathway in Sr2Co2O5.5 is responsible 
for the reduction of OER barriers [37]. To further verify Sr2Co2O5.5 

to be an outstanding OER catalyst, we also tested the stability at η = 
450 mV within 48 h and no obvious performance degradation is 
observed (shown in Fig. S7 in the ESM). Combined with polarization 
curves results, Tafel slope analysis and EIS fitting, we highlight 
the electrochemical OER performance of cubic phase Sr2Co2O5.5, 
benefitting from its charge transfer motorway and luxurious surficial 
active sites. 

To in-depth investigation of facilitated OER performance, we 
compared the HRTEM images of perovskite particles before and after 
the oxidation process. As shown in Fig. 5(a), Sr2Co2O5 obtained 
from high-temperature synthesis reveals clean surface with high 
crystalline quality. While Sr2Co2O5.5 displays crystalline core encapsulated 
by an apparent amorphous shell layer with a thickness of 4–5 nm, 
as shown in Fig. 5(b). To confirm the constituent of amorphous 
shell, the element distribution are imaged via EDS mapping (shown 
in Fig. S11 in the ESM). A loss of Sr near the surface of Sr2Co2O5.5 is 
found, suggesting the formation of amorphous shell is related with 
dissolution of Sr atoms. XPS Sr 3d spectra are then analyzed in detail 
to give solid evidence for Sr leaching in alkaline NaClO aqueous. As 
shown in Figs. 5(c) and 5(d), XPS Sr 3d spectra can be carefully fitted 
by two sets of XPS peaks, including high-energy surface Sr species 
and low-energy lattice Sr species [38]. After immersed in alkaline 

 
Figure 4 (a) IR-corrected polarization curves for Sr2Co2O5, Sr2Co2O5.5 and BSCF 
in 0.1 M KOH aqueous. (b) Column chart of comparison of current density at 1.60, 
1.65 and 1.70 V. (c) Tafel plots for Sr2Co2O5, Sr2Co2O5.5 and BSCF. (d) Electrochemical 
impedance spectra at 1.665 V with the equivalent circuit (inset). 

 
Figure 5 HRTEM images of (a) Sr2Co2O5 and (b) Sr2Co2O5.5. XPS Sr 3d spectra 
of (c) Sr2Co2O5 and (d) Sr2Co2O5.5. 
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NaClO aqueous, the intensity of surface Sr species falls markedly, 
verifying surficial Sr leaching and the formation of amorphous 
CoO(OH) layer [39]. As mentioned in previous literatures, the 
amorphous shell made up of CoO(OH) with proper thickness acts 
as active species in OER process [40–43], which can greatly reinforce 
electrochemical water oxidation performance on the surface of 
Sr2Co2O5.5.  

4 Conclusions 
In summary, we developed a ligancy engineering in strong-correlated 
perovskite oxide to synergistically modulate oxygen vacancy con-
centration, electric transport and eg electron arrangement by mild 
oxidation. The coordination structure of CoO4 tetrahedron in BM 
phase Sr2Co2O5 changes to CoO5 pyramid in Sr2Co2O5.5 brings about 
magnetic ground state changes from antiferromagnetic to ferromagnetic 
with dramatically boosted conductivity simultaneously. Moreover, 
alkaline oxidizing agent reconstructs the crystalline surface of catalysts 
to amorphous CoO(OH) active species, further promoting the OER 
performance. Combined with outstanding electric transport and 
active species formation, Sr2Co2O5.5 displays excellent OER perfor-
mance with low onset potential and small Tafel slope. We anticipate 
our work to be newfangled view for raising OER performance of 
strong-correlated oxides and comprehending the inner mechanism 
of OER process. 
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