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Abstract: Developing low-cost and highly efficient oxygen electrocatalysts for both oxygen 

evolution reaction (OER) and oxygen reduction reaction (ORR) has become one important issue 

recently due to the sluggish kinetics of these two reactions, which requires high overpotentials thus 

high energy input. Perovskite oxides have emerged as a new class of highly efficient non-precious 

metal catalysts for oxygen electrocatalysis in alkaline media. In this work, IrO2-incorporated 

La0.8Sr0.2MnO3 composite has been developed as a novel bifunctional oxygen electrocatalyst using 

polymer-assisted approach with subsequent wet impregnation-calcination method. Due to the 

synergistic effect between the high ORR activity of La0.8Sr0.2MnO3 and the good OER activity of 

IrO2 as well as the improved electrochemically active surface area, the electrocatalytic activities 

of the composite for both OER and ORR has been improved, compared with the pristine 

La0.8Sr0.2MnO3 (ΔE=1.043 V), resulting in its enhanced bifunctionality (ΔE=0.652 V) as oxygen 

catalysts in alkaline solution, which is also superior to the reported state-of-the-art electrocatalysts. 

The stability test shows that after 1000 cycles of cyclic voltammetry (CV), there is only 15 mV 

positive shift for achieving a current density of 10 mA cm-2 in OER and 17 mV negative shift to 

reach a current density of -1 mA cm-2 of ORR, which indicates the good stability of the 

electrocatalyst (5 wt% IrO2 incorporated La0.8Sr0.2MnO3) in alkaline solution. Our study not only 

reports a new composite material as a bifunctional oxygen electrocatalyst, but also opens a new 

avenue to develop novel perovskite oxide-based electrocatalysts with enhanced bifunctional 

electrocatalytic activities.

Keywords: IrO2-incorporated, La0.8Sr0.2MnO3, synergistic effect, bifunctional, oxygen catalysts

Page 2 of 25Inorganic Chemistry Frontiers



3

1. Introduction

       Increasing energy depletion of fossil fuels caused by economic development and the related 

human activities has caused more and more extensive research on developing innovative 

electrochemical energy storage and conversion devices, such as metal-air batteries1 and alkaline 

fuel cells,2, 3 which are capable of storing and converting electrical energy with much improved 

efficiency and low cost. The performance of these devices is dominantly governed by two oxygen 

electrocatalysis reactions in alkaline solutions, oxygen reduction reaction (ORR) at the cathode 

and oxygen evolution reaction (OER) at the anode. However, due to the sluggish kinetics of these 

reactions,4 the development or even commercialization of those electrochemical devices are still 

hindered even though catalysts have been introduced in order to reduce the overpotential of these 

reactions. The most active catalyst for ORR is Pt-based materials.5-7 However, they are not active 

for OER since the formation of Pt oxide on the surface8 at high potentials blocks their catalytic 

ability for OER. On the contrary, IrO2 has been reported as the most active catalyst for the OER9, 

10 due to its good electrical and ionic conductivities, but not effective for ORR. Besides, both Pt 

and IrO2-based materials belong to noble-metals which are very expensive2-4 and show poor 

activity11 during operation, prohibiting their large-scale applications. Therefore, development of 

alternative highly efficient non-noble metal catalysts with earth-abundant low-cost elements and 

bifunctionality for both ORR and OER is desperately required to replace the precious metal 

catalysts, which remain a challenge to widespread application of these electrochemical energy 

technologies. 

      Different materials, including transition metal oxides11, 12, carbon-based materials13, 14 with 

flexible structures have been extensively demonstrated as potential electrocatalysts for OER and 

ORR. However, carbon-based materials are not as stable as metal oxides, especially under 

oxidative environments.3 Thus, more and more research has been focused on non-noble metal 

Page 3 of 25 Inorganic Chemistry Frontiers



4

oxides development, especially mixed metal oxides, including spinel and perovskite oxides, since 

multiple redox-active metal ions can buffer the multi-electron process necessary for water 

oxidation.15 Among the metal oxides, perovskites are known as promising and competitive 

bifunctional catalysts for both ORR and OER, due to their high ionic/electronic conductivity, 

electrochemical stability as well as low cost.3, 16 Perovskites with a formula of ABO3, in which A 

sites are usually rare-earth or alkali metal ions and B sites are mostly transition metal ions, are 

composed of BO6 octahedra with A-site cations at the corner of the unit cell. This unique structure 

allows them to accommodate wide range of metal ions.17 Besides, their physi-chemical and 

catalytic properties can also be flexibly tuned through A/B site substitution or doping in a wide 

composition ranges,15, 17 which render them with a new formula of AaA’1-aBbB’1-bO3-x and exhibit 

intrinsic activities comparable to those precious metal-based catalysts. 

     Perovskites have been first proposed to be oxygen electrocatalysts in 1970,18 which was 

followed by subsequent wide exploration of different kinds of perovskite oxides for oxygen 

electrocatalytic behavior studies. Until now, several strategies have been developed to improve the 

electrocatalytic performance of perovskite oxides as oxygen electrocatalyst for either OER or ORR 

or even both reactions. Some researchers have introduced deficiency19, 20 or doping21 with new 

metal ions in A-site of perovskites, resulting in oxygen vacancy inside perovskites while other 

researchers have doped metal ions into the B-site11, 22, 23 of perovskite oxides to provide extra redox 

active sites. Besides, different perovskites with various particle size/morphology 21, 24 also have 

been synthesized with increased surface area and thus more active sites would be exposed to the 

catalytic reactions. Furthermore, another promising approach also has been contemplated recently 

through the incorporation of two metal oxides25-28 with different electrocatalytic activities for OER 

and ORR, especially combination of noble metal oxides with non-noble metal oxides29, 30 to 
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develop efficient composite electrocatalysts. It is widely accepted that the synergistic effect 

between the two metal oxides results in the enhanced electrocatalytic behavior.

       Manganite perovskites have been reported to exhibit high activity4, 16, 31 for ORR among 

perovskite oxides but have low intrinsic activity for OER while IrO2 is highly active OER catalyst 

with low activity for ORR. In this paper, we aim at increasing the electrocatalytic performance of 

La0.8Sr0.2MnO3 for both OER and ORR via incorporation of IrO2. First, La0.8Sr0.2MnO3 was 

synthesized using polymer-assisted approach11, 32 and IrO2 was introduced via wet impregnation-

calcination method. The electrochemical measurements in alkaline electrolyte indicate that IrO2-

incorporated La0.8Sr0.2MnO3 exhibit better electrochemical catalytic performance for both OER 

and ORR compared with pristine La0.8Sr0.2MnO3, resulting in improved bifunctionality as oxygen 

catalysts. To the best of our knowledge, it is the first time that we report the combination of IrO2 

with La0.8Sr0.2MnO3 perovskites produces a synergistic bifunctional catalytic effect for both OER 

and ORR, which opens a new avenue to design new catalyst system based on the perovskite oxides 

with enhanced bifunctional electrocatalytic behavior. 

2. Experimental section

2.1 Materials 

Poly(ethylenimine) (PEI) (50 % w/v in H2O), ethylenediaminetetraacetic acid (EDTA) (> 99.4 %), 

lanthanum nitrate (La(NO3)3·6H2O, 99.99 %), strontium nitrate (Sr(NO3)2, 99.995 %), manganese 

acetate tetrahydrate (Mn(Ac)2·4H2O, >99 %), iridium trichloride hydrate (IrCl3·xH2O), potassium 

hydroxide (KOH) and ammonium hydroxide solution (ACS reagent, 28.0-30.0 % NH3 basis) were 

purchased from Sigma-Aldrich. All chemicals were used as received without further purification.

2.2 Synthesis of La0.8Sr0.2MnO3 (denoted as LSM)

The synthetic process is the same as reported previously by our group.4 In detail, 2 g PEI and 1 g 

EDTA was dissolved in certain amount of deionized water to form a clear transparent metal-
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polymer complex solution. Then 0.8 mmol La(NO3)3·6H2O, 0.2 mmol Sr(NO3)2 and 1 mmol 

Mn(Ac)2·4H2O powders were added to the previous polymer precursor solution sequentially, 

which was further stirred for another 2 h until the powders were dissolved. Then the resultant 

solution was transferred to a crucible which was placed into a furnace. The furnace was set to a 

temperature of 650 oC with a ramp rate of 1 oC/min, which was kept at 650 oC for 3 h. LSM powder 

was collected when the furnace cooled down to room temperature. 

2.3 Synthesis of IrO2-incorporated La0.8Sr0.2MnO3

Certain amount of IrCl3·xH2O was dissolved in deionized water and stirred until dissolved to form 

a light-yellow solution. Then 50 mg LSM powder was added to the solution (ammonium hydroxide 

solution was used to adjust the pH value to be around 11). The solution was further stirred for 24 

h and transferred to a crucible which was heated to 500 oC with a ramp rate of 1 oC/min and kept 

in 500 oC for 4 h. The samples of 5 wt% IrO2-incorporated La0.8Sr0.2MnO3 and 10 wt% IrO2-

La0.8Sr0.2MnO3 are denoted as LSMI5 and LSMI10, respectively. 5 wt% refers that IrO2 occupies 

about five weight percent with reference to the total amount of LSM based on the original 

IrCl3·xH2O added to the precursor solution, assuming that all IrCl3·xH2O could be converted to 

IrO2.

2.4 Characterization

The structure and the composition of the samples were examined using X-ray diffraction (XRD). 

XRD was performed using a PANalytical Empyrean powder diffractometer with Cu Ka (λ=1.5406 

Å) at 45 kV and 40 mA. The particle size and the morphology of the materials was examined with 

transmission electron microscopy (TEM) on H-7650 instrument, (Hitachi High-Technologies 

Corp), which was analyzed at a voltage of 80 kV. The N2 adsorption and desorption measurement 

was used to study the surface areas of the samples by the Brunauer-Emmett-Teller (BET) method 

with a Micromeritics ASAP 2050 instrument operated at 77 K. X-ray photoelectron spectroscopy 
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(XPS) was used to investigate the surface composition of the samples, which was executed on a 

Thermo K-Alpha spectrometer equipped with a monochromatic Al kα X-ray source. Energy 

dispersive X-ray spectroscopy (EDS) with elemental mapping was used to examine the surface 

elemental composition, which was tested in a scanning electron microscopy (SEM) S-3400 N with 

incorporated energy dispersive x-ray microanalysis system (Noran system six 300, Thermo 

Electron Corp). High resolution TEM (HRTEM) was conducted on JEOL 3000 F with high 

resolution imaging. TGA test was performed on a thermogravimetric analyzer (TGA-Q500, TA 

Instruments, New Castle, DE) using platinum pans under O2 atmosphere with a heating rate of 10 

oC/min to 900 oC.

2.5 Electrochemical measurements

The electrocatalytic measurements were studied using a standard three-electrode electrochemical 

cell with a rotating disk connected to a potentiostat instrument (CHI 760C) in a 0.1 mol L-1 KOH 

solution at room temperature. The three-electrode cell consists of platinum (Pt) coil as the counter 

electrode, Ag(s)|AgCl(s) (3.5 mol L-1 KCl) as reference electrode and the products loaded on the 

glassy carbon as the working electrode. A KCl agar–agar salt bridge was used between the cell 

and the reference electrode. The as-prepared metal oxide powder (5 mg) was dispersed in 1 mL 

H2O with 0.05 wt % diluted Nafion®117 solution to form the catalyst ink and sonicated for around 

30 mins while no conductive carbon/acetylene black was mixed with the catalyst, which is 

different from other reported work.33 Since it has been reported that there is thin layer of carbon 

coating remaining on the surface of the perovskites due to the incomplete decomposition of 

polymer when the metal-polymer precursor solution is heated at lower temperature.31, 34 Further, 

the existence of carbon in the as-prepared La0.8Sr0.2MnO3 also has been confirmed with the TGA 

test (shown in Figure S1).35, 36 For comparison, we also prepared the catalyst ink by mixing 5 mg 

5wt% IrO2-La0.8Sr0.2MnO3 (LSMI5) catalyst with 5 mg carbon black,33 which was also dispersed 

Page 7 of 25 Inorganic Chemistry Frontiers



8

in 1 mL 0.05 wt% Nafion®117 aqueous solution and sonicated for several minutes to form uniform 

slurry. The working electrode was prepared by loading 10 µL catalyst ink onto the glassy carbon 

(5 mm diameter) rotating disk electrode (RDE), which was dried in air for 30 mins. Linear sweep 

scan curves for OER were performed at 1600 rpm in 0.1 mol L-1 KOH solution from 0-1 V vs 

Ag/AgCl at a scan speed of 10 mV s-1. The ORR test was carried out in O2-saturated electrolyte at 

different rotation speeds from -0.8-0.2 V with the same scan rate as OER. The electrochemical 

impedance spectra (EIS) were tested at 0.8 V vs Ag(s)|AgCl(s) (3.5 mol L-1 KCl) with frequencies 

ranging from 100 kHz to 0.1 Hz with an amplitude of 5 mV. The obtained potential values vs 

Ag/AgCl were converted to the reversible hydrogen electrode (RHE) based on the Nernst Equation 

(1) and corrected by iR compensation according to equation (2)

        (1)/0.197 0.059RHE Ag AgCl electrolyteE E pH   

                                                        (2)iRcorrectedE E iR 

where ‘i’ is the measured current density and ‘R’ the ohmic resistance of electrolyte solution, 

which was measured by AC Impedance in 0.1 mol L-1 KOH aqueous solution. 

The ORR mechanism can be further examined using the Koutecky−Levich (K-L) equation, which 

is labeled as equation (3). 

    (3)
2

0 2/3 1/ 6 0 1/ 2

1 1 1 1 1
0.62k L OJ J J nFkC nFD C    

Where J, Jk and JL are the disk current density, the kinetic and the film diffusion-limiting current 

density, respectively. Besides, n is the number of electrons transferred in the ORR process, F is 

the Faraday constant (96500 C mol-1), C0 is the saturated concentration of oxygen in 0.1 mol L-1 

KOH, ω is the rotating rate (rad s-1), DO2 is the oxygen diffusion coefficient (1.73×10-5 cm2 s-1)33, 
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ν is the kinetic viscosity of the electrolyte solution (0.01cm2 s-1) and k is the rate constant for ORR. 

The number of electron transfer can be calculated based on this K-L plot. 

3. Results and discussion

Figure 1. The XRD patterns of the pristine La0.8Sr0.2MnO3 (LSM), 5 wt% IrO2-incorporated 
La0.8Sr0.2MnO3, (LSMI5) and 10 wt% IrO2-La0.8Sr0.2MnO3, (LSMI10). 

       X-ray diffraction (XRD) was used to examine the composition and crystal structure of the as-

prepared materials, including the pristine La0.8Sr0.2MnO3 and both 5 wt% and 10 wt% IrO2-

incorporated La0.8Sr0.2MnO3, as shown in Figure 1, in which the vertical lines are the peak 

positions from the standard JSPDS card (No. 53-0058). Compared with the standard card, all the 

diffraction peaks of the pristine La0.8Sr0.2MnO3 could be indexed to a rhombohedral phase. No 

extra peaks corresponding to metallic phases were detected from the pristine La0.8Sr0.2MnO3, 

which means that the samples are pure rhombohedral phase perovskites. It was also observed that 

even with the incorporation IrO2, no obvious diffraction peaks from IrO2 appeared in both IrO2-

incorporated La0.8Sr0.2MnO3 samples, which might be ascribed to the very small amount of IrO2 in 

the composites, which is similar to the previous report,27 since for 5 wt% IrO2-La0.8Sr0.2MnO3 
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material, Iridium element accounts for a very small amount (0.40 mol%) of the entire sample as 

determined semi-quantitatively by the Energy dispersive x-ray spectroscopy (EDS) analysis. 

Furthermore, the XRD peaks of IrO2-incorporated La0.8Sr0.2MnO3 at the position of 2Ɵ around 47o 

show slight shift to higher diffraction angles (Figure S2), which excludes the possibility that Ir 

goes into the Mn site in La0.8Sr0.2MnO3 since the radius of Ir4+ (76 pm) is larger than that of Mn3+ 

(72 pm),31 which will cause the lattice expansion, resulting in XRD peaks shift to lower angles. 

       Figure 2a shows the TEM image of the 5 wt% IrO2-La0.8Sr0.2MnO3, from which we can see 

its particle size ranges from 20-80 nm. However, we cannot distinguish the IrO2 nanoparticles from 

La0.8Sr0.2MnO3 in the low magnification TEM, which might be due to the similar contrast of the 

particles under electron beam radiation. While in the HRTEM images, there are two different 

lattice diffraction fringes inside the composite, which are measured to be 0.277 nm and 0.315 nm, 

corresponding to the d-spacing of (110) plane of La0.8Sr0.2MnO3
4 and (110) plane of IrO2,30 

respectively, which indicates the existence of IrO2 inside the composite. EDS was also carried out 

to analyze the chemical elemental composition in the as-prepared electrocatalysts. As shown in 

Figure 2c-h, it is confirmed by the EDS mapping and the corresponding spectroscopy that Iridium 

(Ir), Lanthanum (La), Strontium (Sr) and Manganese (Mn) distribute homogeneously in 5 wt% 

IrO2-La0.8Sr0.2MnO3, while for the pristine La0.8Sr0.2MnO3, no Iridium was observed and only La, 

Sr and Mn were detected on the surface of the sample (Figure S3). Besides, there is only one lattice 

fringe (d=0.276 nm) in the HRTEM image (Figure S3b), which agrees well with the (110) 

interplanar spacing of the La0.8Sr0.2MnO3.37 In addition, surface area is also an important parameter 

to characterize the catalysts. It is generally accepted that catalysts with high surface area will 

expose more active sites to the reactants, leading to higher reaction rate and thus better 

electrocatalytic performance. Thus, BET test was employed to measure the surface areas of the as-
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prepared perovskite oxides composite. As shown in Figure S4, the specific surface area of the 

pristine La0.8Sr0.2MnO3 is 19.2 m2/g while the surface areas of 5 wt% IrO2-La0.8Sr0.2MnO3 and 10 

wt% IrO2-La0.8Sr0.2MnO3 are 23.3 and 20.7 m2/g, respectively. The trend of the surface areas with 

the IrO2 incorporation is consistent with previous reports.30, 38 This increased surface area of the 

IrO2 incorporated La0.8Sr0.2MnO3 indicates that more active sites can be exposed to contact with 

the reactants and thus faster reaction rate and better electrocatalytic performance compared to the 

pristine La0.8Sr0.2MnO3. 

Figure 2. TEM (a) and HRTEM (b) images of 5 wt% IrO2-La0.8Sr0.2MnO3; SEM image (h) with 
the corresponding EDS mapping of (c) La, (d) Sr, (e) Mn, (f) Ir and (g) EDS spectrum of the same 
5 wt% IrO2-La0.8Sr0.2MnO3. 
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  X-ray photoelectron spectroscopy (XPS) can also be used to investigate the elemental 

composition on the surface of the samples. The presence of IrO2 in the 5 wt% IrO2-La0.8Sr0.2MnO3 

composite could be further confirmed using XPS. The entire XPS survey scan is shown in Figure 

S5, if we compare the scan spectroscopy of the 5 wt% IrO2-La0.8Sr0.2MnO3 to the pristine 

La0.8Sr0.2MnO3, several extra peaks appeared in the 5 wt% IrO2-La0.8Sr0.2MnO3, which can be 

assigned to different Iridium peaks.30 Especially the characteristic peak Ir 4f located at around 60-

70 eV, is absent in the pristine La0.8Sr0.2MnO3 (Figure 3a). The peak located at around 61.81 eV 

corresponds to the binding energy of Ir 4f7/2 in IrO2 while the peak with a binding energy of 64.71 

eV can be attributed to Iridium 4f5/2 of IrO2, which are consistent with the previous reports.39 When 

we enlarge the region from 40-80 eV, indicated in Figure 3b, Ir 4f7/2 could be further deconvoluted 

into two peaks located at 62.3 and 61.81 eV, which can be assigned to Ir3+ and Ir4+ (IrO2), 

respectively,30, 40 consistent with the previous report that even commercial IrO2 contains certain 

amount of Ir3+ at the outlayer.40 Based on the above characterization and analysis results, it can be 

concluded that IrO2 has been successfully incorporated into La0.8Sr0.2MnO3 sample. 

Figure 3. (a) XPS spectra comparison (40-80 eV region) for the pristine La0.8Sr0.2MnO3 and 5 wt% 
IrO2-La0.8Sr0.2MnO3 from the survey scan and (b) representative fitting for Ir4f spectra in IrO2 for 
5 wt% IrO2-La0.8Sr0.2MnO3. 
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       The electrocatalytic behavior of the as-prepared three materials for oxygen reduction reaction 

(ORR) have been examined in O2-saturated 0.1 mol L-1 KOH solution using linear sweep 

voltammetry (LSV) technique with RDE. Figure S6 shows the LSV polarization curves of the 

pristine La0.8Sr0.2MnO3, 5 wt% IrO2-La0.8Sr0.2MnO3 and 10 wt% IrO2-La0.8Sr0.2MnO3 in O2-

saturated 0.1 mol L-1 KOH with a scan rate of 10 mV s-1 under four different rotation rates (100, 

400, 900 and 1600 rpm). The current density increases gradually with the increased rotation rates.  

The current densities comparison of ORR for the as-prepared materials at a rotation rate of 1600 

rpm are displayed in Figure 4a. It is clear that the IrO2-incorporated La0.8Sr0.2MnO3 shows larger 

current density than the pure La0.8Sr0.2MnO3. The higher current density shows the superior ORR 

electrocatalytic performance of the IrO2-incorporated La0.8Sr0.2MnO3. The diffusion limiting 

current densities of the pristine La0.8Sr0.2MnO3 and (5 wt% and 10 wt%) IrO2-La0.8Sr0.2MnO3 are 

4.2, 5.2 and 5.8 mA cm-2, respectively, which can further confirm the better ORR electrocatalytic 

performance of the IrO2-La0.8Sr0.2MnO3. To compare the performance of the as-prepared 

perovskites with/without extra conductive carbon, the ORR performance of the pure LMSI5 and 

LSMI5+carbon black also has been conducted and performance comparison between them is 

displayed in Figure S7(a). It can be seen that when we introduced extra carbon black into the 

electrocatalyst, there is only very slight increase in current densities of the LSV for ORR, which 

might be due to the increased conductivity of the materials due to the addition of extra carbon. 

This slight increase in the current density also indicates that the conductivity of our sample 

prepared using polymer-assisted method is good enough to be used as electrocatalyst directly 

without adding extra carbon in order to avoid the complicated procedures. This is further 

confirmed from the OER performance comparison among the LSMI5 and LSMI5+carbon black, 

Page 13 of 25 Inorganic Chemistry Frontiers



14

shown in Figure S7 (b), which also showed slight current density increase in OER of 

LSMI5+carbon black compared with the pristine LSMI5. 

Figure 4. (a) ORR polarization curves of three samples: La0.8Sr0.2MnO3 (LSM), 5 wt% IrO2-
La0.8Sr0.2MnO3 (LSMI5) and 10 wt%-La0.8Sr0.2MnO3 (LSMI10) with a rotating speed of 1600 rpm; 
(b) Koutecky-Levich plots of three samples at 0.4 V vs RHE derived from the ORR results at 
Figure S3; (c) the electron transfer number and the kinetic current density of the samples at 0.4 V 
vs RHE; and (d) Tafel plots for the as-prepared samples.

       In order to study the electrocatalytic behavior and kinetic process in the ORR of the as-

prepared catalysts, Koutecky-Levich (K-L) plots have been derived from the LSV polarization 

curves (Figure S3), which show a first-order relationship between  and . The number (n) 1J  1/ 2

of electron transfer in ORR at 0.4 V (vs RHE) calculated using the slope of the K-L plots (Figure 

4b) is approximately 3.98, 3.95 and 3.93 for the pristine La0.2Sr0.8MnO3 and 5 wt%, 10 wt% IrO2-
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incorported La0.8Sr0.2MnO3, respectively, which are indicated in Figure 4c. It is generally accepted 

that when the ORR follows a four-electron transfer reaction (O2 + H2O + 4e- = 4OH-), the n value 

is expected to be four. Therefore, the estimated n values of the as-prepared materials, which are 

all close to four, indicate that four-electron transfer pathway dominates in the ORR reactions of 

the catalysts rather than formation of the intermediate species of HO2
-.33 Besides, the kinetic 

current density (Figure 4c) of the catalysts can also be extrapolated from the K-L plots. Combined 

with Tafel plots in Figure 4d, more information regarding the ORR reaction rate of the catalysts 

can be obtained. The increased  and the decreased Tafel slope in the sequence of 5 wt% IrO2-kJ

La0.8Sr0.2MnO3, 10 wt % IrO2-La0.8Sr0.2MnO3 and La0.8Sr0.2MnO3 can indicate faster ORR reaction 

rate, which further reflects the enhanced ORR performance with IrO2 incorporation.

      Based on the above analysis, conclusion that can be reached is IrO2-incorporated 

La0.8Sr0.2MnO3 composites showed superior ORR electrocatalytic performance compared with the 

pristine La0.8Sr0.2MnO3. Besides, 5 wt% IrO2-La0.8Sr0.2MnO3 showed slightly better ORR catalytic 

performance than 10 wt% IrO2-La0.8Sr0.2MnO3. The enhanced electrocatalytic performance of 

IrO2-incorporated La0.8Sr0.2MnO3 might be due to the synergistic effect between the good OER 

performance of IrO2 and high ORR catalytic activity of La0.8Sr0.2MnO3. However, too much (10 

wt%) IrO2-La0.8Sr0.2MnO3 might result in less synergistic effect as well as reduced conductivity of 

the mixed metal oxide composites, which leads to the reduced electrocatalytic performance 

compared with 5 wt% IrO2-La0.8Sr0.2MnO3, as reported in literatures for IrO2-TiO2 and IrO2-MoO3 

composites.29, 30, 38
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Figure 5. (a) OER polarization curves for three samples: the pristine La0.8Sr0.2MnO3 and the IrO2 
(5 wt% and 10 wt%) incorporated La0.8Sr0.2MnO3 in 0.1 mol L-1 KOH solution; (b) Tafel plots of 
the three samples; (c) Mass activity of the three samples at 1.53 V vs RHE; (d) Overpotential @ 
10 mA cm-2 comparison of the pristine and two (5 wt% and 10 wt%) IrO2-incorporated 
La0.8Sr0.2MnO3; (e) Nyquist plots of the three samples at 1.76 V vs RHE with an amplitude of 5 
mV with the equivalent electrical circuit inserted; and (f) Bifunctional catalytic activity 
comparison for both OER and ORR of the three samples: the pristine La0.8Sr0.2MnO3 and the IrO2 
(5 wt% and 10 wt%)-incorporated La0.8Sr0.2MnO3. 

       To evaluate the bifunctionality of the as-prepared materials as oxygen electrocatalysts for both 

OER and ORR, OER polarization curves were tested in 0.1 mol L-1 KOH solution at a scan rate of 

10 mV s-1. The onset potential (potential at which the evolution is started or the current density 

starts increasing)41 is an important parameter to compare the OER performance of the 

electrocatalysts. As shown in Figure 5a, 5 wt% IrO2- La0.8Sr0.2MnO3 exhibits lower onset potential 

(1.44 V vs RHE) and larger catalytic current density than that of the 10 wt% IrO2-La0.8Sr0.2MnO3 

(1.45 V vs RHE) and the pristine La0.8Sr0.2MnO3 (1.60 V vs RHE), indicating better OER 

performance with the IrO2 incorporation. It is also noted that 5 wt% IrO2-La0.8Sr0.2MnO3 has better 
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performance than the pristine pure La0.8Sr0.2MnO3 while when the IrO2/La0.8Sr0.2MnO3 weight ratio 

has increased to 10 wt%, the OER current density decreased a little compared with 5 wt% IrO2-

La0.8Sr0.2MnO3, even though still showed superior performance than the pristine pure 

La0.8Sr0.2MnO3. This phenomenon may be attributed to the synergistic effect between the two 

materials while too much IrO2 existing in the mixture of IrO2/La0.8Sr0.2MnO3 might lead to less 

synergistic effect and conductivity29, 30 of the metal oxides composites. It might also be due to the 

decreased surface area of the 10 wt% incorporated La0.8Sr0.2MnO3 compared with 5 wt% IrO2-

La0.8Sr0.2MnO3, which is consistent with previously reported work.30, 38 In addition, the enhanced 

electron transfer due to the establishment of good conductive network among the interface between 

IrO2 and La0.8Sr0.2MnO3 is also believed to be responsible for the better OER catalytic performance 

of 5 wt% IrO2-La0.8Sr0.2MnO3.30, 42 

      Furthermore, EJ10 (the potential to achieve the current density of 10 mA cm-2) has also been 

compared among the catalysts (Figure 5a). 5 wt% IrO2-La0.8Sr0.2MnO3 can achieve this current 

density at about 1.506 V (vs RHE), lower than both the 10 wt% IrO2-La0.8Sr0.2MnO3 (1.521 V vs 

RHE) and the La0.8Sr0.2MnO3 (1.86 V vs RHE), which suggests that 5 wt% IrO2-La0.8Sr0.2MnO3 

shows the best OER electrocatalytic performance among the three materials. Besides, EJ10 of 5 

wt% IrO2-La0.8Sr0.2MnO3 is even lower than the pure IrO2 (Table 1), as reported before.30 In 

addition to the synergistic effect among IrO2 and La0.8Sr0.2MnO3, the improved electrocatalytic 

activity of LSMI5 compared to the pure IrO2 might be also due to the stabilization of small IrO2 

particles on La0.8Sr0.2MnO3 and the associated particle-support interactions between IrO2 and 

La0.8Sr0.2MnO3,29 the increased specific surface area (Figure S6) and ECSA (Figure 6) as well as 

the interfacial effect among IrO2 and La0.8Sr0.2MnO3, which can facilitate the electron 

transportation,30 leading to better electrocatalytic performance. Furthermore, the Tafel slope 
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(Figure 5b) of 5 wt% IrO2-La0.8Sr0.2MnO3 is much smaller (42.8 mV dec-1) than both the 10 wt% 

IrO2-La0.8Sr0.2MnO3 (51.2 mV dec-1) and the pristine La0.8Sr0.2MnO3 (164.5 mV dec-1), also 

indicating faster OER rate. The mass activity (Figure 5c) of each catalyst at 1.53 V vs RHE can be 

obtained by normalizing the OER current with the catalyst loading, the trend of which is consistent 

with the OER activities. 

       The overpotential η at a current density of 10 mA cm-2 (Figure 5d) is a widely used indicator 

to evaluate the electrocatalytic performance of perovskite oxides.43 Obviously, a lower 

overpotential is obtained for the 5 wt% and 10 wt% IrO2-La0.8Sr0.2MnO3 (275 and 291 mV) than 

that for the pristine La0.8Sr0.2MnO3 (639 mV). 5 wt% IrO2-La0.8Sr0.2MnO3 exhibits much smaller 

overpotential than the reported perovskite oxide electrocatalysts19 and showed the best OER 

activity among the three samples, consistent with the previous analysis above. Finally, the 

electrochemical impedance spectroscopy (EIS) (Figure 5e) of the as-prepared catalysts were also 

performed and the equivalent circuit of the EIS is inserted. Rct is the charge transfer resistance, Rs 

stands for the solution resistance and Cdl is the constant phase element. IrO2-incorporated 

La0.8Sr0.2MnO3 composites have smaller semicircle radius and charge transfer resistance Rct (8.64 

Ω for 5 wt% IrO2-La0.8Sr0.2MnO3) than the pristine La0.8Sr0.2MnO3 (101.6 Ω), which suggests 

higher charge-transfer ability and thus faster catalytic rate, consistent with the OER results (Figure 

5a).

     The total overpotential (ΔE = EJ10-EJ-1) between EJ10 (the potential at 10 mA cm-2 for OER) and 

EJ-1 (potential at -1 mA cm-2 for ORR) can be regarded as the indicator to evaluate the 

bifunctionality of the catalysts. It is generally accepted that smaller ΔE indicates higher 

bifunctional electrocatalytic activity. The bifunctional performance of 5 wt% IrO2-La0.8Sr0.2MnO3 

is superior to that of both 10 wt% IrO2-La0.8Sr0.2MnO3 and La0.8Sr0.2MnO3 based on the ΔE values 
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obtained from Figure 5f, which are 0.652, 0.677 and 1.043 V, respectively. The ΔE value of IrO2-

incorporated La0.8Sr0.2MnO3 indicates that the incorporation of IrO2 can indeed enhance the 

bifunctionality of the catalysts due to the synergistic effect between the two materials. Besides, the 

ΔE value is much smaller than the reported state-of-the-art electrocatalysts (Table 1), including 

both perovskites, Pt/C and IrO2, which indicates that superior bifunctional performance of the IrO2-

incorporated La0.8Sr0.2MnO3.

Table 1. The bifunctional electrocatalytic activity comparison between the pristine and IrO2-
incorporated La0.8Sr0.2MnO3 catalysts and the reported noble-metal/perovskite-based catalysts. All 
the tests for the catalysts were conducted in 0.1 mol L-1 KOH solution. 

       Besides the synergistic effect among IrO2 and La0.8Sr0.2MnO3, it is believed that the 

electrochemically active surface area (ECSA) of the as-synthesized electrocatalysts are also 

responsible for the improved performance of the IrO2-incorporated La0.8Sr0.2MnO3. Therefore, the 

ECSA of electrocatalysts can be assessed using the double layer capacitance, which is widely 

adopted.11, 19 The double layer capacitance could be obtained by measuring cyclic voltammetry 

(CV) at different scan rates in the non-faradaic region, which are demonstrated in Figure 6. By 

Electrocatalysts Scan rate EORR@-1mA cm-2/V EOER@10mA cm-2/V  ΔE (V, EORR-EOER)      Reference

         La0.8Sr0.2MnO3 10 mV s-1    0.825 vs RHE       1.869 vs RHE              1.043 This work

La0.8Sr0.2MnO3-
5 wt% IrO2

10 mV s-1    0.854 vs RHE   1.506 vs RHE              0.652 This work

La0.8Sr0.2MnO3-
10 wt% IrO2

10 mV s-1    0.844 vs RHE   1.521 vs RHE              0.677 This work

         LaCo0.5Ni0.5O3 10 mV s-1 -0.22 vs Ag/AgCl 0.66 vs Ag/AgCl              0.88 11

             La0.95FeO3 10 mV s-1    0.58 vs RHE   1.64 vs RHE              1.06 20

La0.6Sr0.4CoO3-δ  5 mV s-1 -0.196 vs Hg/HgO 0.921vs Hg/HgO              1.12 44

         La0.8Sr0.2MnO3 10 mV s-1  -0.13 vs Ag/AgCl 0.95 vs Ag/AgCl              1.08 31

(La0.8Sr0.2)0.95Mn0.95Ir0.05O3 10 mV s-1  -0.1 vs Ag/AgCl 0.71 vs Ag/AgCl              0.81 31

BaTiO3  5 mV s-1    0.72 vs RHE   1.90 vs RHE              1.18 45

LaNiO3-Fe2O3 10 mV s-1    0.71 vs RHE   1.65 vs RHE              0.94 27

                Pt/C 10 mV s-1    0.97 vs RHE   2.19 vs RHE              1.22 46

                IrO2 10 mV s-1    0.38 vs RHE   1.70 vs RHE 1.32 46
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plotting the capacitive current densities as a function of the scan rates, nearly linear curves (Figure 

6d) could be obtained, the slope of which represents the double layer capacitance, which could 

further indicate the ECSA since it is challenging to obtain the accurate ECSA values for materials 

with multi-composites.46 The capacitance of 5 wt% IrO2-La0.8Sr0.2MnO3 obtained from Figure 6d 

is 10.562 mF cm-2, larger than that of 10 wt% IrO2-La0.8Sr0.2MnO3 (6.4136mF cm-2) as well as the 

pristine La0.8Sr0.2MnO3 (2.1135 mF cm-2). Therefore, 5 wt% IrO2-La0.8Sr0.2MnO3 exhibits the 

largest ECSA and thus best OER catalytic activity towards water splitting among the three 

materials since a high number of active sites would be exposed to electrolyte for electrocatalysis, 

which is in good agreement with the electrocatalytic experimental results discussed above. 
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Figure 6. Double-layer capacitance measurements for determining electrochemically active 
surface area for the as-prepared catalysts: (a) La0.8Sr0.2MnO3, (b) 5 wt% IrO2-La0.8Sr0.2MnO3, (c) 
10 wt% IrO2-La0.8Sr0.2MnO3 using cyclic voltammetry in 0.1 mol L-1 KOH aqueous solution in a 
non-Faradaic region at different scan rates as indicated; and (d) The cathodic charging currents 
measured at 1.45 V vs RHE as a function of scan rates. 

Figure 7. Stability test of 5 wt% IrO2-La0.8Sr0.2MnO3. LSVs of OER (a) and ORR (b) tested in 
O2-saturated 0.1 mol L-1 KOH solution before and after 1000 cycles at a sweep rate of 10 mV s-1 
with a rotation speed of 1600 rpm.

       Stability is an important parameter to evaluate the practical applicability of the electrocatalysts. 

To examine the stability of the 5 wt% IrO2-La0.8Sr0.2MnO3, continuous cycling voltammetry scans 

between 0.1-1.9 V (vs. RHE) in 0.1 mol L-1 KOH at a scan rate of 10 mV s-1 have been conducted 

for 1000 cycles and the LSVs of the electrocatalysts have been measured before and after the 

cycles. Compared with the initial LSV scan, the potential (Figure 7) to achieve 10 mA cm-2 for 

OER after 1000 cycles shifted about 15 mV to the higher voltage and 17 mV negative shift 

appeared to reach -1 mA cm-2 for ORR. This indicates the good durability of 5 wt% IrO2-

La0.8Sr0.2MnO3 in alkaline solution. The stability test (Figure S8) for La0.8Sr0.2MnO3 and 10 wt% 

IrO2-La0.8Sr0.2MnO3 were also conducted and showed comparatively high stability, which implies 

that the as-prepared materials have the potential to be candidates as oxygen catalysts in fuel cell 

or metal-air batteries.
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4. Conclusion

       In summary, a novel composite electrocatalyst IrO2-incorporated La0.8Sr0.2MnO3 has been 

proposed and synthesized for the first time to the best of our knowledge to be bifunctional oxygen 

electrocatalyst. Compared with the pristine La0.8Sr0.2MnO3, the bifunctional oxygen 

electrocatalytic performance could be enhanced with the incorporation of IrO2, which might be 

due to the synergistic effect between the good OER performance of pure IrO2 and the ORR 

electrocatalytic activity of La0.8Sr0.2MnO3 as well as the increased ECSA of the electrocatalysts. 

The bifunctionality of the composites is comparable or even better than the current state-of-the-art 

electrocatalysts reported recently. Besides, the new electrocatalysts also showed comparatively 

high stability under alkaline medium (15 mV positive shift for achieving 10 mA cm-2 for OER and 

17 mV negative shift to reach -1 mA cm-2 in ORR for 5 wt% incorporated La0.8Sr0.2MnO3), which 

indicates their potential applications in both fuel cells and metal-oxygen batteries. Our study not 

only introduces a new composite material as bifunctional oxygen electrocatalyst for both OER and 

ORR but also opens a new way to enhance the electrocatalytic activity of perovskite metal oxides.
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