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Abstract 

Energy storage and conversion devices, such as fuel cells, metal-air batteries (MABs) and water 

electrolyzers, provide significant approaches for renewable energy storage, which address the 

challenge of intermittent generation from renewable energy system. However, the practical 

application of fuel cells and/or MABs is often hampered by the sluggish kinetics of oxygen 

reduction reaction (ORR) and/or oxygen evolution reaction (OER). The development of efficient, 

stable and low-cost oxygen electrocatalysts is critical to realize the practically viable 

electrochemical devices, and to advance those sustainable technologies. So far, noble-metals-based 

electrocatalysts, such as Pt, Ir, Ru, have been exclusively used as electrochemical catalysts in 

oxygen reaction and hydrogen reaction. Although the precious metal-based-electrocatalyst 

demonstrated remarkable catalytic activities, their high cost and limited availability have impeded 

their practical application.  

For transition metal oxides to become more competitive oxygen reduction reaction (ORR) 

catalysts, substantial progress is required to advance their enhanced catalytic activity and durability. 

I demonstrated a novel method to fabricate high-performance perovskite electrocatalyst via 

combining nano architecture designs, internal structures engineering, and Ag nanoparticles (NPs) 

in situ exsolution. The synthesized Ag-(PrBa)0.95Mn2O5 (Ag-PBMO5) catalyst exhibits favorable 

ORR catalytic activity in terms of overpotential (Eonset ~ 0.92 V vs RHE and E1/2 ~ 0.81 V vs RHE), 

and outperforms the Pt/C with respect to durability. Several characterization techniques, including 

transmission electron microscopy (TEM), X-ray energy dispersive spectroscopy (EDX), X-ray 

photoelectron spectroscopy (XPS) etc., were applied alongside density functional theory 

calculations to understand the possible active sites and the synergistic coupling effects that 
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contributed to the high ORR performance. The introduction of a secondary electrocatalyst (Ag 

NPs) through in situ exsolution leads to significant ligand effect and facilitates electron transfer 

and ion migration within the oxygen reduction reaction. 

Inspired by the optimal performance achieved on perovskite oxides with multicomponent and 

sufficient active centers through in-situ exsolution, further effort was made towards this direction 

in developing cobalt phosphide - PrBa0.5Sr0.5Co1.5Fe0.50O5+δ (CoP-PBSCF).  The CoP-PBSCF was 

successfully prepared via an in-situ exsolution and post phosphatization process. The integration 

of CoP and perovskite oxides endowed synergistically active sites, which subsequently contributed 

to extended functionalities and better activities. The CoP-PBSCF demonstrates a significantly 

enhanced trifunctional electrocatalytic activity towards ORR/OER and hydrogen evolution 

reaction (HER). The as-synthesized multifunctional electrocatalysts have been successfully 

applied for the application of both Zn-air batteries and overall water splitting. 

Besides non-stoichiometric perovskite oxides, other alternative oxygen electrocatalysts could be 

spinel oxides. Ultrafine sub-10 nm MnFe2O4 crystals were grown on the ultrathin NiCo2O4 

nanosheets, leading to a highly effective surface area and a strong cooperative effect. The distinct 

architecture and complex composition afford an excellent bifunctional oxygen electrocatalytic 

activity in alkaline condition. The practical rechargeable Zn-air battery with the resulting hybrid 

(MnFe2O4/NiCo2O4) electrocatalyst demonstrates a high round-trip efficiency (a low discharge-

charge voltage gap of 0.81 V at a reversible current density of 10 mA cm-2) and an outstanding 

durability, which outperforms the commercial bifunctional Pt/Ru/C electrocatalyst. This work 

holds the promise to open a new possibility in designing novel transition metal based bifunctional 

catalysts as the alternatives to the noble metals for the application in energy related devices.  
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Preface 

This thesis is an original work by Yaqian Zhang (Y. Q. Zhang) under the supervision of Dr. Jing-

Li Luo (Luo, J-L.). 

Chapter 1 is the introduction that contains the background knowledge and principles of 

electrochemical oxygen reduction/evolution at room and elevated temperatures. 

Chapter 2 covers the literature survey of oxygen electrocatalysts for electrochemical storage and 

conversion based on the previous studies. 

Chapter 3 briefly introduces the employed methodologies and characterizations. 

Chapter 4 of this thesis has been published as Y. Q. Zhang, H. B. Tao, J. Liu, Y. F. Sun, J. Chen, 

B. Hua, T. Thundat, J. L. Luo, A rational design for enhanced oxygen reduction: Strongly coupled 

silver nanoparticles and engineered perovskite nanofibers. Nano Energy 38 (2017) 392−400.   

Chapter 5 of this thesis is to be submitted to Advanced Energy Materials for publication as Y. Q. 

Zhang, H. B. Tao, J. L. Luo, In situ growth of CoP nanoparticles on perovskite oxide nanofibers 

as an optimized trifunctional electrocatalysts in alkaline condition.  

Chapter 6 of this thesis has been published as Y. Q. Zhang, M. Li, B. Hua, Y. Wang, Y. F. Sun, J. 

L. Luo, A strongly cooperative spinel nanohybrid as an efficient bifunctional oxygen 

electrocatalyst for oxygen reduction reaction and oxygen evolution reaction. Appl. Catal., B. 236 

(2018) 413−419.   

Chapter 7 of the thesis includes the summary and future prospects. 
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catalyst of oxygen reduction reaction for room and elevated temperature applications. Adv Funct. 

Mater. 26 (2016) 4106. 

Chapter 4, 5, 6 and Appendix I are my original work. I was responsible for designing and 

conducting all the experiments, data collection, data analysis, as well as writing the manuscripts.  

Appendix II summarizes the research work conducted in collaboration with Dr. B. Hua in our 

group. Dr. B. Hua performed the material selections and all the electrochemical test and analysis 

at elevated temperature. I was responsible for material synthesis and all the electrochemical tests 

at room temperature. 

For the above work, H. B. Tao worked on the DFT simulation part. Dr. J. Liu and Dr. T. Thundat 

provided valuable instruction and discussion on electrospinning fabrication. Y. Wang was the 
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Chapter 1. Introduction 

In the Fifth Assessment Report from the Intergovernmental Panel on Climate Change, significant 

increase of total greenhouse gas (GHG) emission has been stated from the year of 1970 to 2010.1 

The increased GHG emission is mainly resulted from the unprecedented growth of energy demand 

and industrial processes. The accompanying issues on climate change have sparked great interests 

in searching for renewable energy.1b 

Energy conversion and storage devices, which can address the challenge of daily and seasonal 

intermittent generation of renewable energy, provide promising approaches for the utilization of 

renewable energy. In particular, electrochemical conversion and storage devices, such as 

regenerative fuel cells and batteries, are among the key technologies in the game-changing 

movement of green transportations and portable electronics. In batteries and fuel cells, electricity 

is generated by converting chemical energy into electrical energy via redox reactions. The redox 

reactions, including oxidation and reduction half reactions, take place at the anode and cathode, 

respectively, while a potential difference is built up between the opposite electrodes. On the 

contrary, the energy is stored by transforming the electrical energy into the form of chemical 

energy through a reversed reaction. The difference between reversible fuel cells and batteries, has 

to do with where the energy is stored.  

Fuel cells are open systems where chemical energy is delivered from the outside of the cells, in 

the form of hydrogen and hydrocarbon while for conventional batteries, energy storage and 

conversion generally occur in the same component inside the system.1b As a promising post 

lithium-ion technology, metal-air batteries (MABs) combine the characteristics adopted from both 
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conventional batteries (a pure metal as the anode/negative electrode) and fuel cells (oxygen from 

air as the reactant). 1a, 2 

Figure 1.1 shows the comparison of energy and power densities of various devices. As compared 

to the secondary batteries such as lithium ion batteries, lead–acid batteries and nickel–cadmium 

batteries, MABs show a significantly higher energy density, approaching to that of fuel cells.3 

Moreover, among MABs, zinc-air batteries (ZABs) possess the  highest commericial available 

energy density, but with lower manufacturing cost, which makes them the promising energy 

devices of next generation.1a However, the efficiency of both fuel cells and MABs is still being 

limited by the sluggish kinetics of the oxygen reduction reaction (ORR) and/or oxygen evolution 

reaction (OER) in the air electrode.  

 

Figure 1.1 Ragone plot comparing the performance of various batteries (energy density vs. output 

density). 3 
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1.1 Basic introduction of the electrochemical oxygen electrocatalysis  

The ORR is a key electrochemical reaction in fuel cells and MABs, which involves multistep 

electron transfer and complicated intermediate species. Typically, there are two different proposed 

ORR reaction mechanisms known as the direct four-electron reaction and a two-plus-two electron 

transfer mechanism. The electrochemistry taking place at the air electrode varies with the 

employed electrolytes (aqueous, nonaqueous and solid-state). These electrochemical reactions are 

listed as follows4: 

For ORR occurring in aqueous alkaline solution, 

Direct four-electron reaction: 

O2 + 2H2O + 4e− → 4OH−                                                                                                   (Eq. 1.1)                                                   

Two-plus-two electron transfer reaction:  

O2 + H2O + 2e− → OH− + HO2
−                                                                                                     (Eq.1.2) 

HO2
− + H2O +2e− → 3OH−                                                                                                     (Eq. 1.3)                                                

For ORR occurring in aqueous acid solution, 

Direct four-electron reaction: 

O2 + 4H+ + 4e− → 2H2O                                                                                                        (Eq. 1.4)                                                   

Two-plus-two electron transfer reaction:  
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O2 + 2H+ + 2e− → H2O2                                                                                                                                                           (Eq. 1.5)                                                    

H2O2 + 2H+ + 2e− → 2H2O                                                                                                    (Eq. 1.6)                                                     

For ORR occurring in an aprotic electrolyte, 

O2 + 4e− → 2O2-                                                                                                                                                                                (Eq. 1.7)                                                                                       

The standard potential for the half-cell ORR reaction is 1.23 V vs. reversible hydrogen electrode 

(RHE) at room temperature. When the RHE potential is used as a reference, the thermodynamic 

free energy (ΔG) becomes pH independent, and the measured potential (vs. RHE) does not change 

with the pH.5 When we correlate pH-dependent standard hydrogen potential (SHE) and the PH-

independent RHE, the following equation is used: 

𝐸(𝑅𝐻𝐸) = 𝐸(𝑆𝐻𝐸) + 
𝑅𝑇

𝑛𝐹
ln

𝑝(𝐻2)1/2

𝑎𝐻+
=  𝐸(𝑆𝐻𝐸) + 0.0591 × 𝑝𝐻                                      (Eq. 1.8)                   

The OER is a reverse process of the ORR. Oxygen is generated at the triple phase boundary of the 

electrode when a certain potential is applied to the system. The OER is of prime importance for 

the application of MABs and electrolysis. Similarly, when OER happens in MABs, proton-

exchange membrane (PEM) electrolysis and solid oxide electrolysis cells, the OER also varies 

with different electrolytes. 

For OER occurring in alkaline solution: 

4OH− → O2 + 2H2O + 4e−                                                                                                                                                       (Eq. 1.9)                

For OER occurring in aqueous acid solution: 
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2H2O → O2 + 4H+ + 4e−                                                                                                       (Eq. 1.10)           

For OER occurring in an aprotic electrolyte: 

2O2-→ O2 + 4e−                                                                                                                       (Eq. 1.11)                                                                                                                                                                  

Figure 1.2a illustrates the hydrogen and oxygen cycle for energy storage and conversion. In a 

similar manner, rather than using H2 for energy storage, a metal electrode, such as Zn, Al, and Li, 

could be used as anode/negative electrode in MABs.6 Figure 1.2b shows that a large overpotential 

is often associated with the oxygen electrocatalysis in fuel cell and water splitting.6 The sluggish 

oxygen kinetics inevitably impede the efficiency and capacity of these devices in reversible fuel 

cells or MABs, thus limiting the application of the fuel cells and MABs.7 Advancing the 

electrochemical storage devices by increasing their energy efficiency, reliability, life-time and 

safety is of paramount importance for the sustainable future. Therefore, extensive studies have 

been devoted to developing efficient oxygen electrocatalysts with high activity, low cost and high 

durability for ORR and/or OER process. 

To date, the state-of-the-art oxygen electrocatalysts for the ORR are Pt/C and Pt-alloy/C, while the 

bifunctional oxygen electrocatalysts are Pt/Ru and Pt/Ir based electrocatalysts. However, the high 

cost and low availability of Pt and Pt-based electrocatalysts hinder their applications in fuel cells 

and MABs.8 Unlike the acidic environment of proton-exchange membrane fuel cells (PEMFC), 

the employment of alkaline solution in MABs enables the utilization of a wide range of non-

precious metal-oxide electrocatalysts.9 This study focuses on developing highly active non-

stoichiometric electrocatalysts towards ORR and/or OER in alkaline solution. In general, these 

electrocatalysts can also be utilized as an electrode material in solid oxide fuel cells since there is 
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a remarkable overlap. In the Appendix II, we show that some double perovskite oxides with 

ordered structure and sufficient oxygen vacancies, could be employed as oxygen electrocatalysts 

at room and elevated temperatures, and these electrocatalysts demonstrated excellent performances 

in both worlds.  

 

Figure 1.2 (a) Energy storage and conversion through H2 and O2. (b) Schematic illustration of the 

overpotential associated with OER, ORR, hydrogen evolution reaction (HER) and hydrogen 

oxidation reaction (HOR).6 Reprinted with permission from Ref 6 Copyright (2015) Royal Society 

of Chemistry. 

1.2 Content of the thesis 

There are 7 chapters in this thesis. Chapter 1 begins with an introduction, then lists the contents of 

thesis. Chapter 2 is a literature review of oxygen electrocatalysts at room and elevated temperatures 

based on the previous studies. Chapter 3 introduces the employed methodologies and 

characterizations. Chapter 4 presents and discusses the design of strongly coupled silver 

nanoparticles and engineered perovskite nanofibers as the electrocatalysts for ORR.  Chapter 5 

describes and discusses the development of in situ growth of CoP nanoparticles on perovskite 
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oxide nanofibers as the optimized trifunctional electrocatalysts (ORR, OER, HER) in alkaline 

condition. Chapter 6 presents the synthesis of strongly cooperative spinel nanohybrids and 

demonstrates its application as an efficient bifunctional oxygen electrocatalyst for ORR and OER.  

Finally, the main conclusions as the achievements of this dissertation as well as the future prospects 

are presented in Chapter 7. 

Besides the as-mentioned application in electrochemical devices at room temperature, the non-

stoichiometric perovskite oxides have also been explored as efficient electrocatalysis in CO2 

reduction at elevated temperature in solid oxide electrolysis cells (SOECs). This part has been 

summarized in Appendix I. The Appendix II presents the development effective double perovskite 

oxide catalyst and demonstrates its excellent ORR electrocatalytic activity for room and elevated 

temperature applications. 
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Chapter 2. Literature Review 

2.1 Metal- and bimetal- based oxygen electrocatalysts 

Among all the ORR and OER electrocatalysts, noble metals, such as Pt, Ir and Ru, have drawn the 

most attention. Owing to their high intrinsic electrocatalytic activity and stability in both acid and 

alkaline solutions, these electrocatalysts have also been chosen as benchmark electrocatalysts for 

ORR/OER in many studies. The noble metal-based electrocatalysts are always coupled with high-

surface-area support, such as carbon black, graphene and carbon nanotubes, to form the composite 

catalysts. Among them, platinum carbon is one of the most commonly used metallic electrocatalyst 

in ORR, and it demonstrated superior catalytic activity in comparison with other noble metals and 

non-precious metal catalysts.  

By using the density functional theory (DFT) calculations, J. K. Nørskov revealed that on various 

metallic electrocatalysts, the overpotential associated with ORR was strongly correlated to the 

adsorption energies of the surface intermediates.1 The model proposed by Nørskov predicted a 

volcano-shaped relationship between the ORR catalytic activity and the oxygen adsorption energy, 

which well explained the reasons credited for the best performance of Pt as a metallic catalyst 

(Figure 2.1a). Since then, the progress made in this respect has served as a descriptor in design and 

synthesis of electrocatalysts with enhanced activity and stability.  
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Figure 2.1 (a) The relationship between the oxygen reduction activity and the oxygen binding 

energy.1 (b) Specific ORR activity of Pt and Pt3M polycrystalline at 0.9 V vs. RHE in 0.1 M 

HClO4.2  Reprinted with permission from Ref 1. Copyright (2004) American Chemical Society. 

Reprinted with permission from Ref 2. Copyright (2006) Wiley-VCH. 

Nevertheless, the high cost and scarcity of Pt catalyst inevitably impede its practical applications 

in fuel cells and MABs. Introducing a transition metal to platinum to form Pt-M alloy, or ternary 

alloy is an effective way to reduce the required Pt loading. Yet it is of equal importance to ensure 

that the reduced Pt loading would not lead to a sacrificed catalytic activity or stability. At this 

juncture, DFT calculation successfully works as a descriptor to predict the catalytic activity and to 

screen different Pt-M alloy catalysts. The volcano shape in Figure 2.1a has also suggested that 

there is still room for improvement, theoretically, and the catalytic activity of Pt can be further 

enhanced by lowering the oxygen adsorption energy on Pt surface.1 

Stamenkovic et al. studied a series of Pt3M polycrystalline thin film compound (M: Ni, Co, Fe, Ti, 

V) for the ORR. The experimental results, together with DFT calculations, revealed that the 

electronic structure of the 3d transition metal had a decisive role in determining the electrocatalytic 

activity of Pt3M alloy (Figure 2.1b).2 Generally, an electrocatalyst having a high d-band energy 
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like Pt strongly binds O2, which tends to impede the dissociation of surface oxide intermediates. 

Formation of the Pt alloy by incorporating a certain transition metal element into Pt provides a 

chance to lower the d-band energy of Pt, thus enhancing the ORR activity. As it is shown in Figure 

2.1b, the Pt3Ni, Pt3Co, Pt3Fe, Pt3Ti and Pt3V alloys demonstrate superior specific activity 

compared to the Pt electrocatalyst, among which the Pt3Co stands out as having the highest 

catalytic activity.3 

Apart from the Pt rich Pt3M based catalysts, progresses have also been made on PtM (M: Fe, Co, 

Ni, Cu, Zn) based catalysts.5 For example, Chung et al reported an intermetallic ordered face-

centered tetragonal PtFe nanoparticles (NPs) coated with a N-doped carbon shell.6 The PtFe/C 

catalysts demonstrate a remarkably high ORR activity, with specific activity being 10.5 times 

higher than the commercial Pt/C. Moreover, core/shell structured electrocatalysts with tunable core 

size and shell thickness have also been developed. As shown in Figure 2.2, Pd/FePt NPs with a Pd 

core (5 nm) and a FePt shell (shell thickness of 1 nm) exhibited a significantly enhanced ORR 

activity in comparison with the Pt/C and Pd/FePt with larger shell thickness. 

Bifunctional electrocatalysts, such as Ir@Pt core-shell nanodendrites7, Pt4.5Ru4Ir0.5ternary 

catalyst8, RuO2–IrO2/Pt9 etc. have been developed for the application of regenerative fuel cells and 

MAB. However, the passivation of Pt at positive potentials pertinent to OER results in a poor 

stability in the cyclic process, which hinders practical application of Pt based bifunctional 

electrocatalysts.10 Substantial effort and progress are required to develop alternative bifunctional 

electrocatalysts with enhanced catalytic activity and durability. 
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Figure 2.2 (a) and (b) HAADF-STEM at low and high-magnification; (c) elemental mapping 

images of the Pd/FePt NPs, (d) ORR linear sweep voltammetry (LSV) curves of the commercial 

Pt/C catalyst and the Pd/FePt NPs with different shell thickness.4 Reprinted with permission from 

Ref 4. Copyright (2010) American Chemical Society. 

2.2 Carbon based electrocatalysts 

In recent years, different dimensional nanostructured carbonaceous materials with large surface 

areas, high electrical conductivities, substantial reactive sites and excellent mechanical stabilities 

have been proposed as a non-metal electrocatalyst/matrix for oxygen electrocatalyst in fuel cells 

and MABs. Fig. 2.3a shows some examples of different nanostructured carbon materials, such as 

buckminsterfullerene, carbon nanotubes (CNTS), graphene, 3D pillared CNT-graphene 

architecture. These carbonaceous materials vary from limited dimensions so that they are defined 

as 0 D, 1 D, 2 D and 3 D nanostructured carbon materials respectively. While intensive research 

efforts have been made in developing carbon electrocatalyst in the last decade, most studies 

focused on CNTs and graphene.   
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Figure 2.3 Schematic illustration of different dimensional nanostructured carbonaceous materials 

including graphite, diamond, C60, carbon nanotubes, graphene, and 3D graphene-CNT hybrid. (b) 

Schematic figure of doping graphitic carbon with heteroatoms.11-12 Reprinted with permission 

from Ref 11. Copyright (2015) American Chemical Society. Reprinted with permission from Ref 

12. Copyright (2012) American Chemical Society. 

Researches carried out in carbon nanomaterials have shown that the introduction of heteroatoms 

into the graphic structure could effectively tailor the electronic properties, and simultaneously tune 

the electrocatalytic activities towards various reactions (Figure 2.3b). Non metal elements, such as 

B, N, P, S, F, have been successfully doped into the graphic lattice, and applied as efficient 

electrocatalysts towards ORR and OER, among which nitrogen doped carbon nanomaterials have 

been laboriously investigated.11 Following the endeavor to synthesize N doped CNT, researchers 

found that nitrogen dopant in carbon nanotube electrocatalysts can efficiently boost the active sites 

for ORR. Due to the higher electronegativity of N, carbon atom neighboring to a nitrogen atom 

generally possesses a more positive charge density. The nitrogen-induced charge distribution was 

found to affect the O2 adsorption on the surface of electrocatalysts, facilitating the side-on 

adsorption over the end-on adsorption mode, thus lowering the required activation overpotential. 
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The group of Dai reported that the nitrogen-doped vertically aligned carbon nanotubes (VA-

NCNTs) demonstrated a remarkable electrocatalytic activity, with a superior stability for ORR.  In 

0.1 M KOH, the VA-NCNTs demonstrated an onset potential of –0.08 V (vs. Ag/AgCl) and a 

limited current density of 4.1 mA cm-2 at –0.22 V, outperformed the commercial Pt/C 

electrocatalysts. 

Apart from the nitrogen doping, heteroatoms such as S, P, B and F doped graphene have also 

demonstrated enhanced ORR activities in comparison with the pristine graphene. Some recent 

efforts have also led to co-doping N doped graphene with a second heteroatom. For example, Qu 

et al reported the synthesis of graphene foams co-doped with nitrogen and boron 13. The B, N co-

doped graphene electrode showed a remarkable ORR activity, with an onset potential of −0.16 V 

(vs. SCE) for the ORR in 0.1 M KOH and exceeded the pristine graphene (−0.39 V) and single 

atom (B or N) doped graphene (−0.19 for N-graphene foam and −0.28 V for B-graphene foam). 

Most recently, a 3D nitrogen and phosphorus co-doped mesoporous carbon foam (NPMC-1000) 

has been developed by Dai group, and it has been successfully applied as an electrocatalyst in 

ZABs. 14 The NPMC-1000 catalyst showed a peak power density of 55mW cm−2, approaching to 

that of the Pt/C catalysts in the primary zinc air batteries (Figure 2.4a). Although the N, P co-

doping strategy has been proved to successfully facilitate the bifunctionality of the carbon catalysts, 

the OER catalytic activity is still inferior to the transition metal oxides based catalysts. An 

irreversibility property was found in the charging and discharging cyclic test in the rechargeable 

ZABs, this was likely due to the insufficient catalytic activity towards OER on NPMC-1000 

electrode (Figure 2.4c). Strategies like using an optimized tri-electrode configuration in ZABs by 

separating the ORR and OER electrode have been suggested (Figure 2.4d).14 Decoupling the ORR 

and OER electrode allows researchers to fine tune the properties of each electrode independently. 
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This could be a possible solution to solve the irreversibility problem in the ORR and OER process, 

albeit with the increased battery volume and complicated manufacturing processes.15   

Developing robust bifunctional electrode with high electrocatalytic activity towards ORR and 

OER, and good stability under both reducing and oxidizing conditions is of vital importance. 

Synergistically coupling highly conductive carbonaceous materials with a secondary phase (e.g., 

transition metal oxide) is a promising approach towards this goal. This will be discussed in details 

in Chapter 2.3.  

 

Figure 2.4 (a) Graphic of a primary Zn–air battery with Zn as a metal electrode and electrocatalysts 

coated GDL as an air electrode; (b) Discharging curves showing the current density-voltage (I-V) 

and current density-power density (I-P) of primary Zn–air batterie using Pt/C, NPMC-900, NPMC-

1000, NPMC-1100 as air electrode. (c) Cyclic test (charging-discharging) based on NPMC-1000 

electrocatalyst in rechargeable Zn–air batteries (current density of 2 mA cm−2). (d) Graphic of the 

Zn–air battery with a three-electrode configuration (integrating the Zn electrode with two different 
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air electrodes to separate ORR and OER).14 Reprinted with permission from Ref 14. Copyright 

(2015) Nature Publishing Group. 

2.3 Non-stoichiometric metal oxide as oxygen electrocatalysts 

The phenomenon of nonstoichiometry is found in many metal oxide systems, especially in 

transition metal, rare earth, lanthanide, and actinide oxides, where cations exist in various valence 

states. The nonstoichiometry within a metal oxide originates in several forms, such as vacancies 

(metal vacancies VM” or oxygen vacancies VO
••), interstitial (metal interstitial Mi

•• or oxygen 

interstitial Oi”), vacancies-interstitial pair (Frenkel pair), or non-intrinsic defects caused by cation 

partial substitution.16 The defect-induced nonstoichiometry in metal oxides plays an important role 

in the catalytic system.17 A fundamental study on oxygen electrocatalysis conducted by Otagawa 

in 1984 showed that the oxygen electrocatalytic activity of the transition metal strongly correlated 

to the ability of the loss of lattice oxygen and the ability of the forming oxygen vacancy, since it 

dictates how oxygenated species binding to the lattice.18 Moreover, the defects within the 

nonstoichiometric oxides could significantly affect the electrical conductivities of the oxides, 

especially the ionic conductivities19, while an enhanced kinetics of the oxygen electrocatalysis is 

often associated with an increased oxygen mobility within the metal oxide.20 Additionally, study 

conducted by Stevenson revealed that anion charges, such as O2−, could be reversibly stored and 

released within a nonstoichiometric oxide, owing to the existence of oxygen vacancies.21 The anion 

charge storage originated from the oxygen-vacancy-mediated redox opens new possibilities for 

electrochemical energy storages devices, such as rechargeable batteries and supercapacitors. In 

this review section, discussion will be focused on perovskite and spinel oxides, with their 

significant application in fuel cells and MABs as electrocatalysts.  
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2.3.1 Perovskite oxide  

Perovskite oxide, with the formula of ABO3, is a class of compounds with a unique crystal structure 

(Figure 2.5a). In perovskite oxide crystal, the larger cation A is 12-fold coordination and the 

smaller cation B is 6-fold coordination with oxygen anions. Complex perovskite oxide can have 

different cations being partially substituted at A or B sites. A special partial substituted perovskite 

oxide is known as double perovskite oxide. The double perovskite oxide having the same 

coordinates as the single perovskite oxides possesses a general formula of A2BB′O6, AA′B2O6 or 

AA′BB′O6. In an ordered double perovskite, the unit cell is twice of the simple perovskite, while 

the A, A′ or B, B′ cations are ordered on the A site or B site. Figure 2.5b shows the crystal 

architecture of a B site ordered double perovskite (Sr2FeMoO6), where the Fe cation and Mo cation 

were arranged repeatedly along c direction.  

 

Figure 2.5 (a) Crystal structures of the simple perovskite ABO3 (Structure image generated 

through Vesta based on CaTiO3 structure, CIF data ID: sd_1713345) (b) Crystal structures of the 

simple perovskite A2BB’O6 (Structure image generated through Vesta based on Sr2FeMoO6 

structure, CIF data ID: mp-19127)  

The Goldschmidt's tolerance factor, which reveals stability and distortion of the crystal structure, 

can be used as a guideline for the cation substitution in perovskite oxides: 
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 t =  
𝑟𝐴 +𝑟𝑜 

√2(𝑟𝐵+𝑟𝑜 )
                                                                                                                   (Eq. 2.1) 

In this equation, rA, rB and rO are the ionic radii of A and B site elements and oxygen ion, 

respectively. The perovskite oxide maintains its ideal cubic structure when the tolerance factor is 

equal to 1, and preserves the stability of the structure when 0.89 ≤t ≤ 1.06. The deformantion of 

structure results in the possibility of ordered and disordered variants, leading to many interesting 

and intriguing properties, e.g., electrical conductivity and catalyst properties. 

With the great structure and chemical flexibilities, perovskite oxides have become a new class of 

good candidates for the oxygen electrocatalysis.22 Catalytic active cations can be successfully 

accommodated within the perovskite structure through cation substitution. The transition metal 

cations with multiple valence states serve as catalytic center during the ORR and/or OER process. 

The nonstoichiometric structure, such as oxygen vacancies or excess, helps to facilitate the oxygen 

anion mobility, and to tailor the electronic structure of B-site cations due to the charge 

compensation. 

2.3.1.1 Electronic structure & intrinsic catalytic activity 

Extensive research conducted by Shao-horn Yang group demonstrated that the intrinsic 

electrochemical catalytic activity for ORR and OER was mainly determined by the B site cation 

in perovskite oxide.23 Through a systematic investigation relating electronic properties to 

electrocatalytic performance on more than 10 perovskite oxides, a volcano trend was found between 

the OER activity and electron filling in antibonding (eg) orbitals of B sites. As shown in Figure 

2.6b, the OER proceeds via 4 electron transfer process on perovskite oxide surface, while the O-

O bond formation (step 2) and deprotonation of oxyhydroxide (step 3) were found to be the rate 
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determined steps (RDS) within the processes. For a perovskite oxide with a low eg occupancy, the 

B site cations tend to strongly bind the intermediate oxygenate species, thus hindering the 

deprotonation of the oxyhydroxide group.24 For a perovskite oxide with a high eg occupancy, the 

B site cations tend to weakly bind the O2- , which impedes the O-O bond formation in the OER 

process. Transition metals with the σ*-anti-bonding (eg) orbital occupancy close to unity have 

shown excellent intrinsic reactivity in OER. The proposed descriptor serves as a design principle 

for the catalytic active OER electrocatalysts, and successfully direct the synthesis efforts in 

developing highly active OER catalysts. The Ba0.5Sr0.5Co0.8Fe0.2O3–Ᵹ (BSCF), with an electron 

configuration of t2g
5eg

1.2, demonstrated a high intrinsic activity in OER test, which is consistent 

with the results predicted by the proposed descriptor. 23a 

Later, Yang and  co-workers proved that the design principle and volcano trend also applied to the 

ORR 23b. Within the studied lanthanide perovskites, LaMnO3 with an eg filling close to unity 

demonstrated the highest ORR activity (Figure 2.6c). Moreover, it has been suggested that a 

stronger B-O covalency can also contribute to a higher ORR activity. The ORR proceeding on 

perovskite transition-metal oxide catalysts is a reverse process of OER, while the OH– regeneration 

(Step 1) and O2
2–/OH– displacement (Step 4) and were found to be the RDS for the ORR.23b 

Appropriate eg occupancy (eg = ~1) and a strong B-O covalence in perovskite oxides were found 

to effectively facilitate the surface hydroxide displacement and hydroxide regeneration in the 

ORR. The descriptor proposed by Yang serves as an important design principle for the 

development of advanced perovskite oxides with high catalytic activity.  
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Figure 2.6 (a) The trend of the OER catalytic activity related to the eg orbital filling of the B site 

cation. (b) Proposed OER mechanism on perovskite oxide catalysts. 23a (c) The relation between 

the ORR catalytic activity, and the eg orbital filling of the B site cation. (d) Proposed ORR 

mechanism on perovskite oxide electrocatalysts. 23b Reprinted with permission from Ref 23a. 

Copyright (2011) American Association for the Advancement of Science. Reprinted with 

permission from Ref 23b. Copyright (2011) Nature Publishing Group. 

The double perovskite oxides have been widely studied as the electrode materials in SOFCs due 

to their intrinsic catalytic activity25, among which, the partial substituted perovskite LnBaM2O5+δ 

(M = Co, Mn, Fe etc.) has drawn particular interests.25d, 26 Due to the difference in ionic radius and 

polarizability, oxygen vacancy sites existing in the LnBaM2O5+δ tend to localize in layers of the 

rare-earth ions, as  shown in Figure 2.7.27 The ordered oxygen vacancies within the perovskite 
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oxides lead to a high oxygen diffusion activity and a fast oxygen exchange kinetics. A recent 

research on double perovskite oxide family LnBaCo2O5+δ (Ln=Pr, Sm, Gd and Ho) in alkaline 

environment revealed that the intrinsic OER catalytic activity of the LnBaCo2O5+δ was strongly 

correlated to the oxygen p band center relative to the Fermi level. It was found that the ionic radius 

of lanthanide greatly affected the valence state of cobalt cation, and the B-O hybridization extent. 

From their experimental data and computed results, conclusion can be drawn that with the ionic 

radius increasing from Ho to Pr, the computed oxygen p band upshifted towards the Fermi level 

of the B site cation. A closer O p band center to Fermi level will accompany with an enhanced 

oxygen exchange kinetics and an increased OER activities. The descriptor holds the promise to 

direct further development of efficient oxygen electrocatalysts towards regenerative fuel cells and 

MABs.  

 

Figure 2.7 (a) Graphic of double perovskite LnBaCo2O5+δ with different coordination symmetries, 

(b) Intrinsic OER activities on LnBaCo2O5+δ (Ln=Pr, Sm, Gd and Ho). (c) Illustration of OER 

activity of LnBaCo2O5+δ (Ln=Pr, Sm, Gd and Ho) associated with the O p-band centre relative 

to EF. 27b Reprinted with permission from Ref 27b. Copyright (2013) Nature Publishing Group. 

2.3.1.2 Extrinsic strategies for enhanced catalytic activities  

As stated above, the intrinsic catalytic activity of perovskite oxides is governed by its electronic 
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structures, while there are still many other important factors that affecting the activity of the 

perovskite oxides based electrocatalyst. For example, the electrical conductivity, morphology, 

phase structure, crystallographic orientations etc. Tremendous research has been done in these 

areas to study the extrinsic catalytic activity of perovskite electrocatalysts. Herein, focus will be 

laid on the aspect of electrical conductivity and morphology, and discussion will be focused on 

how extrinsic strategies work in terms of enhancing the oxygen electrocatalytic activities.  

2.3.1.3 Electrochemical conductivity of the perovskite oxide composite 

Generally, the electrical conductivities of perovskite oxides are low at room temperature. When 

the perovskite oxides are evaluated as an oxygen electrocatalysts without carbon supports, an 

insufficient ORR activity was found, and a two-plus-two electron transfer mechanism was 

observed within the ORR 28. The poor electronic conductivity and low specific surface area of 

perovskite oxides inevitably impede the charge transfer within the reaction due to its limited triple 

phase boundary sites.  

Incorporating a second phase of carbonaceous material into the perovskite oxides to form 

perovskite/carbon composite is an effective way to boost the oxygen electrocatalytic activity, and 

to maximize the transition metal oxide utilization, albeit the possible carbon corrosion occurs 

under high polarization potential in OER process. Conductive carbon materials such as carbon 

black (CB) 22, 29, acetylene black (AB) 30, carbon nanotubes 31, and graphene materials 32 have been 

investigated as supporting matrix in perovskite oxide/carbon composites. The addition of carbon 

material leads to an enhanced charge transfer in the electrochemical catalytic process, 

accompanied by a significantly improved kinetics.  
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Some recent studies have shown that the addition of carbonaceous material into perovskite 

electrocatalysts brings the benefits beyond enhanced conductivities.17, 28, 32a As mentioned in the 

Chapter 2.2, graphene, CNT and even carbon black materials demonstrate enhanced oxygen 

electrocatalytic activity to a certain extent. Some researchers reported that, when forming a 

composite with perovskite, a synergistic catalytic effect was found between the carbon material 

and the perovskite oxides.28, 31a Moreover, it has been suggested that the incorporation of carbon 

material and the creation of perovskite-carbon interface would result in a band alignment and 

charge transfer.32a One of our recent studies demonstrated that, a Schottky barrier of 0.63 eV was 

formed between the junctions of reduced-GO (rGO) nanosheets and 

La0.5(Ba0.4Sr0.4Ca0.2)Co0.8Fe0.2O3-.
32a Introducing rGO could significantly affect the electron 

transport and simultaneously accelerate the reaction kinetics during the oxygen electrocatalysis.  

The addition of carbonaceous components solved the problem of insufficient conductivity within 

the perovskite by providing an external electron pathway, while the intrinsic electronic 

conductivity of the perovskite was suggested to be another crucial factor for the ORR. Song 

investigated the relationship between the intrinsic electrical conductivities and the ORR catalytic 

pathway on a series of perovskite oxides 33. Figure 2.8a shows the difference of electrical 

conductivity on Ba0.5Sr0.5Co0.8Fe0.2O3-δ (BSCFO), La0.8Sr0.2CoO3-δ (LSCO) and 

NdBa0.25Sr0.75Co2O5+δ (NBSCO) at various temperatures. The intrinsic electronic conductivity of 

the perovskite was found to be responsible for the electron transfer pathway (direct 4 electron or 

2-plus-2 electron pathway) within the reaction. Generally, a direct four electron transfer pathway 

was favored on the surface of a conductive perovskite, while a two–step reaction with two-plus-

two electron transfer mechanism was detected on less conductive perovskite. Figure 2.8b shows 

the reaction mechanism proposed for the high conductive/less conductive perovskite oxides. The 
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contact interfaces of carbon and perovskite acted as the fully polarized sites towards ORR in both 

NBSCO and LSCO, thus facilitating the 4e– pathway.33 For perovskite oxides with insufficient 

conductivity, the high ohmic resistance of the bulk perovskite lead to the formation of less 

polarized sites on the surface of the perovskites that far away from the contact interface. Thus, a 

two-step reaction is favored over the direct 4e–  transfer pathway.    

 

Figure 2.8 (a) Comparison of electrical conductivity of Ba0.5Sr0.5Co0.8Fe0.2O3-δ (BSCFO), 

La0.8Sr0.2CoO3-δ (LSCO) and NdBa0.25Sr0.75Co2O5+δ (NBSCO) at various temperature. (b) Reaction 

mechanism proposed on highly conductive perovskite (eg. NBSCO) and less conductive 

perovskite (e.g. BSCFO). 33 Reprinted with permission from Ref 33. Copyright (2015) Wiley-

VCH. 

In brief, the electrical conductivities of perovskite oxide composites have a crucial impact on their 

electrocatalytic activity. Enhancing the electronic conductivities, either by providing an external 

electron pathway or by increasing the intrinsic conductivities of the perovskite oxides, leads to an 
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optimized electrochemical performance and a higher energy efficiency in fuel cells and battery 

systems.   

2.3.1.4 Morphology of perovskite oxides 

Conventionally, ceramic materials like perovskite oxides are synthesized through a solid-state 

method, where a high sintering temperature is required to allow the solid-solid diffusion 31b. The 

high sintering temperature and slow diffusion kinetics generally result in an extremely low specific 

surface area and low homogeneity with the impurity phase formation. Wet chemistry method, such 

as sol-gel, combustion and Pechini method have been developed as the alternative methods for the 

synthesis of perovskite oxides.34 However, the crystallization temperature is still too high (usually 

above 800 °C), leading to an insufficient surface area (less than 10 m2 g-1) and inadequate porosity 

17. The low specific surface area and porosity act as barriers that hinders the mass transport kinetics 

of reactants and products towards the active sites, which results in an unsatisfactory mass specific 

activity 22. Therefore, engineering surface features (i.e. morphology, particle size and pore 

structure) of the perovskite oxides are of great importance for optimizing the oxygen 

electrocatalytic activities.   

It was reported that the perovskite oxide with an ordered 3D microporous structure, was 

successfully synthesized through a polystyrene spheres template method.35 The polystyrene 

colloidal crystals were initially immersed in the metal nitrates precursor of LaFeO3. The ordered 

3D macroporous LaFeO3 (3DOM-LFO) was obtained followed by a two-step calcination process 

(Figures 2.9 a, and b), while the polystyrene colloidal crystals template was removed in the heat 

treatment. As shown in Figure 2.9d, the 3DOM-LFO demonstrated a high specific surface area of 

29.3 m2 g−1, while the LaFeO3 nanoparticles (NP-LFO) prepared without polystyrene colloidal 
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crystals template showed a low surface area of 1.4 m2 g−1. When being applied as an electrocatalyst 

in Li-O2 battery, the ordered macroporous structure of 3DOM-LFO contributed to a uniform 

gas/electrolyte distribution. As shown in Figures 2.9e and f, the Li–O2 batteries with a 3DOM-LFO 

electrode exhibited a superior cyclic stability in comparison with the NP-LFO, owing to the efficient 

mass transfer in charging-discharging process during the cyclic tests. Since Li2O2 is gradually 

generated as a discharging product, macrospores structure provided sufficient void space for the 

Li2O2 growth and effectively prevented the blockage of surface active sites.   

 

Figure 2.9 (a) FESEM image and (b) TEM image of 3D ordered macroporous LaFeO3 (3DOM-LFO). 

(c) FESEM image of LFO nanoparticles (NP-LFO). (d) Nitrogen adsorption and desorption isotherms 

and pore size distribution (inset) curves of 3DOM-LFO and NP-LFO. Cyclic stability of (e) NP-

LFO and (f) 3DOM-LFO in the Li-O2 batteries.35 Reprinted with permission from Ref 35. 

Copyright (2015) Royal Society of Chemistry. 
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Zhao et al reported the synthesis of the hierarchical mesoporous La0.5Sr0.5CoO2.91 (LSCO) 

perovskite through a multistep microemulsion process and a post heat treatment (600 °C for 3 h) 

with a slow heating rate.35 The resulting LSCO perovskite possessed a high specific surface area 

of 96.78 m2 g-1 with an average pore size of 10.17 nm. The TEM and HRTEM revealed that the 

LSCO nanowires were self-assembled into the hierarchical structure in the emulsion process. The 

hierarchical mesoporous LSCO nanowires/AC afforded a significantly enhanced activity in 

comparison to the AC and LSCO/AC composite, showing a half-wave potential (E1/2) of 0.72 V 

vs. RHE in the ORR and a potential of 1.81V at a current density of 10 mA cm-2 (E10) in the OER. 

The improved performance in mesoporous LSCO nanowires/AC was attributed to the high specific 

surface area and distinct mesoporous structure.  

Elaborate efforts have been devoted to the design and synthesis approaches, and the micro/nano 

perovskite oxides with various morphologies have been developed. Remarkably enhanced 

electrocatalytic activities have been achieved on nanostructured perovskite oxides, which can be 

credited to the distinct architecture, high specific surface area and rich exposed surface active sites. 

It is worthy to note that the electronic confinement effects within nanostructured materials will 

lead to a change in electronic structure compared to the bulk perovskite.36 A further investigation 

is required in order to deepen our understanding of the driving mechanism on nanostructured 

perovskite oxides.  

2.3.3 Spinel oxide based electrocatalysts 

Spinels are generally formulated with AB2X4, where A and B are tetrahedrally and octahedrally 

coordinated metal cations, and X refers to chalcogen anions.37 Typically, in a spinel compound, 

the A- and B-site cations can be accommodated within the structure in the form of A2+B2
3+O4 and 
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A4+B2
2+O4 

37a. Many of spinel oxides possess interesting electronic structure, which enables their 

wide application in catalysis and electrochemical conversion system 38. The Co-based spinel 

oxides (e.g. Co3O4, MnCo2O4, NiCo2O4)
39, Mn-based spinel oxides (e.g. CoMn2O4, Mn3O4)

40 and 

Fe-based spinel oxides (e.g. Fe3O4 and CoFe2O4)
41 have drawn particular interests in fuel cell and 

MABs systems. As compared to the perovskite oxides, spinel oxides generally have a low 

crystallization temperature. The easier synthesis of spinel oxides enables the employment of a 

broad synthesis method.38 Tremendous research conducted in nanostructure design, synthesis 

approaches and defects engineering afford to a wide range of application of spinel oxides in fuel 

cells, batteries and water splitting system.  

Although spinel oxides possess a high intrinsic electrocatalytic activity, the poor electronic 

conductivities inevitably hinder their application in electrochemical system.38 Hybrid spinel 

eletrocatalysts with conductive carbon supports have been extensively studied. Recently, Klaus 

Müllen group reported the Fe3O4 nanoparticles/nitrogen-doped graphene aerogels ((Fe3O4/N-GAs) 

as an efficient electrocatalysts towards ORR (Figure 2.10). The Fe3O4/N-GAs electrocatalyst was 

initially synthesized from Fe and polypyrrole integrated graphene hybrid hydrogel, followed by a 

lyophilization and calcination treatment. The 3D graphene network greatly facilitated the electron 

transfer within the ORR process. The high specific surface area, macroporous structure, and strong 

coupling effect between Fe3O4 and N-GAs contributed to an excellent ORR activity. As shown in 

Figure 2.10d, an onset potential of -0.19 V vs. Ag/AgCl and an E1/2 around -0.4 V vs. Ag/AgCl 

were achieved on Fe3O4/ N-GAs. 

MnXCo2-xO4 is known as another highly active spinel oxide towards ORR. Jaephil Cho et al 

prepared a nitrogen-doped carbon-supported porous spinel oxides through a thermal 
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decomposition of Mn3(Co(CN)6)2•nH2O/gelatin-coated Ketjenblack carbon. The porous 

Mn1.8Co1.2O4/N-Ketjenblack demonstrated a high ORR activity, with the E1/2 being only 80 mV 

lower than that of the commercial Pt/C in 0.1 M KOH solution. Moreover, the Mn1.8Co1.2O4/N- 

Ketjenblack electrocatalyst showed a high electrocatalytic performance in the primary zinc-air 

battery conducted  in 6 M KOH, which even outperforms the Pt/C at a high discharging current 

region.42 

 

Figure 2.10 (a) Fe3O4/ N-doped graphene aerogels (Fe3O4/ N-GAs) obtained after lyophilization 

and calcination at 600 °C under N2. (b) and (c) SEM images of Fe3O4/ N-GAs. (d) ORR 

polarization curves of Fe3O4/ N-GAs in 0.1 M KOH at various rotation speed. 41a Reprinted with 

permission from Ref 41a. Copyright (2012) American Chemical Society. 

Recently, Zhongwei Chen et al reported a binder free 3D architecture air electrode, with 

bifunctional Co3O4 nanowires directly grown on a stainless steel mesh current collector (Co3O4 

NW grown on SS) 43. The in situ growth of Co3O4 NW on stainless steel substrate leads to a strong 

coupling effect and a fast charge transfer during the electrocatalysis process. Figure 2.11a shows 

the SEM images of the Co3O4 NW on the SS mesh, the Co3O4 NW demonstrated an average 

diameter of 300 nm with an average length of 15 μm. The as-synthesized electrocatalyst (Co3O4 

NW grown on SS) illustrated a remarkable bifunctional activity and an excellent stability in the 

rechargeable Zn-air battery test (Figure 2.11d and e).   
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Figure 2.11 (a), (b) and (c) SEM images of the Co3O4 nanowires grown on stainless steel (Co3O4 

NW grown on SS). (d) LSV of charging-discharging curves of Co3O4 NW grown on SS in 

comparison with Co3O4 NW sprayed on gas diffusion layer (GDL), and 20 wt% Pt/C. (e) Cyclic 

charging-discharging test at a fixed current of 50 mA. 43   Reprinted with permission from Ref 43. 

Copyright (2014) John Wiley & Sons. 

2.4 Progress and thesis proposal 

In the past decades, tremendous research efforts have been devoted to optimizing the ORR/OER 

electrocatalytic activities for fuel cells and MABs. The development of oxygen electrocatalysts for 

fuel cells and MABs has undergone from conventional noble metals (Pt, Pt/Ir, Pt/Ru) to 

carbonaceous materials and various non-stoichiometric transition metal oxides. Fundamental 

research, such as systematic investigations relating intrinsic material properties to oxygen 
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electrocatalytic performance, has also been conducted. It is found that the electronic state of 

transition metal cation directly determines the catalytic performances and functionality of the 

materials.23 Strategies including stoichiometry engineering, cation partial substitution, architecture 

design as well as hybrid formation with carbon materials have been proved as the effective 

methods for the design of advanced electrocatalysts.17, 29c, 31, 35 Nevertheless, the electrocatalytic 

activities of transition metal oxides are still inferior to the state-of-art noble metal-based catalysts. 

For perovskite oxides or spinel oxides to become more competitive oxygen electrocatalysts, 

substantial progress is required to enhance their catalytic activity and durability.  

For practical applications of MABs and fuel cells, it is crucial to have a rational design of 

electrocatalysts that possess a high electrocatalytic activity, high conductivity and good stability 

with low cost. Planting precious metal nanoparticles (NPs) on the perovskites matrix to form 

metal/perovskite hybrids through conventional method (physical mixing or infiltration) or in situ 

exsolution has been demonstrated as an effective approach to improving the catalytic activities in 

solid oxide fuel cells.44 However, metallic/perovskite hybrid has been rarely studied in aklaine fuel 

cell or MABs for room temperature application.45 In addition, due to the the low specific surface 

area and low porosity of perovskites, it is more chanlleging to obtain a high/uniform dispersion of 

NPs on perovskite oxide supports than on carbon support.46  

To fill this gap, an in situ exsolution method has been proposed to partially extract A-site or B site 

cation to the material surface, while particular attention has been paid to the enhanced oxygen 

electrocatalytic activity in alkaline media. By combing the strategies of in situ exsolution and phase 

transformation, a significantly enhanced ORR activity has been achieved with extremely low mass 

loading of Ag. Besides the in situ exsolution, the post functionalization of the exsolved 
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nanoparticles has been investigated to extend the functionality of the perovskite oxides. The 

incorporation of in situ exsolution and post-phosphatization may open up new possibilities for 

perovskites to be utilized as multifunctional electrocatalysts for overall water 

splitting/rechargeable fuel cell. Moreover, the cooperative hybrid catalytic system has also been 

proposed to enhance the bifunctionality of the spinel oxides. Efficient utilization of the catalyst 

surface and strong chemical coupling effects of the spinel hybrid afford the enhanced bifunctional 

catalytic activity and durability. The ultimate goal of this thesis is to develop a highly active 

electrocatalyst with strong durability, using the highly abundant resources.  

The proposed research in this thesis is significant. The investigation of perovskite/spinel oxides 

based electrocatalysts provide a better understanding of the synergistic chemical coupling effects 

of metal/oxide system, which holds potential to further advance perovskite/spinel oxides-based 

oxygen electrocatalysts as the alternatives to the noble metals. Moreover, the proposed design and 

synthesis strategies could be extended to various heterogeneous catalysis, which is beneficial to 

the catalysis community in general. 
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Chapter 3. Methodologies and Characterizations 

3.1 Electrochemical analysis 

3.1.1 Electrochemical test using rotation disk electrode (RDE) at room temperature 

The RDE is a type of hydrodynamic analysis in electrochemical system. It is a widely used 

technique to rapidly screen the oxygen electrocatalyst, and to investigate the electron transfer 

mechanism in the ORR process. In the hydrodynamic analysis, the rate of mass transfer is 

significantly faster than the static state. The high rotation speed helps to eliminate the mass transfer 

effect of O2 reactant in the ORR or product in the OER test, so that the measured current density 

is mainly governed/limited by the electron transfer kinetics.1 The RDE technique enables the 

evaluation of reaction kinetics of the ORR and OER. 

As shown in Figure 3.1, the catalyst-coated glassy carbon RDE was used as the working electrode 

for ORR or OER tests, while a thick Pt wire and Ag/AgCl (sat. KCl) were used as the counter 

electrode and reference electrode, respectively.  

 

Figure 3.1 Schematic figure of rotation disk electrode test in three-electrode system. 2 Reprinted 

with permission from Ref 6 Copyright (2015) Royal Society of Chemistry. 
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All the electrochemical tests were conducted using an impedance/gain-phase analyzer (Solartron 

1255) and an electrochemical interface (Solartron 1287). Prior to starting the tests, pure oxygen 

(99.9%) was purged into the electrolyte for 30 min to obtain oxygen saturated solution. Linear 

sweep voltammetry (LSV) were conducted in a voltage scan range of 0.1 V to -0.8 V (vs. Ag/AgCl, 

sat. KCl) with rotating speeds of 400, 900, 1600 and 2500 rpm for the ORR test, and in a voltage 

scan range of 0.1 V to 1.0 V (vs. Ag/AgCl, sat. KCl) at a rotation speed of 1600 rpm for the OER 

test. While for HER measurements, the LSVs were measured from -0.8 to -1.6 V vs. Ag/AgCl at 

a scan rate of 20 mV s-1 in Ar-saturated KOH solution. A consistent uncompensated resistance of 

~45 Ω and ~5 Ω were measured in 0.1 and 1.0 M KOH respectively through high frequency 

impedance and were correspondingly corrected in the polarization curves (E = Emeasured – iR). All 

the potentials were converted to the values relative to RHE, with ERHE = E + 0.197 + 0.0591 PH. 

The Koutecky-Levich (K-L) equation (Eq. 3.1, Eq. 3.2 and Eq. 3.3) were applied to determine the 

electron transfer numbers in the ORR, 

1

𝐽
 =  

1

𝐽𝑘
 +  

1

𝐽𝑙
                                                                                                                        (Eq. 3.1) 

𝐽𝑘 = nFAkCO2
                                                                                                                        (Eq. 3.2) 

𝐽𝑙 = 0.62nFCO2
DO2

2/3
𝜐−1/6𝜔1/2 = B𝜔1/2                                                                           (Eq. 3.3) 

where J, Jk and Jl are the measured current density, kinetic current density, and film diffusion 

limiting current density (mA cm-2), respectively. A is the area of the glassy carbon electrode (0.196 

cm-2), F is the Faraday constant (96500 C mol-1), CO2
 is the bulk oxygen concentration in 0.1 M 

KOH (1.2 ×10-6 mol cm-3), DO2
 is the oxygen diffusion coefficient in 0.1 M KOH (1.9×10-5 cm2 

s-1), v is the kinematic viscosity of the 0.1 M KOH solution (0.01 cm2 s-1), ω is the electrode 
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rotation rate (rad s-1), k is the electron transfer rate constant for the ORR. Increased current 

densities were observed with enhanced rotation rates due to the narrowed diffusion layers. Figure 

3.2 shows the typical linear sweep voltammetry curves of ORR/OER. The onset potentials are 

determined from intersection of tangents between the baseline and the signal current. The half-

wave potential (E1/2) is corresponding to the potential where the current density is equal to half of 

the limited current density. The E10 refers to the potential, at which point a current density of 10 

mA cm-2 is delivered. The Electrochemical Impedance Spectroscopy (EIS) measurements were 

conducted from 105 Hz to 0.1 Hz with a 10 mV amplitude. 

 

 

Figure 3.2. Typical linear sweep voltammetry curves of ORR/OER. 3 Reprinted with permission 

from Ref 3 Copyright (2017) American Chemical Society. 

3.1.2 Rechargeable zinc-air battery assembly and tests  

A homemade rechargeable zinc-air battery was constructed, with a zinc plate anode and an 

electrocatalyst coated GDL cathode. The cell was filled with 6 M KOH and 0.2 M zinc acetate to 
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ensure reversible Zn electrochemical reaction. The catalyst inks for the rechargeable zinc air 

battery (2 mg mL−1) were prepared by sonicating 10 mg electrocatalysts, 3 mL isopropyl alcohol, 

1 mL deionized water and 1 mL of 5wt. % Nafion (Aldrich). The cathode was prepared by drop 

casting the catalyst inks onto the center area of GDL (7/16" in diameter), followed by drying under 

ambient condition until a mass loading of 0.5 mg cm-2 was achieved. The battery tests were 

conducted by sweeping LSVs at 10 mV s-1 with Solartron 1287. The galvanostatic discharge-

charge cycling was measured at a current density of 10mA cm-2, and each cycle was set to be 10 

min charge and 10 min discharge. 

3.1.3 Electrochemical analysis in SOFCs and SOECs at elevated temperatures 

In the SOFC test, Au paste was painted on both electrodes and then baked in air at 750 °C for 2 h. 

Then, Pt mesh was applied on the paste as the current collector that was connected with Pt wires. 

The open-circuit electrochemical impedance spectroscopy (EIS) measurement of the symmetrical 

cells was carried out at temperatures ranging from 500 to 700 °C in air. The anode support cell 

(anode side) was sealed to an alumina tube using the Ceramabond glass sealant (Aremco Product, 

Inc.) and reduced in-situ in H2 at 650 °C for 2 h prior to the electrochemical measurements. The 

open-circuit EIS, the current-voltage (J-V) and power density curves of the full cell were obtained 

at temperatures ranging from 550 to 650 °C in H2. The flow rates of H2 and air were 40 ml min-1 

and 150 ml min-1, respectively. 

In the SOEC test, Au paste (Heraeus C5729) was painted on both sides of the cell as the electrode 

current collectors. The silver wire with the diameter of 0.5 mm was connected to the current 

collectors using silver paste plus (SPI Supplies). The fabricated cell was sealed on a coaxial two-

tube set up with Ceramabond 503 and tested at 850 °C on Thermolyne tubular furnace. The AC 
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impedance measurements of the cells were conducted in the atmosphere of CO2/CO at the open 

circuit voltage and various applied voltages (0, 0.5, 0.7, 1.0, 1.2 V vs OCV) from 105 to 0.1 Hz 

with a 10 mV amplitude using Solartron 1255B frequency response analyzer and Solartron 1287 

instrument. The inlet gases were controlled at a flow rate of 50 mL min−1 using mass flow meters. 

The outlet gases from the cathode side were evaluated by online gas chromatograph. 

3.2 Materials Characterizations 

 X-ray Diffraction (XRD): The phase formation was analyzed by X-ray diffraction (XRD) using 

a Rigaka D/max-2500 X-ray diffractometer with a Cu Kα radiation generated at 40 kV and 44 mA 

with a scan rate of 2° min-1. The XRD data was analyzed through Jade Software. 

Field Emission Scanning Electron Microscopy (FESEM): The micromorphology of the 

materials was imaged using a Zeiss Sigma 300 VP FESEM equipped with secondary and 

backscattered electron detectors, an in-lens electron detector, and a Bruker energy dispersive X-

ray spectroscopy (EDX) system. 

Transmission electron microscopy (TEM): The TEM characterization was performed using the 

H-9500 environmental transmission electron microscope (ETEM) with an accelerating voltage of 

300 kV, and probe corrected JEOL JEM-ARM200CF electron microscope with cold field emission 

gun at 200 kV. Scanning transmission electron microscopy (STEM) with energy-dispersive X-ray 

spectroscopy (EDX) was carried out on the JEOL JEM-ARM200CF, and JOEL 2200 FS with 

Schottky field emission gun at 200kV. 

Thermogravimetry analysis (TGA): The oxygen nonstoichiometry was analyzed by 

thermogravimetry analysis (TGA) on SDT Q600 (TA instrument) at a heating rate of 10 ºC min-1 
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under 5% H2/N2. 

X-ray photoelectron spectroscopy (XPS): The XPS analysis was performed using Kratos 

Analytical AXIS 165 with monochromatic Al Kα source (hν = 1486.6 eV).  The spectra were 

referenced to C 1s bonding energy (284.6 eV) and fitted with Gaussian-Lorenz function and 

Shirley-type background subtraction method. 

N2 adsorption/desorption: The Brunauer–Emmett–Teller (BET) specific surface areas and pore 

size distribution were measured by the N2 adsorption/desorption method, and it was analyzed with 

a Quantachrome Autosorb IQ. 

O2 Temperature programmed desorption (O2 -TPD): The test was carried out using a home-built 

temperature programmed apparatus. The sample was firstly treated in Ar at 500 °C for 1h to 

remove all the adsorbed species before cooling down to room temperature. Then it was exposed 

to O2 for 2h. After purging the analysis chamber with Ar for 1 h at room temperature, the system 

was heated up to 900 °C in the stream of Ar. The released O2 was monitored and recorded 

continuously as a function of the temperature by the QIC-20 detector (Atmospheric Gas Analysis 

System). 

CO2 Temperature programmed desorption (CO2-TPD): The CO2-TPD was recorded with a 

Micromeritics AutoChem II 2920 instrument. The CO2-TPD was conducted from 100 ºC to 900 

ºC at 10 ºC min-1 with He flow of 30 ml min-1. The released CO2 was monitored and recorded 

continuously as a function of the temperature by the QIC-20 detector (Atmospheric Gas Analysis 

System). 

Zeta potential: The surface charge was measured by zeta potential analyzer (Zetasizer Nano, 



48 

Malvern). 

Thermal expansion coefficient (TEC): The TEC of perovskite oxide was measured using a 

dilatometer (Linseis, L75 Platinum series). The heating rate was 5 °C min-1. 

Determination of nonstoichiometric oxygen: The initial oxygen content of perovskite at room 

temperature was determined using iodometric titration method. 20 mg of perovskite powder was 

placed in an Erlenmeyer flask followed by adding a small amount of 2M KI solution. Then, 3.5 M 

HCl was added to completely dissolve the powders. During this process, a stream of N2 flow was 

used to blanket the solution. The clear solution was titrated with a 0.01 M Na2S2O3 solution using 

starch as the indicator.  

Electrical conductivity test: The electrical conductivities of perovskite samples were evaluated 

using a four-probe DC arrangement in a temperature range from 25 °C to 750 °C. Gold paste and 

wires were applied to both sides of the sintered perovskite oxides bars. The sample was heated up 

to 750 °C for 2 h in air. The electrical conductivity σ (S cm-1) of the bar sample were determined 

using the following equations:  

σ =  
1

𝑅
×

𝐿

𝑆
                                                                                                                               (Eq. 3.4) 

where S is the cross-section area (cm-2), 𝑅 is the resistance (Ω), and L is the length of the bar (cm). 
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Chapter 4. A Rational Design for Enhanced Oxygen Reduction: 

Strongly Coupled Silver Nanoparticles and Engineered Perovskite 

Nanofibers 

4.1 Abstract 

For perovskites to become more competitive ORR catalysts, substantial progress is required to 

advance their enhanced catalytic activity and durability. Herein, a novel method is described to 

achieve high-performance perovskite ORR catalyst via combining nano architecture designs, 

internal structures engineering, and Ag nanoparticles (NPs) in situ exsolution. The as-synthesized 

Ag-(PrBa)0.95Mn2O5+δ catalyst exhibits favorable ORR activity with durability superior to the 

state-of-the-art Pt/C in alkaline solution. Several characterization techniques were applied 

alongside density functional theory calculations to understand the possible active sites and the 

synergistic coupling effects that contributed to the high ORR performance. The strong interfacial 

anchoring of Ag NPs on the ordered oxygen deficient perovskites leads to significant ligand effect 

and facilitates electron transfer and ion migration within the oxygen reduction reaction. The 

systematic engineering of perovskites described here represents a brand-new approach to 

developing highly active and stable catalyst for energy conversion and storage. 
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4.2. Introduction 

The discovery of highly active and cost-effective catalysts for energy conversion and storage is a 

key step in dealing with greenhouse gas emissions and the energy crisis. The ORR is an essential 

but sluggish process for many electrochemistry device, such as fuel cells and metal–air batteries.1 

Large amounts of precious-metal electrocatalysts, e.g., Pt and its alloys, are commonly required to 

achieve satisfactory ORR performance. Nevertheless, the high cost, low availability, poor stability 

and susceptibility to fuels (e.g., Methanol) of Pt all inevitably impede the industrial scale 

applications of Pt-based electrocatalysts. 1a, 2 There have been considerable efforts devoted to 

developing Pt-free alternative eletrocatalysts in the alkaline media, including carbonaceous 

materials3, transition metal oxide4, transition metal chalcogenides5, and iron-coordinated complex6. 

Perovskite oxides, as one of such alternatives, have drawn particular interest due to their promising 

electrochemical performance and excellent stability in alkaline environment.  

Perovskite oxides, ABO3, possess great structural and chemical flexibilities, enabling them to be 

easily tailored to meet the requirement for efficient ORR, and bringing them under the spotlight 

as a new class of strong candidates for ORR catalysis.4a Generally, any perovskite oxides 

containing transition metals in the B-site with an σ*-antibonding (eg) orbital occupancy close to 

unity have shown excellent intrinsic reactivity in ORR.7 This offers an important direction to tailor 

the intrinsic reactivity of perovskite oxides towards ORR. Over the past decade, substantial 

progress has been achieved in understanding and upgrading the intrinsic ORR reactivity of 

perovskite oxides, albeit much work still remains for advancing perovskite catalysts to be a feasible 

substitute for the state-of-the-art Pt/C. Among the main factors for establishing the catalytic 
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systems with high ORR performance are the intrinsic activity, defect chemistry, high surface area, 

well-designed structure and adequate conductivity. 

So far, extensive investigations have focused on these issues and various strategies have been 

proposed to address them. It has been shown that the generation of oxygen vacancies within the 

perovskite oxide can be an effective way to boost catalytic performance because the complex 

defects may govern the oxygen exchange kinetics and ionic diffusion rates, thus favorably 

contributing to the ORR process.8 The degree of vacancy formation is closely related to the B-O 

covalence in the perovskite, which is defined as the relative positions of the Fermi level compared 

with the O p-band center in the crystal.8c Planting precious metal nanoparticles (NPs) on the 

perovskites matrix to form metal/perovskite hybrids has also been demonstrated as an effective 

approach to significantly improving their activities.9 For example, Ag was found to have a 

synergistic effect when coupled with LaMnO3, which was attributed to the interactive effect of 

water activation on oxyphilic Mn sites and oxygen activation on Ag sites.9b In fact, Ag shows great 

promise as an alternative because of its superior ORR activity, cost-effectiveness and excellent 

durability.2 Additionally, the low surface area and inadequate porosity of perovskite oxides act as 

barriers to hamper the mass transport kinetics of reactants and products towards the active sites. 

Thus, the optimization of the ORR activity of perovskite catalysts calls for a rational design in 

light of their macroscopic features (i.e. morphology, particle size and pore structure).10 

Inspired by the above approaches, this study proposes to combine the following three strategies to 

advance perovskite for ORR: 1) construct a mesoporous fibrous architecture, 2) tune the internal 

crystal structure to form A-site deficient layered perovskite with large amounts of ordered oxygen 

vacancies, and 3) ensure strong intercalation of Ag NPs in the perovskite via in situ exsolution. 
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The electrochemical performance, morphology, crystal structure, and electronic configuration of 

the novel catalyst, demonstrate its superiority towards ORR. Thus, the significance of the present 

work is in three-fold: 1) it presents a well-designed nanocomposite that shows high reactivity, cost-

effectiveness, tunability and robustness in ORR, 2) it demonstrates the synergistic chemical 

coupling effects of metal/oxide nanohybrids, and 3) it exemplifies the systematic engineering of 

perovskite into promising catalysts for various applications.  

4.3. Results and discussions  

We first present the design concept and fabrication protocol of the catalyst. As shown in Figure 

4.1, a simple synthesis strategy was used to obtain the (PrBa)0.95Mn2O5+δ (PBMO5) layered 

perovskites nanofiber catalyst decorated with Ag NPs (denoted as Ag-PBMO5). The precursor was 

initially electrospun into the nanowires, followed by a two-step heat treatment process. The first 

heating step, at 800 °C in air for 2 h, was carried out to thermally decompose the organics and 

nitrates to form the single composition Pr0.475Ba0.475Ag0.05MnO3-δ (PBAMO3) perovskite. Thereby, 

the mesoporous fibrous structure was constructed and the catalytically active Ag was successfully 

incorporated at the atomic-level. The second heating step, at 550 °C in 5% H2/N2 for 2 h, was 

conducted to trigger the tiny Ag NPs from the host lattice and tune the internal structure of the 

perovskite. The exsolved Ag NPs were firmly anchored on the surface of the perovskite, while the 

crystal reconstruction led to the formation of A-site deficient layered structure with a large amount 

of ordered oxygen vacancies in PBMO5. Such a strong interfacial interaction of Ag NPs with the 

oxygen-deficient layered perovskites was predicted to exhibit high activity and durability for ORR 

electrocatalysis. Several characterization techniques were applied to monitor the evolution of the 

catalyst in terms of its chemical composition, microstructure and crystal texture. 
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Figure 4.1 (a) Schematic illustration of the systematic engineering of perovskite into highly 

efficient ORR catalyst. 

The X-ray diffraction (XRD) pattern of PBAMO3 was indexed using Pr0.5Ba0.5MnO3-δ with the 

Pm-3m space group, as shown in Figure 4.2, along with the Rietveld refinement results (Table 4.1). 

The obtained cell parameters were in good agreement with those of Pr0.5Ba0.5MnO3-δ, which 

indicates the successful formation of pristine perovskite (cubic/minor hexagonal).11 Scanning 

transmission electron microscope-energy dispersive X-ray spectroscopy (STEM-EDX) elemental 

mappings of PBAMO3, shown in Figure 4.3, confirm that Ag atoms were distributed throughout 

the bulk perovskite. As expected, during the second heating step, Ag atoms precipitated from the 

lattice while the perovskite underwent a phase change to step down from 'O3' to 'O5'. These results 

were supported by the XRD survey (Figure 4.2). 

Table 4.1 The refined lattice parameters of the as-prepared samples. 

 

 

Sample name Space group a (Å) b (Å) c (Å)  ()  ()  () 

PBAMO3 Pm3̅m (221) 3.89(7) 3.89(7) 3.89(7) 90 90 90 

Ag-PBMO5 P4/mmm (123) 3.89(4) 3.89(4) 7.79(9) 90 90 90 
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Figure 4.2 XRD patterns of pristine PBAMO3, PBAMO3 reduced at 320 and 550 °C.   

 

Figure 4.3 HAADF image and the corresponding element mapping of pristine porous PBAMO3 

nanofibers. 

The direct evidence for Ag exsolution and phase change was also in operando monitored by 

thermogravimetric and differential thermal analysis (TG-DTA), for which two exothermic peaks 

at 300 °C and 350 °C were observed (Figure 4.4a). TG-DTA results for Ag-free 

(Pr0.5Ba0.5)0.95MnO3-δ, verified that the exothermic process at 350 °C is associated with the phase 

change from 'O3' to 'O5' (Figure 4.4b).12 This implies that Ag atoms were first triggered out and 

then the unit cell was doubled along the c-direction, with Mn cations sandwiched between the PrOx 
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and BaO layers (Figure 4.4a). The morphology of Ag-PBMO5 (Figure 4.4c) demonstrates the 

entanglement of fine interconnected fibers, indicating that the fabrication method presented here 

can effectively engrave the catalyst to expose more pores and surface areas. Similar fibrous 

morphology was also found on the pristine PBAMO3 as well as the (Pr0.5Ba0.5)0.95MnO3-δ catalyst 

(Figure 4.4d and e). The quantitative evidence of the above observation was provided by the 

Brunauer–Emmett–Teller (BET) analysis. The engineered perovskite had an average pore size of 

2.8 nm and a BET specific surface area of 37.4 m2 g-1 (Figure 4.4f), substantially higher than those 

of the perovskites synthesized through the conventional methods.12-13 Multiple mesopores function 

as the immediate reservoirs for products/reagents, which enables the fast transfer of 

products/reagents to and from the mesopores.10a  

 

Figure 4.4 (a) TG-DTA curve of PBAMO3 in 5% H2/N2; (b) TG-DTA curve of 

(Pr0.5Ba0.5)0.95MnO3-δ in 5% H2/N2; FESEM images of (c) Ag-PBMO5, (d) (Pr0.5Ba0.5)0.95MnO3-δ 

and (e) PBAMO3 nanofibers; (f) N2 adsorption and desorption isotherm curves with BJH pore size 

distribution (inset). 
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STEM-EDX and atom-scale high resolution TEM (HRTEM) allowed for detailed information 

about the chemical and structural evolutions being investigated. Figure 4.5a shows the high angle 

annular dark field (HAADF) image of an Ag-PBMO5 and its line-scanning profiles taken along 

the arrow marked in the image; the figure clearly reveals that Ag NPs were exsolved from the 

perovskite matrix. Figures 4.5b and c illustrate the HRTEM images along the [100] zone axes of 

PBAMO3 and Ag-PBMO5 grains, respectively, together with their corresponding diffractograms 

obtained by fast Fourier transformation (FFT). In accordance with the XRD results, the indexed 

diffractograms indicate that the perovskite changed from cubic (PBAMO3) to tetragonal structure 

(Ag-PBMO5). In addition to the main reflections from the cubic perovskite structure, strong 

superlattice reflections at ± 1/2 [001]* are shown in the diffractogram of Ag-PBMO5. The enlarged 

HRTEM image shown as inset intuitively illustrates a doubled periodicity along the [001] direction. 

In Figures 4.5 d, e and f, it can be seen that NPs with diameters of 5-10 nm are socketed into the 

perovskite matrix. The pinned structures ensure strong interfacial interactions between the NPs 

and perovskite parent, thus facilitating the electron transfer between the perovskite matrix and Ag 

while enhancing the durability of exsolved NPs. More interestingly, the HRTEM and the 

corresponding diffractogram show a well-defined cubic Ag2O NP with d-spacings of d = 2.47(8) 

Å and 2.73(5) Å indexed on the (200) and (11-1) planes, respectively, this implies that the exsolved 

Ag NPs reoxidized. Although these Ag2O NPs would be reduced to metallic Ag upon 

electrochemical tests (Figure S4.1), such an incoherent result guided us to explore its intrinsic high 

ORR activity 9d.  
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Figure 4.5 (a) HAADF image of Ag-PBMO5 nanofiber with line-scan profiles; (b) HRTEM images 

and the corresponding simulations of pristine PBAMO3 perovskite, confirming the idea cubic 

structure (a=b=c) prior to reduction. (c) HRTEM image of PBAMO5 and corresponding 

diffractogram; (d), (e) and (f) HRTEM image of exsolved Ag2O nanoparticles on PBMO5 

nanofiber. An enlarged image and corresponding diffractogram are shown as insets in Figure (d).  

Sequentially, X-ray photoelectron spectroscopy (XPS) measurements were performed to track the 

oxidation states of Ag at different synthesis stages (Figure 4.6a). For the pristine PBAMO3, no 

metallic Ag was detected since the binding energy (BE) of the Ag 3d5/2 peak at 367.7 eV 

corresponds to Ag2O. After being treated in the 5% H2/N2 at 320 °C, the Ag 3d peak spilt into two 

doublets tentatively assigned to two different species, i.e., metallic Ag (368.4 eV) and Ag2O (367.7 

eV).14 It is not surprising to find an additional increase in the ratio of Ag+ with the elevation of the 

reduction temperature because the amount of adsorbed oxygen species is proportional to the 

reduction temperature (vide infra), resulting in the oxidation of nanosized Ag. For all of the 
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samples, the O1s spectra could be fitted into four peaks, which correspond to lattice oxygen 

(∼529.1 eV for O2−), highly oxidative oxygen species (∼530.5 eV for O2
2−/O−), hydroxyl 

groups/adsorbed oxygen (∼531.5 eV for –OH/O2) and adsorbed molecular water (∼532.9 eV for 

H2O). The XPS results manifest that the fully ordered perovskite (reduced at 550 °C) catalyst has 

the highest concentration of highly oxidative oxygen species and hydroxyl groups or surface 

adsorbed oxygen (Figure 4.6b and Figure 4.6c), which suggests the presence of highly enriched 

surface oxygen vacancies.15 The increased absorbed hydroxyl on the catalyst surface is related to 

the stronger covalency of the B-O bond, which is beneficial to the kinetic aspect of the ORR 

process 16. Also, the average valence of Mn cations in the fully reduced catalyst (550 °C) was 2.9 

(calculated from the XPS survey in Figure S4.2). Because of the basic high spin state of Mn in the 

perovskite, the Ag-PBMO5 possessed an electronic configuration of  t2g
3 eg

1.1  which achieved an 

optimized orbital filling towards ORR.7a, 17  

 

Figure 4.6 The XPS profiles of the PBAMO3 samples reduced at different temperatures. (a) Ag 3d 

spectrum and its simulations; (b) O1s spectrum and its simulations; (c) Quantitative analysis of 

different oxygen species. 
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In general, the characterization results have predicted the excellent ORR catalytic activity of the 

Ag-PBMO5 composite. We initially performed linear sweep voltammetry (LSV, 1600 rpm) tests 

on the Ag-PBMO5 catalyst in O2-saturated 0.1 M KOH solution to estimate its ORR catalytic 

activity (Figure 4.7a). As the benchmarks, the ORR catalytic activities of Pr0.5Ba0.5MnO3-δ, 

PBMO5, PBAMO3, the physically mixed Ag + Pr0.95Ba0.95Mn2O5-δ (denoted as Ag + PBMO5), 

carbon black, the physically mixed Ag/C and the commercial Pt/C catalysts were examined (Figure 

4.8), and the comparisons of their Eonset and E1/2 are shown in Figure 4.7b and Table 4.1. The 

results revealed that the Ag-PBMO5 catalyst demonstrated considerably higher catalytic activity 

in comparison to the Pr0.5Ba0.5MnO3-δ and PBMO5 catalysts.  The ORR Eonset and E1/2 of the Ag-

PBMO5 catalyst were 0.92 V vs RHE and 0.81 V vs RHE, respectively. This shows that the Ag-

PBMO5 catalyst outperformed its predecessors, i.e., PBMO5 catalyst (Eonset 0.84 V vs RHE and 

E1/2 0.74 V vs RHE), Pr0.5Ba0.5MnO3-δ catalyst (Eonset 0.82 V vs RHE and E1/2 0.73 V vs RHE) and 

Ag + PBMO5 composite (Eonset 0.86 V vs RHE and E1/2 0.77 V vs RHE).  The relatively more 

positive Eonset and E1/2 of the Ag-PBMO5 catalyst indicate its superior ORR catalytic activity and 

a better catalyst than most of the alternatives up to date.1a, 18 Additionally, the Ag-PBMO5 catalyst 

possessed higher limited current densities than those of the Pr0.5Ba0.5MnO3-δ, PBMO5 and 

Ag + PBMO5 catalysts, further demonstrating an enhancement of ORR catalytic activity.  
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Figure 4.7 Electrochemical tests for the related catalysts. (a) ORR LSV curves at 1600 rpm for 

Pr0.5Ba0.5MnO3-δ, PBMO5, Ag-PBMO5, and 40 wt% Pt/C; (b) Summary of ORR Eonset and E1/2 for 

Pr0.5Ba0.5MnO3-δ, PBMO5, and Ag-PBMO5 and some typical ORR catalysts from the reference, 

respectively1a, 18; (c) ORR LSV curves for Ag-Pr0.95Ba0.95Mn2O5-δ at different rotating speeds 

inserted with the Koutecky-Levich plots; (d) Electron transfer number of Pr0.5Ba0.5MnO3-δ, 

PBMO5, Ag-PBMO5 derived from K-L plots at 0.3 V vs RHE. 
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Table 4.2 A comparison of the onset potential (Eonset) and the half-wave reduction potentials (E1/2) 

for ORR electrocatalysts published recently 

 Onset 

potential  

Half wave 

Potential 

 

Pr0.5Ba0.5MnO3-δ/C 0.82 V 0.73 V This study 

Pr0.475Ba0.475Ag0.05MnO3-δ 0.82 V 0.70 V This study 

 (Pr0.5Ba0.5)Mn2O5+δ/C 0.84 V 0.74 V This study 

Ag+ Pr0.95Ba0.95Mn2O5+δ/C 0.86 V 0.77 V This study 

 Ag-Pr0.95Ba0.95Mn2O5+δ/C 0.92 V 0.81 V This study 

Pr0.475Ba0.475Ag0.05MnO3-δ 

reduced at 320 °C 

0.85 V 0.73 V This study 

Pr0.475Ba0.475Ag0.05MnO3-δ 

reduced at 420 °C 

0.89 V 0.78 V This study 

Commercial Pt/C (40 wt%) 0.97 V 0.86 V This study 

Ag/C 0.85 V 0.73 V This study 

Carbon black 0.76 V 0.67 V This study 

NdBa0.75Ca0.25Co1.5Fe0.5O5+δ 0.86 V 0.74 V Adv. Funct. Mater., 2016, 26, 4106 

LaTi0.65Fe0.35O3−δ nanoparticles 

decorated N-doped C nanorods 
0.92 V 0.72  V Nano Energy, 2015, 15, 92 

Co3O4/N-rmGO 0.93 V 0.83 V Nat. Mater., 2011, 10, 780  

N, S, O-doped mesoporous carbon N/A 0.75 V J. Am. Chem. Soc., 2014 136, 8875 

Fe−N/C 0.92 V 0.81 V  J. Am. Chem. Soc., 2014, 136, 11027 

C−MnFe2O4 N/A 0.81 V Nano Lett. 2013, 13, 2947 

Ag (111) 0.88 V 0.64 V Electrochimica Acta, 2007, 52, 2264 

N-doped porous carbon 0.86 V 0.70 V  Energy Environ Sci.2014, 7, 442 

Fe3O4–Co3O4 yolk–shell  0.84 V 0.65 V  J. Mater. Chem. 2012, 22, 19132 

Hollow spherical La0.8Sr0.2MnO3 0.82 V 0.63 V J. Power Sources, 2014, 271, 55. 

To understand the electron transfer pathway, LSV tests, at rotating speeds of 400 to 2500 rpm, 

were carried out on the Ag-PBMO5 catalyst and the other related samples (Figure 4.7c and Figure  

4.8). The number of transferred electrons is calculated based on the Koutecky-Levich analysis at 

various potentials (insets in Figure 4.7c and Figure 4.8). It is exciting to have found that the 

calculated electron transfer numbers are close to 4 for both PBMO5 and Ag-PBMO5 catalysts, 
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while it is 3.6 for Pr0.5Ba0.5MnO3-δ, indicating the four-electron transfer pathways in the deficient 

layer perovskite based catalyst (Figure 4.7d). Such reaction process suggests a high energy 

efficiency in theory. 

In addition to the superior catalytic activity, the durability and stability of the catalysts are also 

crucial for their practical applications. The long term stability of the Ag-PBMO5 catalyst was 

examined by measuring the LSV curves before and after the 10k CV cycles in O2-saturated 0.1 M 

KOH solution. The corresponding ORR LSV curves of the Ag-PBMO5 catalyst at a rotation speed 

of 1600 rpm, before and after cycling, are shown in the Figure 4.9a. It can be seen that the E1/2 

slightly shifted 23 mV in the negative direction after the stability test. In contrast, the E1/2 of Pt/C 

catalyst shifted more than 42 mV after an identical testing (Figure 4.9b), indicating the superior 

stability of the Ag-PBMO5 catalyst. Moreover, the chronoamperometric tests show that the Ag-

PBMO5 exhibited merely 9 % reduction in the relative current density after 50,000 s test, whereas 

the relative current of Pt/C continuously decreased to 72% under the same testing condition (Figure 

4.9c). The stability of the Ag-PBMO5 is also supported by HRTEM. The HRTEM image of Ag-

PBMO5 after long term catalytic test shows a clear surface and unchanged structure (Figure S4.3). 

To elucidate the practical applicability of Ag-PBMO5, its methanol tolerance was also examined 

(Figure 4.9d). In the case of Pt/C, its operating current experienced an immediate drop in the 

presence of methanol, an indication of a pronounced poisoning effect of methanol on Pt/C catalyst. 

In contrast, the high-performance of Ag-PBMO5 was maintained with negligible degradation 

under the same condition, attributable to its excellent methanol tolerance.  
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Figure 4.8 ORR LSV curves using a RDE on (a) Pr0.5Ba0.5MnO3, (b) PBMO5, (c) PBAMO3, (d) PBAMO3 reduced at 320 °C, (e) PBAMO3 

reduced at 420 °C, (f) Ag + PBMO5, (g) Carbon black and (h) Ag/C at different rotating speeds inserted with the Koutecky-Levich plots. 
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Figure 4.9 (a) ORR LSV curves for Ag-PBMO5 before and after 10k CV cycles; (b) ORR LSV 

curves for commercial Pt/C before and after 10k CV cycles; (c) Current retention of 

chronoamperometric responses for Ag- PBMO5 and Pt/C in O2 saturated 0.1 M KOH at potential 

of 0.6 V vs. RHE (d) Durability test of Ag-PBMO5 and comercial Pt/C at potential of 0.6 V vs. 

RHE in O2 saturated 0.1 M KOH with and without presence of methanol (3 M). 

Many factors collectively contribute to the superior catalytic activity of the Ag-PBMO5 composite 

including crystal texture, chemical compositions, and elemental valence state (electronic 

configuration) among others. As for the PBMO5 perovskite, two fundamental aspects account for 
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its excellent ORR performance. Firstly, the reconstruction of the crystal led to the formation of 

layered perovskites with interior ordered oxygen defects. The ordered defect structure favours 

charge transfers within the perovskite in the ORR process, facilitating the intrinsic catalytic 

activity of the perovskite. Secondly, the valence of Mn3+ originating from the phase engineered 

perovskite yields a unity eg occupancy, which moderates the intermediate binding strength on Mn 

sites and contributes to the electrocatalytc activity of PBMO5. The suggested catalytic mechanism 

of ORR on perovskite is shown in Figure 4.10a and is based on the reverse cycle proposed by 

Shaohorn Yang et al.7a On this basis, the Ag-PBMO5 composite possesses two other distinct 

features that boost the ORR: A-site deficiency and socketed Ag NPs. These two features will be 

discussed in the following section on DFT calculations. It is important to note that the position of 

the oxygen p-band relative to the Fermi level is what determines the metal–oxygen hybridization, 

B-O bond covalency, oxygen vacancy concentration and oxygen mobility within the perovskite, 

all having significant impact on ORR kinetics.7, 19 This was adopted as the descriptor for the ORR 

in the DFT calculations.  

To evaluate the effect of A-site deficiency, both the surface and bulk O p-band centers were 

computed by DFT on tetragonal PrBaMn2O5 and PBMO5. The DFT on A-site deficient PBMO5 

was calculated based on 2×2×4 supercells with a Pr vacancy and a Ba vacancy, respectively. As 

shown in Figure 10b and c, the surface O p-band center, relative to the Fermi level, reached to 2.27 

eV (Ba vacancy) and 2.10 eV (Pr vacancy) in the A-site deficient perovskite PBMO5, significantly 

lower than the pristine PrBaMn2O5 (2.46 eV). The results obtained from bulk O p-band are quite 

similar to the surface conditions (Figure 4.10c).  The formation of A-site deficient perovskites 

likely contributed to higher oxygen exchange kinetics by lowering the energy of oxygen vacancy 

formation 20.  
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Figure 4.10 (a) Catalytic mechanism on perovskite oxide catalysts (PBMO5) for ORR. (b) Surface 

oxygen P-DOS of PrBaMn2O5, PBMO5 and Ag+PBMO5 (with Pr vacancy in the supercell). (c) 

Summary of the computed O p-band center versus the Fermi level for the related samples; (d) 

Proposed ORR schematic on Ag-PBMO5. 

The in-situ exsolution generally resulted in an emergent effect of particle pinning on parent support. 

In consideration of the difference in work function as well as the close coupling between Ag and 

manganite perovskite, charge transfer is expected to occur on the interface between exsolved Ag 

and PBMO5 surface. 21 To examine the electronic structure of the Ag-PBMO5, the surface O p-

band center and the electron occupancy in s, p, d orbitals on Mn sites were computed from the 

DFT based on 2×2×4 supercell with a Ag atom added to the surface of the (001) plane. As shown 

in the DFT simulated electron occupied states (Table S4.1), a significant ligand effect between 

PBMO5 and the socketed Ag nanoparticles was found. The increase in electron occupancy in s, p, 
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d orbitals on Mn sites indicates the charge transfer from Ag to Mn sites within the interface, which 

suggests that the strong interfacial effects of Ag and PBMO5 lead to the immediate electronic 

structure of Ag and PBMO5. Previous studies on metallic electrocatalysts have revealed a 

fundamental relationship in electrocatalytic trends on the ORR activity and d-band center energy. 

22 Particularly, the specific catalytic activity and the d-band center energy demonstrate a volcano 

behaviour. Electrocatalysts, having a low d-band energy, such as Ag and Au, generally exhibit low 

adsorption energies of reactive intermediates, resulting in an insufficient ORR activity.22b However, 

in the case of Ag-PBMO5, owing to charge transfer, the d-band orbitals of the Ag atoms are not 

completely filled and vacancies are generated, this consequently narrows the d-orbital of Ag and 

up-shifts the d-band center of Ag atom 21. The Ag atom with an up-shifted d-band center is 

expected to bond O2 more strongly, and simultaneously split O-O more efficiently. Therefore, 

charge transfer plays a crucial role in the enhancement of the ORR activity.   

In addition to the ligand effect, the strong interfacial anchoring structure also results in a significant 

interparticle cooperation, which enables an improved ensemble effect between Ag and PBMO5. In 

a Ag NP pinned manganite perovskite, the oxygen deficient perovskite plays a crucial role in 

surface hydroxide regeneration, while the socketed Ag NPs are more efficient for the oxygen 

activation processes.23 The significant increase of Ag-PBMO5 electrochemical activity can be 

attributed to the bifunctional effect of Ag nanoparticles and deficient-ordered perovskite because 

of oxygen activation on noble metals as well as water activation on oxophilic transition metal sites. 

Similar phenomena have also been found in the Ag/MnOx composites. 21b  

The synergistic catalytic mechanism of ORR on Ag-PBMO5 is summarized in the Figure 4.10d: 

O2gas which has been dissolved in the KOH solution is firstly adsorbed on the surface of Ag to form 
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O2ads. Then, the adsorbed O2ads on the Ag surface can gain an electron to form O2ads
-. Sequentially, 

the adsorbed H2O molecule on the high oxophilicity of B-site PBMO5 terminal provides a proton 

to an adsorbed oxygen specie (Oads
-) on an adjacent Ag site. In this step, O2

- accept a proton from 

H2O to form OOH*. A hydroxide ion is generated simultaneously with protonation. Evidence has 

been provided that on perovskites surface, the O2ads
̶  formation with a simultaneous charge transfer 

process appears to be the rate-determining step7a ̶ this step occurs more efficiently on Ag atoms.21a 

In our case, the interaction between the adsorbed O2 and the socketed Ag NPs may facilitate O2ads 

activation and dissociation. The generated OOH* would gain another electron and dissociate into 

O* and OH- in the step that follows. It is interesting to note that in some composites, such as Ag 

or Pt with metal oxide (Mn, Ti, W), the generated intermediate oxygen containing species tend to 

transfer over to the metal oxides because of the higher oxophilicity of the Mn site. 9b, 21 In the final 

step, the produced O* reacts with another adsorbed H2O molecule on the perovskite terminal and 

forms two OH-. Over the entire process, the close contact between Ag and PBMO5 within the 

socketed structure facilitates electron transfer and ion migration during the oxygen reduction 

reaction, which is likely to provide a promoted ensemble effect between Ag and PBMO5 in 

comparison to the Ag+PBMO5 that synthesized through physical mixing.  

4.4. Conclusions 

In summary, a novel ORR catalyst composed of nanoscale Ag attached to the A-site deficient 

perovskite network was developed. The synthesized Ag-PBMO5 catalyst exhibits favorable ORR 

catalytic activity in terms of overpotential (Eonset ~ 0.92 V vs RHE and E1/2 ~ 0.81 V vs RHE), and 

outperforms the Pt/C with respect to durability. The statement is theoretically supported that the 

synergistic chemical coupling effects of Ag and perovskite lead to the significant ligand action and 
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interparticle cooperation. Herein, the exceptional properties of Ag-PBMO5 should be attributed to 

the rationally designed nanoarchitectures, surface oxygen vacancies, A-site deficiency and dual 

phase catalyst systems. Such protocols demonstrate the systematic engineering of perovskites into 

promising catalysts, opening up exciting new possibilities to develop advanced catalysts not only 

for oxygen-based electrochemical applications but also for catalysis community in general.  

4.5 Experimental section 

4.5.1 Synthesis of various catalysts  

Ba(NO3)2 (assay 100.0%), AgNO3 (assay 100.0%), and N, N-dimethylformamide (DMF, assay ≥ 

99.9%) were purchased from Fisher Scientific Cooperation. Pr(NO3)3·6H2O (assay ≥ 99.9%) and 

Mn(NO3)2·4H2O (assay ≥ 97.0%), poly(vinylpyrrolidone) (PVP, assay 12 to 12.8% nitrogen, 

average M.W 1,300,000) were purchased from Acros Organics.  In a typical experiment, desired 

amounts of metal nitrate and PVP were dissolved in DMF and the solution was stirred for 12 h at 

ambient temperature to form the homogenous precursor required for electrospinning. The 

concentration of the ABO3 perovskite was 0.15 M in the precursor solution. The PVP in the metal 

nitrates solution was kept at a weight ratio of 15 wt% to reach to a viscosity for achieving an 

appropriate polymer entanglement by the electric field. The solution was loaded into a plastic 

syringe (10 mL) with a stainless steel spinneret (D ¼ 0.5 mm). A 20 kV voltage was applied 

between a spinneret and an aluminium foil collector at a distance of 15 cm. The supply rate of the 

precursor in the electrospinning set-up was 0.3 mL h-1. The electrospun nanofibers were collected 

from the aluminum foil, dried at 100 C for 1h, and sintered at 800 °C for 2 h to form the pure 

phase of (Pr0.5Ba0.5)0.95Ag0.05MnO3-δ (denoted as PBAMO3) (Figure 4.11). The 

(Pr0.5Ba0.5)0.95MnO3-δ and A-site deficient (Pr0.5Ba0.5)0.95MnO3-δ were synthesized in a similar 



71 

method. The as-synthesized (Pr0.5Ba0.5)0.95Ag0.05MnO3-δ  and A-site deficient (Pr0.5Ba0.5)0.95MnO3-

δ were further treated in 5% H2/N2 for 2 h at 550 C to form Ag-Pr0.95Ba0.95Mn2O5-δ and 

Pr0.95Ba0.95Mn2O5-δ (PBMO5). Also, the treatment temperatures of 320 °C and 420 °C were used 

to illustrate the exsolution process of Ag and the phase change of the perovskite.  

 

Figure 4.11 (a) images of the metal nitrate solution (0.15 M metal nitrates dissolved in DMF) and 

electrospinning precursor (0.15 M metal nitrates with 30 wt% of PVP); (b) images of the 

electrospun nanofiber before calcination (peeled from the target collector); (c) FESEM of the 

electrospun nanofiber before calcination; (d) Pristine PBAMO3 perovskite obtained from the 

calcination, and (d) FESEM of the Pristine PBAMO3 perovskite. 

For comparison purpose, a composite catalyst Ag + Pr0.95Ba0.95Mn2O5-δ (denoted as Ag + PBMO5) 

was prepared through a traditional physical mixing method. AgNO3 (0.127 g) and sodium citrate 

dihydrate (0.570 g, 99%, Alfa Aesar) were first dissolved in 100 mL DI water. The as-synthesized 

PBMO5 (0.16 g) was also dispersed in DI water (50 mL), and the dispersion was ultra-sonicated 

for 1 h. NaBH4 (0.01 g) was dissolved separately in DI water (10 mL) and added dropwise to the 

AgNO3/sodium citrate solution under vigorous stirring, a yellowish-brown Ag colloid is then 

formed. Subsequently, 4.424 mL Ag colloid solution was added to the PBMO5 dispersion.  
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The benchmark catalyst Ag/C was synthesized using the same method, with 0.17 g carbon black 

(Cabot) dispersed in 50 mL DI water. Then, 100 mL of the Ag colloid was added to the carbon 

dispersion. The suspension was collected through centrifugation after settling down for 24 h, 

washed with DI water three times, and dried in an oven at 60 °C. The morphologies of the as-

synthesized Ag/C are shown in Figue 4.12. 

 

Figure 4.12 Ag/C naoparticles, FESEM images from (a) secondary electrons and (b) back-

scattered electrons. 

4.5.2 Preparation of electrodes  

Catalyst inks were prepared by sonicating 10 mg of the as-synthesized perovskite with 10 mg of 

carbon black (Cabot) in a solution containing 200 µL of 5wt. % Nafion (Aldrich) and 800 µL of 

isopropyl alcohol (Fisher Scientific Cooperation). For comparison, catalyst ink of pure carbon 

black was made with the same chemical composition without the addition of perovskite. 5 μL of 

the catalysts ink was dispersed on a 5 mm pre-polished glassy carbon rotating disk electrode (RDE, 

Pine instrument) and was dried in air for 1 h before the test. The loading amount of the perovskite 

catalyst was 0.255 mgox cm-2. The Ag/C catalyst ink was prepared from the as-prepared 32 wt% 

Ag/C with a loading amount of 0.167 mgAg cm-2.  The Pt/C catalyst ink was prepared with 

commercial 40 wt% Pt/C (Alfa Aesar) as described elsewhere. 24 The 40 wt.% Pt/C catalyst was 



73 

dispersed in a mixture of deionized water, isopropyl alcohol and 5wt.% Nafion (Aldrich) (v:v:v = 

4:1:0.04). After being sonicated for 1 h, 15 μL of the Pt/C catalysts ink was dropped onto the glassy 

carbon electrode to achieve a loading amount of 10.2 µgPt cm-2. 

4.5.3 Electrochemical tests  

Electrochemical measurements were conducted at room temperature with a three electrode system 

using Electrochemical Interface Solartron Analytical 1287 and Solartron 1255B frequency 

response analyzer. Cyclic voltammograms were conducted in Ar and O2 saturated 0.1 M KOH 

solution from 0.1 V to -0.9 V (vs. Ag/AgCl, sat. KCl) at a scan rate of 20 mV s-1. Cyclic 

voltammetry based accelerated degradation tests were conducted by cycling between -0.6 to 0.1 V 

vs Ag/AgCl at 150 mV s−1 for 10 k cycles. The EIS measurements were conducted in the 1 M KOH 

solution with the sample loading amount as previously mentioned for preparation of catalysts.  

4.5.4 Computational  

The Vienna Ab initio Simulation Package (VASP) was adopted to carry out the density functional 

theory (DFT) calculations with the projector-augmented plane-wave (PAW) method. The 

generalized gradient approximation (GGA) parameterized by Perdew and Wang (PW91) was 

selected to treat the exchange-correlation function. Bulk perovskites, with and without vacancy, 

were simulated with 2×2×4 supercell and were fully relaxed. Mn terminated surface (001) was 

built using asymmetric 8-layer and 10 Å vacuum layer was created based on a relaxed bulk 

perovskite. The bottom two layers of the surface were fixed, while the other layers were internally 

relaxed. All calculations were performed in the ferromagnetic state and Mn 3d electrons were 

treated with Hubbard U correction with Ueff = 4 eV. A plane-wave cutoff energy of 600 eV was 
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used for the expansion of Kohn-sham orbitals. Monkhorst-Pack grids of 4×4×2 and 4×4×1 k-points 

were used for bulk and surface, respectively. Finally, the centroid of the PDOS of O 2p band 

relative to the Fermi level was taken as the effective O p-band center. 
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4.7 Supporting Information  

 

Figure S4. 1 Cyclic voltammogram curve of Ag-PrBaMnO5 in 0.1 M KOH, demonstrating that the 

Ag2O was reduced to Ag before the ORR process. 

 

Figure S4. 2 XPS spectrum of Mn (2p) Ag-PBMO5.  
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Figure S4. 3 HRTEM images of Ag-PBMO5 after long term stability test, showing that both the 

bulk decomposition and the surface segregation were prevented. 

Table S4. 1 The electron occupied states for s, p, d and the calculated charge transfer of PBMO5 

and Ag-PBMO5. 

  s p d 
Total 

electron 

Charge 

transfer 

PBMO5 with Ba 

vacancy 

O 1.843 4.321 0 6.164 0.164 

Mn 0.256 6.274 4.884 11.414 1.586 

Ag-PBMO5 with Ba 

vacancy 

O 1.844 4.326 0 6.170 0.170 

Mn 0.289 6.283 4.896 11.468 1.532 

Ag 0.337 0.047 9.087 9.471 1.526 

PBMO5 with Pr 

vacancy 

O 1.849 4.362 0 6.211 0.211 

Mn 0.263 6.269 4.861 11.392 1.608 

Ag-PBMO5 with Pr 

vacancy 

O 1.851 4.325 0 6.176 0.176 

Mn 0.294 6.279 4.867 11.440 1.56 

Ag 0.348 0.015 9.117 9.480 1.52 

 



84 

Chapter 5. In situ Growth of CoP nanoparticles on Perovskite 

Nanofibers as an Optimized Trifunctional Electrocatalyst in 

Alkaline Condition 

5.1. Abstract 

Developing highly active and cost–effective electrocatalyst is of prime importance for renewable 

energy technologies, including fuel cells, MABs and water electrolysis. Herein, a facile approach 

is reported to develop cobalt phosphide–PrBa0.5Sr0.5Co1.5Fe0.5O5+δ (CoP-PBSCF) as a 

multifunctional electrocatalyst in alkaline media. We exemplify that the PBSCF can be tuned into 

an efficient trifunctional electrocatalyst through an intriguing “post-growth” approach. The 

intimate interpenetration of CoP nanoparticles (NPs) and perovskite oxides endows synergistically 

active sites and improved activities. The resulted electrocatalyst demonstrates excellent 

performances towards ORR, OER and HER with low overpotentials, as further confirmed by the 

practical application in Zn-air batteries and overall water splitting. A high power density of 138.0 

mW cm-2 and a narrow charge-discharge gap of 0.840 V at 10.0 mA cm−2 are achieved in Zn−air 

batteries, while a current density of 10 mA cm−2 is delivered at a moderate overpotential of 440 

mV in overall water splitting. The proposed protocol, thus, offers an attractive strategy in designing 

perovskite-based electrocatalyst with excellent performance in versatile electrochemical devices.  
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5.2. Introduction 

The rapid growth of global energy demand, associated with the accompanying concern on climate 

change, has sparked an intensive interest in the exploration of renewable energy. Energy 

conversion and storage technologies, with an emphasis on electrochemical devices, hold great 

potential to secure full deployment of sustainable energy by mitigating the fluctuation of energy 

demand and the intermittency of renewable energy generation. Of particular interests among these 

advanced electrochemical technologies have been the regenerative fuel cells, and metal-air 

batteries. While the metal-air batteries and fuel cells are extremely attractive due to their high 

energy density and power density, their practical application is often hampered by the sluggish 

kinetics and large overpotential in ORR, OER1, 2, and HER.3, 4 By far, noble-metal-based catalysts 

have been exclusively used in fuel cells and metal-air batteries as state-of-the-art electrocatalysts, 

among which Pt has been explored as efficient electrocatalysts towards ORR and HER, while 

RuO2 or IrO2 have been proved to be highly active towards OER. Despite that considerable 

catalytic activities are achieved on precious metals, the high cost and limited availability of have 

inevitably impeded their large-scale application in various electrochemical devices.  

Developing catalytically active and cost-effective electrocatalysts for oxygen electrocatalysis 

(ORR/OER) as well as HER is, thus, significantly needed.5, 6 In the past few decades, 

electrocatalysts, such as carbonaceous materials, transition metal oxides (e.g., spinel and 

perovskite oxides), transition metal phosphides, selenides, sulfides and carbides, have been widely 

studied for  ORR, OER and HER. Among the aforementioned noble-metal-free alternatives, 

perovskite oxide (ABO3) offers competitive advantages in terms of the cost, natural reserve, 

intrinsic activity and stability in alkaline solution.7, 8 The unique electronic structure and chemical 

defect properties enable them as an attractive alternative for the ORR/OER.8 Extensive research 
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conducted on perovskite have demonstrated that the intrinsic catalytic activity for ORR and OER 

is strongly correlated to the electron occupancy in anti-bonding orbitals of B sites (eg) and B−O 

covalency.9, 10 Perovskite oxides, with an eg occupancy close unity and a strong B-O covalency 

can give rise to a maximum intrinsic ORR and OER activities. To this end, strategies, such as 

partial cation substitution and oxygen-deficiency formation, have been successfully employed to 

tune the catalytic activity towards ORR and OER; electrocatalysts like 

La0.3(Ba0.5Sr0.5)0.7Co0.8Fe0.2O3-δ (LBSCF), PrBa0.5Sr0.5Co1.5Fe0.5O5+δ have been developed as 

bifunctional electrocatalysts with enhanced activity for ORR and OER.11, 12 Besides, the 

application of perovskites to catalyze HER in alkaline media has also drawn attention most 

recently.13, 14, 15 Among others, the NdBa2Mn2O5.5+δ, Ba0.5Sr0.5Co0.8Fe0.2O3−δ based materials have 

been explored as a HER electrocatalysts in alkaline media, which enables the potential application 

of perovskites in overall water splitting system. 14, 15 Nevertheless, their catalytic activities towards 

HER are still inferior to many electrocatalysts like precious metals, transition metal sulfides, 

phosphide etc., while substantial effort is still needed to further advance their catalytic activity for 

HER.   

Since the oxygen catalytic reaction and hydrogen catalytic reaction occur under very different 

potentials, while various intermediate species (e.g. OH-, O2-, OOH-, OH-, H2O, H* and H2) are 

generated within these reactions, it is challenging to develop an electrocatalyst with a single 

component that possess favorable adsorption/desorption energies for all these species within the 

multipurpose electrocatalysis. 6 A rational design of electrocatalyst that features multiple active 

components and sufficient catalytic sites, is expected to deliver an enhanced catalytic activity in 

versatile electrochemical devices. Heterostructure engineering is an important approach to 

achieving a strong and stable interfacial contact between each component.16, 17 Importantly, our 
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recent work has exemplified that the introduction of a secondary phase through in situ exsolution 

grants the possibilities to generate a strong coupled heterostructure, which consequently enables 

extended functionalities.16, 18 Recent studies conducted by Shao et al have verified that 

synergistically catalytic active sites can arise from perovskite/metal nanoparticles (NPs) interface, 

where the perovskite oxide can facilitate the water dissociation and the in-situ exsolved Ni NPs 

play an important role in H* adsorption.13  The in situ exsolution approach offers the possibility 

for perovskites to be utilized as multifunctional electrocatalysts for overall water 

splitting/rechargeable fuel cell. 

Inspired by the as-mentioned approach, further investigation was made towards this direction in 

developing multifunctional perovskite catalysts. Herein, we demonstrate the excellence of cobalt 

phosphide-PrBa0.5Sr0.5Co1.5Fe0.50O5+δ (CoP-PBSCF) as a trifunctional electrocatalyst towards 

OER/ORR and HER through an in-situ exsolution and phosphatization process. A strong 

interfacial charge transfer between CoP and perovskite was verified by X-ray photoelectron 

spectroscopy (XPS) and density functional theory (DFT). The intercalation of CoP into perovskite 

oxides brings substantial number of synergistically active sites, thus affording an enhanced 

catalytic activity and an extended functionality. The as-synthesized CoP-PBSCF acts as a 

multifunctional electrocatalyst towards catalyzing ORR, OER and HER in alkaline environment. 

More importantly, the excellent trifunctional electrocatalytic activities of CoP-PBSCF enable its 

wide application in rechargeable Zn-air batteries and water splitting systems. 
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5.3. Results and discussions 

The preparation procedures for CoP-PBSCF were depicted in Figure 5.1. Initially, an A-site 

deficient perovskite oxide with controlled non-stoichiometry 

(PrBa0.5Sr0.5)0.95(Co1.5Fe0.5)0.95Co0.05O5+δ (A-PBSCF) was fabricated through electrospinning, 

followed by calcination at 900 °C for 2 h. On account of the versatility and size controllability of 

electrospinning, nanofibrous perovskite (A-PBSCF) with controllable morphology and 

composition was obtained at this step (Figure 5.2a, b and Fgure 5.3a). Thereafter, upon reduction, 

the excess Co cations in A-PBSCF were spontaneously released from the perovskite oxide lattice 

and emerged on the perovskite surface to form metallic Co NPs decorated perovskites Co-

PrBa0.5Sr0.5Co1.5Fe0.5O5+δ (denoted as H-PBSCF), as shown in Figure 5.3b. Finally, the exsolved 

Co NPs was transformed into CoP NPs through a phosphatization process. The combination of an 

in-situ exsolution and post phosphatization process exquisitely leads to a uniform formation of 

CoP on the perovskite surface. 

 

Figure 5.1 Schematic illustration of the preparation procedure for CoP-PBSCF. 
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Figure 5.2 (a) and (b) Field-emission scanning electron microscopy (FESEM) image of pristine 

PBSCF; (c) and (d) FESEM image of H-PBSCF; (e) and (f) FESEM image of CoP- PBSCF  

 

Figure 5.3 High angle annular dark field- scanning transmission electron microscopy (HAADF- 

STEM) image and the corresponding EDX elemental mapping profiles of (a) A-PBSCF nanofiber 

calcined at 900 °C and (b) H-PBSCF. 

The X-ray diffraction (XRD) patterns in Figure 5.4a show the formation of single phase A-PBSCF 

after annealing at 900 °C, suggesting that Co cations were successfully dispersed into the 
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crystalline lattice without segregation. The Rietveld refinement XRD in Figure S5.1 shows a 

tetragonal structure of A-PBSCF with a space group of P4/mmm (a = b = 3.845 nm, c = 7.715 nm), 

in good agreement with the atom-scale high resolution TEM (HRTEM) results. After the post 

treatment of phosphatization, an emergence of additional diffraction peaks was found in the XRD 

pattern of CoP-PBSCF at 31.6°and 48.13°, which signified the phase formation of CoP. Moreover, 

no observable peaks derived from the possible destruction of perovskite or impurities such as Co 

and CoOx were detected in XRD pattern of the CoP-PBSCF, suggesting that the phosphatization 

process successfully transformed the exsolved Co NPs into ultrafine CoP NPs without 

deteriorating the structure of parent perovskite. Due to the Co exsolution, the A-site deficient 

perovskite (A-PBSCF) was reverted towards a stable stoichiometry.19 As a result, the diffraction 

peaks of the perovskite experience a slight shift in CoP-PBSCF, indicative of an increased lattice 

parameter (Rietveld refinement: a = b = 3.891 nm, c = 7.739 nm). 

The FESEM images in Figures 5.2e and f along with the scanning transmission electron 

microscopy bright-field (STEM-BF) image in Figure 5.4b show the morphology and structural 

information of the CoP-PBSCF. The CoP-PBSCF demonstrates a reticulate nanofibrous 

architecture with the fiber diameters ranging from 150-250 nm. A rough surface was found on 

CoP-PBSCF due to the post growth of CoP NPs on the perovskite surface.  The HAADF image 

with HRTEM persuasively verifies the interpenetration of CoP nanoparticles (NPs) and perovskite 

oxides. The HAADF image and STEM-EDX in Figure 5.4c clearly discloses that the perovskite 

matrix is coupled with CoP NPs after the phosphatization process. A close observation in Figures 

5.4d and e shows that the well-dispersed NPs with diameters of 5-7 nm are socketed on the 

perovskite surface. The crystal fringe in Figure 5.4e shows d-spacings of 2.533 and 2.470 Å, which 

well matches with the (200) and (11-1) planes of the CoP.  Figure 5.4f illustrates the HRTEM 
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images along the [110] zone axes of the CoP-PBSCF together with its diffractogram patterns. The 

lattice fringes show d-spacings of 3.871 and 2.752 Å, which are in accordance with (002) and (-

110) planes of the PBSCF. The additional reflection spot circled in the diffractogram image (Figure 

5.4f) corresponds to the tetragonal superlattice along c-direction. The HRTEM along with the 

diffractogram suggests a double perovskite structure, where the Pr and Ba (Sr) are ordered in A 

site, forming a –[PrOx]–[Co(Fe)O2]–[Ba(Sr)O]–[Co(Fe)O2]–[PrOx]– layered structure.20 The 

pristine A-PBSCF displays a similar structure with a slight volume shrink (Figure S5.2), while a 

uniform distribution of all the elements is detected within the perovskite fibers (Figure 5.3a).   

 

Figure 5.4 (a) XRD patterns of A-PBCCF and CoP-PBSCF, showing the CoP species are present 

after in-situ exsolution and phosphatization process; (b) STEM-BF images of the CoP-PBSCF; (c) 

HAADF-STEM image of the CoP-PBSCF and the corresponding elemental mapping; (d) HRTEM 

of the CoP-PBSCF; (e) HRTEM image and simulation of CoP NPs. (f) HRTEM image of the 

perovskite oxide in CoP-PBSCF. 
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The surface chemistry of the electrocatalysts was probed using the XPS. Figure 5.5a shows the 

XPS O1s spectra of A-PBSCF, H-PBSCF and CoP-PBSCF, where the O 1s can be deconvoluted 

into four different subpeaks, corresponding to the lattice oxygen (O2-), highly oxidative oxygen 

species (O2
2-/O-), hydroxyl groups/adsorbed oxygen (-OH/O2) and adsorbed molecular water 

(H2O).21 An increased surface adsorbed H2O and surface adsorbed oxygen/hydroxyl was found on 

the surface of the H-PBSCF and CoP-PBSCF, suggesting a strong hydrophilic nature. Furthermore, 

the Co2p spectra in Figure 5.5b suggest the coexistence of Co3+/Co4+ in A-PBSCF, consistent with 

the previous observation in La0.5(Ba0.4Sr0.4Ca0.2)0.5Co0.8Fe0.2O3–δ.
16 The peak located at 777.69 eV 

in A-PBSCF is assigned to the Ba-O interrelation, an evidence for the structural stress caused by 

the A-site deficiency.22 The Ba-O interrelation peak vanished after the Co exsolution, together 

with the emergence of an additional weak peak at 778.16 eV (2p3/2 peak of metallic Co). This is 

because the perovskite was reverted towards a more stable structure, while the metallic Co was 

generated at the same time.16 The CoP binding energy in CoP-PBSCF is in close proximity to the 

metallic Co. Due to the charge transfer between Co and P, the Co 2p 3/2 peak slightly shifted from 

778.16 to 778.20 eV.23 The Fe 2p core spectra are shown in Figure 5.5c, where a significantly 

increased Fe4+/Fe3+ ratio is found on H-PBSCF and Co-PBSCF Fe 2p profile in comparison to the 

A-PBSCF. Provided that the high oxidation state of Fe4+ features an electronic configuration of t2g
3 

eg
1, an optimized orbital occupancy is achieved on CoP-PBSCF.21 In this regard, it is suggested 

that the strong coupling effect between the exsolved CoP NPs and the perovskite matrix can lead 

to a modified electronic structure within the perovskites, thereupon favoring the catalytic 

efficiency of the ORR/OER. In the case of P (Figure 5.5d), the P2p spectrum of CoP-PBSCF shows 

the binding energy of the phosphates (PO4
3− or PO3

− or P2O5) and phosphide.24, 25 The presence of 

phosphates is presumably originated from the surface oxidation of CoP, yet some literature 
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suggests that the coexistence of cobalt oxide based compound would weaken the collected XPS 

signal of CoP.23     

 

Figure 5.5 XPS spectra showing the (a) O1s spectra in A-PBSCF, H-PBSCF and CoP-PBSCF; (b) 

Co2p/Ba3d spectra in A-PBSCF, H-PBSCF and CoP-PBSCF; (c) Fe 2p spectra of oxygen in A-

PBSCF, H-PBSCF and CoP-PBSCF.and (d) P 2p spectra in CoP-PBSCF.  

The as-prepared hybrid with intimate contact between CoP and PBSCF is expected to take full 

advantages of its strong coupling effects and  micro/mesoporous properties, thus enabling an 

enhanced catalytic activity and a strong durability. The electrocatalytic activities for the ORR, 

OER and HER were evaluated in the alkaline environment (0.1 or 1.0 M KOH) using a rotating 

disk electrode (RDE). Figure 5.6a shows the OER activities of CoP-PBSCF, together with pristine 

PBSCF, H-PBSCF, CoP and commercial IrO2 catalyst, in 0.1 M KOH solution. The CoP-PBSCF 

shows a remarkably enhanced OER activity, with a small onset potential of 1.570 V (vs. RHE), 



94 

and a minimum overpotential of 378 mV at the current density of 10 mA cm-2 among all the studied 

catalysts. The OER catalytic activity of CoP-PBSCF is considerably higher in 1.0 M KOH (Figure 

5.6b), coupled with overpotentials of 340 mV and 520 mV at current densities of 10 and 100 mA 

cm-2, respectively. By contrast, significantly higher overpotentials of 640 and 600 mV at a current 

density of 100 mA cm-2 are needed for the pristine PBSCF and CoP NPs, respectively. Moreover, 

the CoP-PBSCF demonstrates a Tafel slope of 81.5 mV dec-1, much lower than those of 108.5 and 

103.6 mV dec-1 for pristine A-PBSCF and CoP NPs. The superior OER activity of CoP-PBSCF 

could be ascribed to the synergistic catalytic effect between CoP and PBSCF perovskite in a 

heterostructured CoP-PBSCF. It is also noteworthy that, with the partial exsolution of Co cations, 

the H-PBSCF demonstrates an enhanced OER activity as compared to the A-PBSCF, showing a 

smaller overpotential of 570 mV at a current density of 100 mA cm-2 and a Tafel slope of 99.0 mV 

dec-1.  

The LSV curves in Figure 5.6d confirm the ORR electrocatalytic activity of CoP-PBSCF. 

Apparently, the CoP-PBSCF demonstrates a more positive onset potential in comparison with A-

PBSCF and CoP. Meanwhile, a half wave potential of 0.752 V was achieved over CoP-PBSCF, 

which is only 110 mV lower than that of Pt/C. In contrast, the A-PBSCF and CoP show half-wave 

potentials of 0.709 and 0.623 V, respectively. In addition, the H-PBSCF also demonstrates an 

enhanced ORR performance in comparison with the A-PBSCF, showing a half-wave potential of 

0.733 V in 0.1 M KOH. In fact, transition metal phosphides like CoP generally possess poor 

ORR catalytic activities, however, these interstitial alloys could play a positive role as a 

conductivity modifier in hybrid catalysts owing to their superior electronic conductivity.26 27 

Thus, the incorporation of CoP into PBSCF perovskite presumably leads to an improvement in 

ORR activity. The enhanced electrocatalytic activity for the ORR was also confirmed by the 
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Tafel slopes. As shown in Figure 5.6e, the CoP–PBSCF shows a Tafel slope of 85.7 mV dec-1, 

significantly smaller than that of A-PBSCF (122.7 mV dec-1), H-PBSCF (99.8 mV dec-1) and 

CoP (142.2 mV dec-1), which indicates a faster kinetics on CoP–PBSCF. The electron transfer 

number of the CoP-PBSCF for the ORR was determined from the LSV curves measured at 

different rotation speeds (400, 900, 1600, and 2500 rpm). The Koutechy–Levich (K–L) plots 

inserted in Figure 5.6f demonstrate a linear relationship between jL
−1and ω−1/2 (where jL is the 

measured limited current density and ω is the electrode rotating rate) at various potentials. The 

electron transfers n was determined to be ∼4.0 for the perovskite oxide based electrocatalysts, 

suggesting a four-electron transfer pathway over the perovskite. In contrast, the electron transfer 

number was measured to be ∼2.0 for CoP (Figure 5.6i), indicating an inefficient electron 

transfer on CoP electrocatalyst.  

In light of the superior electrochemical activities for both OER and ORR, the CoP-PBSCF was 

expected to show an excellent bifunctional electrocatalytic activity in rechargeable Zn-air batteries. 

We then integrated the bifunctional oxygen electrocatalysts in Zn-air batteries and evaluated their 

bifunctional applicability. Figure 5.7a shows the charging and discharging polarization curves of 

the rechargeable Zn-air batteries based on A-PBSCF, CoP-PBSCF and Pt/Ru/C air electrode. As 

anticipated, the Zn-air battery with CoP-PBSCF electrode demonstrates a smaller voltage gap 

(0.840 V at 10 mA cm−2 and 1.148 V at 50 mA cm−2) in comparison with the A-PBSCF (0.951 V 

at 10 mA cm−2 and 1.320 V at 50 mA cm−2), suggesting its excellent bifunctional activities. Notably, 

the rechargeable Zn-air batteries fabricated with CoP-PBSCF air electrode is competitive to the 

most active noble metal catalysts of Pt/Ru/C, and it even outperforms Pt/Ru/C when polarized at 

a relatively higher current region.  
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Figure 5.6 LSV curves of OER reaction on PBSCF, H-PBSCF, CoP-PBSCF, CoP and IrO2 in (a) 0.1 

M KOH and (b) 1 M KOH at 1600 rpm and (c) the corresponding Tafel curves in O2 saturated 1 M 

KOH; (d) ORR LSV curves of PBSCF, H-PBSCF, CoP-PBSCF, CoP, commercial Pt/C and (e) the 

corresponding Tafel curves in 0.1 M KOH at 1600 rpm. (f) CoP-PBSCF, (g) A-PBSCF, (g) H-PBSCF 

and (i) CoP in 0.1 M KOH at different rotation speeds (400, 900, 1600, and 2500 rpm); Inset: K-L plots 

at various potential.
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As shown in Figure 5.7b, the peak discharging power density of CoP-PBSCF reaches 138.0 mW 

cm-2, which is comparable to the commercial Pt/Ru/C electrocatalyst (142.3 mW cm-2). Moreover, 

the CoP-PBSCF demonstrates an exceptional rechargeability in the Zn-air batteries. As shown in 

Figure 5.7c, when cycled at a constant current density of 10 mA cm−2, no obvious deterioration is 

detected on CoP-PBSCF during the operation period. The rechargeable Zn-air battery with the 

CoP-PBSCF retains a voltaic efficiency of 58.3 % even after 100 cyclic charging-discharging tests. 

The socketed structure resulted from the exsolution and phosphatization effectively prevents the 

loss of catalytic active NPs in the cyclic test, thus contributing to the superior electrocatalytic 

activity and good stability. Conversely, the battery constructed with Pt/Ru/C air electrode shows 

obvious degradation, with a dramatically increased overpotential after 20 h operation, which could 

be ascribed to the oxidative potential induced catalyst passivation and/or catalyst detachment.   

Besides the optimized ORR/OER performances, the CoP-PBSCF also exhibits superior 

electrocatalytic activity towards HER. As shown in Figure 5.8a, the HER polarization curve of 

CoP-PBSCF was recorded in Ar-saturated 1.0 M KOH solution. For comparison, the HER LSV 

curves of A-PBSCF, H-PBSCF, CoP and commercial Pt/C were also evaluated. As anticipated, 

the commercial Pt/C is highly active towards HER, with an onset potential of almost 0 mV (vs. 

RHE) and an overpotential of 33 mV at a current density of 10 mA cm-2. Note that the CoP 

electrocatalyst also delivers excellent activity, showing a positive onset potential of -0.196 V, and 

a small overpotential of -0.209 V at a current density of 10 mA cm-2. Benefiting from the catalytic 

active site of CoP, the CoP-PBSCF displays a high activity towards HER, achieving a current 

density of 10 mA cm-2 at an overpotential of 240 mV. In contrast, a larger overpotential of 373 mV 

is required to reach  a current density of 10 mA cm-2 on the A-PBSCF, which suggests an inferior 

catalytic activity on single component perovskite. Moreover, as demonstrated in Figure 5.8b, the 
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CoP-PBSCF exhibits a lower Tafel slope of 93.8 mV dec-1 relative to A-PBSCF (114.5 mV dec-1) 

and H-PBSCF (97.6 mV dec-1), confirming a more efficient HER on CoP-PBSCF as compared to 

its counterparts. 

 

Figure 5.7 Electrochemical performance of the rechargeable Zn-air batteries using A-PBSCF, 

CoP-PBSCF and Pt/Ru/C air electrode. (a) Charging and discharging polarization curves of 

rechargeable zinc-air batteries; (b) Discharging polarization curves along with the corresponding 

power density. (c) Galvanostatic charge−discharge curves of A-PBSCF, CoP-PBSCF and Pt/Ru/C 

air electrode at a constant current density of 10 mA cm−2.  

The CoP-PBSCF electrocatalyst shows promising OER and HER activities in RDE tests, which 

suggests that the CoP-PBSCF may simultaneously serve as anode and cathode electrocatalyst in 



99 

overall water splitting system. To demonstrate its practical application, we further applied the CoP-

PBSCF catalyst onto the Ni-foam substrates and evaluated the overall water splitting performance 

in 1.0 M KOH solution. Figure 5.8c shows the measurements of water electrolysis on a two-

electrode configuration with CoP-PBSCF serving as both the anode (OER) and the cathode (HER). 

Expectedly, the CoP-PBSCF shows a remarkably electrochemical performance, achieving a 

current density of 10 mA cm-2 at a low overpotential of 440 mV, close to that of the Pt/C//IrO2/C 

(η = 370 mV). More importantly, the CoP-PBSCF shows a strong durability in the water 

electrolyzer. As shown in Figure 5.8d, when polarized at a current density of 10 mA cm-2, the 

potential remains at 1.69 V over 12 h chronopotentiometric test. 

To gain further insight into the enhanced HER activity, DFT simulations were applied to calculate 

the hydrogen adsorption Gibbs free energy (ΔGH*), as shown in Figure 5.9a, given that the ΔGH* 

is often used as a descriptor for the HER. Our computational results have revealed that the H* can 

be favorably adsorbed on the surface of CoP, which is in a good agreement with the experimental 

results. The ΔGH* value on Co site of CoP is found to be -0.14 eV for Co-H* state, close to the 

optimal hydrogen adsorption energy. On the contrary, the pristine PBSCF possesses a ΔGH* value 

of 0.82  and 1.02 eV for Co-H* state and Fe-H* state on the B sites of perovskites, respectively, 

indicating a weak hydrogen bonding and inferior adsorption strength on perovskite surface.  With 

regard to CoP-PBSCF, the emergence of CoP on perovskite surface leads to a strong interaction 

between the exsolved CoP NPs and the perovskite surface, resulting in a favorable modification in 

the electronic structure. The electron transfer between the exsolved CoP and perovskite yields a 

reduced ΔGH* value (0.76  and 0.98 eV for Co-H* state and Fe-H* state) and an enhanced H* 

adsorption. The modification of electronic structure contributes to an enhanced intrinsic HER 

activity on perovskite by facilitating the H* adsorption and accelerating the conversion of H2.  
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Figure 5.8 (a) HER polarization curves and (b) the corresponding Tafel curves of PBSCF, H-

PBSCF, CoP-PBSCF, CoP, and commercial Pt/C in 1 M KOH; (c) Polarization curves of overall 

water splitting reaction on CoP-PBSCF || CoP-PBSCF, the Pt/C||IrO2/C, and the bare Ni foam || Ni 

foam electrode in 1 M KOH solution (the electrocatalysts was loaded on Ni foam electrodes with 

a mass loading of 2 mg cm−2) (d) Chronopotentiometric test of overall electrochemical water 

splitting on CoP-PBSCF || CoP-PBSCF at a current density of 10 mA cm-2. 

In addition to the enhanced intrinsic activity on perovskite surface, the strong coupling between 

perovskite oxides and the exsolved CoP NPs is expected to contribute to a synergistic 

electrocatalytic effect. It has been well documented that there are two different steps involved in 
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HER in the alkaline environment, including the Volmer reaction (M + H2O + e− → MHads + OH−), 

and the accompanying step of converting Had to H2 through Heyrovský reaction or Tafel reaction.28, 

29 Previous research has verified that the transition metal oxide with its surface rich in hydroxyl 

group can accelerate the dissociation of H2O in the Volmer reaction. 13, 23 Meanwhile, the OH− 

generated within the Volmer reaction could be preferably adsorbed on the surface of perovskite 

owing to the high oxophilicity nature and strong electrostatic affinity of positively charged Co and 

Fe species.23, 30 This helps to prevent the blockage of active sites on CoP. As mentioned above, 

owing to the desired ΔGH*, the produced Had could be efficiently converted into H2 on CoP surface 

in the following step. As results, a synergy is created between PBSCF and CoP components to 

boost the HER activity, while the intimate contact and strong coupling of CoP and PBSCF matrix 

is presumably to further promote the cooperative effect. The reduced overpotential and Tafel slope 

of CoP-PBSCF confirm that phosphatization process effectively advances the electrocatalytic 

activity of HER.     

 

Figure 5.9 (a) HER free energy diagrams of Co-sites on CoP, and Co-sites on perovskite surface 

of CoP-PBSCF and PBSCF; (b) Calculated density of states of O for CoP-PBSCF and pristine 

PBSCF; (c) Calculated density of states of Co for CoP-PBSCF and pristine PBSCF.  
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Besides the enhanced HER activity, DFT calculation is also employed to investigate the origin of 

enhanced oxygen electrocatalytic activity. As shown in Figures 5.9 b and c, the incorporation of 

CoP on perovskite oxides surface results in a change in density of states within perovskite oxides. 

The surface O p-band center relative to the Fermi level reaches 2.70 eV in CoP-PBSCF, lower 

than that of pristine PBSCF (2.74 eV). The oxygen 2p character relative to Fermi level was 

reported to be strongly correlated to both oxygen incorporation and evolution during 

electrochemical reactions.31 Moving the metal d states closer in energy to the O 2p states facilitates 

the metal–oxygen hybridization, B-O bond covalency and oxygen exchange kinetics, thus 

promoting the oxygen electrocatalysis on perovskite. 32, 33 The enhanced ORR/OER activity is 

likely to be attributed by the optimal electronic properties in CoP-PBSCF.  

5.4. Conclusions  

In summary, we have reported a facial and effective approach to developing multifunctional CoP-

PBSCF electrocatalyst, whereby the ultrafine CoP NPs are socketed on perovskite oxide surface. 

The significantly enhanced multifunctional activity suggests that the integration of CoP contributes 

to synergistic catalytic sites, while the strong coupling effect and intimate contact between CoP 

NPs and PBSCF facilitate ion migration within the reaction. The homogeneous incorporation of 

semi-metallic CoP is expected to provide an optimized electron transfer path. The as-obtained 

electrocatalyst demonstrates superior electrocatalytic activities towards ORR/OER/HER in 

alkaline environment, and it has been further employed in Zn-air batteries and water splitting 

electrolyzer. Moreover, the proposed strategy shows the potential in designing and synthesising 

various nanostructured materials with extended functionalities, which broaden the application of 

perovskite oxide based electrocatalyst in diverse electrochemical devices. 
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5.5 Experimental procedure 

Synthesis of A-PBSCF catalysts  

Ba(NO3)2 (assay 100.0%), Sr(NO3)2 (assay ≥ 99%), Fe(NO3)3·9H2O (assay ≥ 99.9%) were 

purchased from Fisher Scientific Cooperation. Pr(NO3)3·6H2O (assay≥ 99%), Co(NO3)2·6H2O 

(assay ≥ 99%), poly(vinylpyrrolidone) (PVP, assay 12 to 12.8% nitrogen, average M.W 1,300,000) 

were purchased from Acros Organics. To prepare A-PBSCF, stoichiometric amounts of metal 

nitrates were firstly dissolved in N, N-dimethylformamide (DMF) solvent at a total metal cations 

concentration of 0.60 M, followed by stirring for 12 h to form a clear solution. The as-obtained 

precursor was labelled as precursor A. The PVP was slowly dissolved in DMF solvent with a 

weight ratio of 30:100 (PVP/DMF), then labelled as precursor B. The precursor A and B were 

mixed at a volume ratio of 1:1 to achieve a desired viscosity. The as-obtained precursor was 

electrospun into fibrous materials at an applied voltage of 20 kV and a distance of 15 cm between 

the needle and an aluminium foil collector. The syringe pump was set at a flow rate of 0.3 mL h-1. 

The resulting nanofibers were peeled from the collected, and then calcined at 900 °C for 2 h to 

form A-PBSCF.  

Synthesis of H-PBSCF catalyst  

The as-synthesized A site deficient PBSCF was further treated in 5% H2/N2 for 2 h at 350 ◦C to 

form Co-PrBa0.5Sr0.5Co1.5Fe0.5O5+δ (H-PBSCF).  

Synthesis of CoP-PBSCF catalyst  

In the phosphatization process, 50 mg NaH2PO2·H2O (Sigma Aldrich, assay ≥ 99%) and 20 mg 

as-synthesized H-PBSCF were placed in two crucibles in a tube furnace on upstream and 

downstream side, respectively. The samples were heated up to 300 °C under Ar flow (50 ml min-

1) and kept at this temperature for 2 hours to yield CoP-PBSCF.   
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Synthesis of CoP  

CoP nanoparticles were synthesized based on phosphatization of Co(OH)2, according to a previous 

report.32 The synthesis procedure is briefly described as below: 200 mg of Co(NO3)2·6H2O and 55 

mg of C6H5Na3O7·2H2O (Sigma Aldrich, assay ≥99.0%) were first dissolved into 100 mL of 

deionized water. The 1.0 M NaOH solution was added dropwise to the metal nitrate solution under 

vigorous stirring. The solid product Co(OH)2 was precipitated from the solution after an addition 

of 3.5 mL NaOH solution. The solid product from at this stage was immediately centrifuged and 

then dried at 60 °C for 5 h under vacuum. The synthesis of CoP nanoparticles was similar to the 

phosphatization process described above. 50 mg Co(OH)2 and 250 mg NaH2PO2·H2O were placed 

in two crucibles in a tube furnace on upstream and downstream side, respectively. The tube furnace 

was heated to 300 °C at a rate of 2 °C min-1. The temperature was maintained at 300 °C for 2 h 

under Ar flow (50 mL min−1) to yield the CoP nanoparticles. The CoP product was collected after 

being washed subsequently by water and ethanol and dried under vacuum. The FESEM image and 

the XRD pattern of the as-synthesized CoP is shown in Figure 5.10. 

 

Figure 5.10 (a) FESEM image of the CoP NPs; (b) XRD pattern of the CoP NPs. 
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5.7 Supporting information  

5.7.1 Catalyst ink preparation. 

To prepare the catalyst ink, 10 mg of the as-synthesized perovskite was mixed with 10 mg of 

carbon black (Cabot). The mixture was dispersed in a solution containing 200 µL of 5wt. % Nafion 

(Aldrich) and 800 µL of isopropyl alcohol (Fisher Scientific Cooperation), and then sonicated for 

an hour. The glassy carbon rotating disk electrode (5 mm RDE, Pine instrument) was pre-polished 

with 0.3 and 0.05 μm aluminum oxide suspension and rinsed with deionized water to obtain a 

mirror-like surface. 5 μL of the catalysts ink was dispersed on a 5 mm pre-polished glassy carbon 

rotating disk electrode (RDE, Pine instrument) and was dried in air for 1 h before the test. The 

loading amount of the perovskite catalyst was 0.255 mgox cm-2.  

5.7.2 Electrochemical measurements  

The electrochemical tests were carried with a standard three-electrode cell, where the catalyst-

coated glassy carbon RDE, the Ag/AgCl (Sat. KCl) electrode and Pt wire served as the working 

electrode, the reference electrode and the counter electrode, respectively. The HER and OER were 

conducted using both 0.1 M KOH and 1 M KOH electrolyte, while the ORR was measured using 

a 0.1 M KOH electrolyte. For the ORR and OER tests, the oxygen saturated 0.1 M KOH solution 

was prepared via purging pure oxygen (99.9%) into the electrolyte for 30 min. Linear sweep 

voltammetry (LSV) was conducted in a voltage scan range of 0.1 V to -0.8 V (vs. Ag/AgCl, sat. 

KCl) with rotating speeds of 400, 900, 1600 and 2500 rpm. For OER measurements, LSVs were 

measured in a voltage range of 0.1 to 1 V vs. Ag/AgCl at a scan rate of 20 mV s-1. While for HER 

measurements, the LSVs were measured from -0.8 to -1.6 V vs. Ag/AgCl at a scan rate of 20 mV 

s-1 in Ar-saturated KOH solution.  
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5.7.3 DFT calculations 

The first-principle calculations were carried out with the Vienna ab initio Simulation Package 

(VASP).1–4 The electron wavefunctions were presented by the planewave basis set with an energy 

cutoff of 520 eV. The ionic cores and their interaction with the valence electrons were treated with 

the projector-augmented plane-wave (PAW) method.5,6 The Perdew-Burke-Ernzerhof (PBE) 

generalized gradient approximation functional (GGA) was employed to describe the 

exchangecorrelation interactions.7 The spin polarization was enabled in all the calculations. The 

Monkhorst-Pack K-point mesh of 3×5×3 was used for the PBSCFO6 unit cell.8–10 The occupancy 

of the one-electron states was calculated using an electronic temperature of kBT = 0.05 eV, while 

all the energies were extrapolated to T = 0 K. The structures were geometrically optimized until 

the force components were less than 0.06 eV/Å. The relaxed lattice constants of the PBSCFO6 unit 

cell are a=7.664 Å, b=3.850 Å and c=7.663 Å, in good agreement with the experimental results 

obtained in this study, further confirming the reasonability of the above computational setups. 

Based on the fully relaxed unit cell, the (001) slab model was built with the vacuum thickness of 

15 Å along the z axis to minimize the periodic image interactions. The slab contains seven atomic 

layers with Co/Fe-O as the surface termination layer. During the geometry optimization of the slab 

models, the bottom three atomic layers were constraint, whereas the above four layers were 

allowed to relax. 

 The effective p band center of the oxygen within the first atomic layer of the surface models was 

determined by taking the centroid of the projected density of states of the oxygen p states relative 

to the Fermi level using the commonly used formula,10–13 

𝑏𝑎𝑛𝑑 𝑐𝑒𝑛𝑡𝑒𝑟 =  
∫ 𝐸 ∙ 𝑓(𝐸)𝑑𝐸

∫ 𝑓(𝐸)𝑑𝐸
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Where 𝐸 and 𝑓(𝐸) are the electron energy and the corresponding PDOS value, respectively.  

For the purpose of this study, the CoP and CoOH adsorbed surface models were subsequently built 

and relaxed to simulate the exsolutions of CoP on the surface of PBSCFO6,
14,15 where the O p band 

center was calculated for the surrounding oxygen in the first layer. Moreover, to compare the 

catalytic activities of the three typical surfaces for hydrogen evolution reaction (HER), the Gibbs 

free energy diagram for HER was constructed which has been verified capable of reflecting the 

relative activity trend of the catalysts.16,17 Both the Co and Fe sites on the surface were taken as 

the catalytic active centers for HER with the adsorption of the intermediate H at a surface coverage 

of 0.25.10 The ∆𝐺𝐻∗was then calculated as,16,18 

∆𝐺𝐻∗ = 𝐸𝐻∗ − 𝐸 ∗ −
𝐸𝐻2

2
+ ∆(𝐸𝑍𝑃𝐸 + ∫ 𝐶𝑝𝑑𝑇 − 𝑇𝑆) 

where 𝐸𝐻∗, 𝐸 ∗ and 𝐸𝐻2
are the DFT calculated electronic energies of the H adsorbed surface, the 

bare surface and hydrogen gas, respectively; 𝐸𝑍𝑃𝐸 is the zero-point vibrational energy; ∫ 𝐶𝑝𝑑𝑇 is 

the enthalpy correction; 𝑇𝑆  is the entropy contribution. The relevant entropy and enthalpy 

corrections were calculated with the suggested methods by the previous studies.19,20  
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Figure S5. 1 XRD refinement data of (a) A-PBSCF and (B) CoP-PBSCF 

 

 

 

Figure S5. 2 HRTEM images of the A-PBSCF and the corresponding diffractogram. 
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Chapter 6. A Strongly Cooperative Spinel Nanohybrid as an 

Efficient Bifunctional Oxygen Electrocatalyst for Oxygen Reduction 

Reaction and Oxygen Evolution Reaction 

6.1. Abstract 

The development of efficient, stable and low-cost bifunctional oxygen electrocatalysts is critical 

to the realization of practically viable rechargeable Zn-air batteries. Herein, we report a strongly 

cooperative spinel nanohybrid as a promising air electrode catalyst for rechargeable Zn-air 

batteries.  Ultrafine sub-10 nm MnFe2O4 crystals are in situ grown on the ultrathin NiCo2O4 

nanosheets, leading to a highly effective surface area and a strong synergistic chemical coupling 

effect. The distinct architecture and complex composition endow an excellent bifunctional oxygen 

electrocatalytic activity in alkaline condition. The practical rechargeable Zn-air battery with the 

hybrid electrocatalyst demonstrates a high round-trip efficiency (a low discharge-charge voltage 

gap of 0.81 V at a reversible current density of 10 mA cm-2) and an outstanding durability, which 

outperforms the commercial Pt/Ru/C electrocatalyst. The resulting hybrid (MnFe2O4/NiCo2O4) 

shows great promise as an alternative bifunctional electrocatalyst to the precious metals for the 

application in Zn-air batteries. 
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6.2. Introduction 

As a promising post lithium-ion technology, rechargeable Zn–air batteries have attracted intense 

attention in the past decades due to their high theoretical energy and power density.1 However, the 

sluggish kinetics of the ORR/OER has been the technical hurdle for the Zn-air battery application.2 

Thus, the discovery of bifunctional electrocatalysts which could efficiently drive both ORR and 

OER is of paramount importance. Presently, the state-of-art bifunctional electrocatalysts are 

noble-metal based catalysts, such as Pt/RuO2 or Pt/IrO2. However, the commercialization of Zn-

air battery is greatly hampered by two fundamental factors associated to the Pt/RuO2 or Pt/IrO2: 

(1) the high cost, scarcity of the noble metal, and (2) the poor stability of the electrocatalysts in 

cyclic charging/discharging environment.3 Therefore, it is highly desirable yet challenging to 

design non-noble-metal-based bifunctional electrocatalysts with efficient catalytic activity and 

good stability. 

Mixed-valence transition metal oxides have emerged as an alternative oxygen electrocatalyst, 

among which a two-dimensional NiCo2O4 nanosheets (NSs) electrocatalysts with an ultrathin 

feature has drawn particular interest owing to its excellent intrinsic OER activity, unique 

architecture, rich electroactive sites, and good electronic/ionic conductivity.4 However, an 

insufficient ORR activity was found on NiCo2O4 electrocatalysts, which greatly limits their 

application in rechargeable Zn-air batteries.5 Therefore, considerable efforts are required to 

advance the bifunctionality of the NiCo2O4 NSs and to broaden their application in energy devices. 

Research has shown that assembling the ultrathin NiCo2O4 NSs with graphene leads to an 

enhanced catalytic activity derived from the synergetic chemical coupling effects between ultrathin 

NSs and foreign materials.6 



119 

Herein, we report the in situ growth of ultrafine MnFe2O4 nanocrystals on ultrathin NiCo2O4 NSs 

(denoted as MnFe2O4/NiCo2O4) as a highly efficient and stable bifunctional electrocatalyst. 

Previous studies conducted by Sun et al show that the monodispersed magnetite MnFe2O4 

nanoparticles (NPs) supported on carbon support exhibits competitive ORR ativity to the 

commercial Pt/C catalysts.7 In an endeavor to boost the bifunctionality, sub-10 nm MnFe2O4 

nanocrystals have been grown on NiCo2O4 ultrathin NSs. The ultrathin NS structure of NiCo2O4 

affords a high specific surface area and sufficient anchoring sites that allow subsequent integration 

of highly dispersed NPs. This structure enables an intimate contact between MnFe2O4 NPs and 

NiCo2O4 NSs, which is attributed to an efficient utilization of the catalyst surface and an extended 

electrochemically active surface area. The significantly enhanced bifunctional oxygen 

electrocatalytic activity is credited to the distinct architecture and complex composition of the 

MnFe2O4/NiCo2O4 hybrid. The MnFe2O4/NiCo2O4 hybrid electrocatalyst exhibits an overpotential 

of 0.344 V at 10 mA cm-2 for the OER, and a positive half-wave potential of 0.767 V (vs. reversible 

hydrogen electrode, RHE) for the ORR. More importantly, the rechargeable Zn-air batteries 

employing the MnFe2O4/NiCo2O4 hybrid achieve a high round-trip efficiency with a low 

discharge−charge voltage gap of 0.81 V at a reversible current density of 10 mA cm-2 as well as 

an excellent durability over 100 cycles.  

6.3. Results and discussions  

The ultrathin NiCo2O4 NSs were firstly synthesized through a p-aminobenzoic acid (PABA) 

intercalation method, followed by a subsequent thermal treatment.4a, 4b The as-synthesized 

NiCo2O4 NSs exhibit negative zeta potentials in neutral and alkaline media (Figure 6.1). The 

integration of MnFe2O4 NPs on NiCo2O4 NSs was achieved using a non-hydrolytic thermal 
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decomposition method with Mn(acac)2 and Fe(acac)3 as the sources, and oleylamine as the solvent 

and stabilizer.8 Subsequently, the negatively charged NiCo2O4 NSs were introduced into the 

solution, which act as heterogeneous nucleation sites for the growth of MnFe2O4 NPs, owing to 

the charge interaction of Fe3+ and Mn2+. In this synthesis, the loading amount of MnFe2O4 NPs 

was controlled by tailoring the ratio of Fe(acac)3 and Mn(acac)2 to the NiCo2O4. The strong 

anchoring of MnFe2O4 resulted from the heterogeneous nucleation led to an interfacial interaction 

of MnFe2O4 NPs with the ultrathin NiCo2O4 NSs, which was expected to exhibit high 

electrocatalytic activity and durability for oxygen electrocatalysis. For comparison, 

monodispersed MnFe2O4 NPs and physically mixed composite MnFe2O4+NiCo2O4 were also 

prepared. 

 

Figure 6.1 Surface charge investigation of NiCo2O4 ultrathin nanosheets with zeta potential 

measured at different PH. 

The XRD pattern of the as-prepared electrocatalyst clearly demonstrates the formation of 

MnFe2O4/NiCo2O4 hybrid (Figure 6.2a), where the peak positions and relative intensities of all 

diffraction peaks are well matched with those of the resulting MnFe2O4 NPs, NiCo2O4 NSs and 

corresponding standard diffraction patterns (PDF #10-0319 and PDF #20-0781). The FESEM 

image of MnFe2O4/NiCo2O4 hybrid in Figure 6.2b shows the layered flower-like structure 
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assembled with interconnected ultrathin NiCo2O4 NSs. Figures 6.2c confirms the architecture of the 

MnFe2O4/NiCo2O4 hybrid, where the NiCo2O4 NSs are well integrated with MnFe2O4 NPs.  

 

Figure 6.2 (a) XRD of MnFe2O4 NPs, NiCo2O4 NSs and MnFe2O4/NiCo2O4 hybrid; (b) FESEM 

image and (c) TEM image of MnFe2O4/NiCo2O4 hybrid; 

From the TEM images shown in Figures 6.3a and b, the thickness of an individual NiCo2O4 NS matrix 

is around 6-7 nm in MnFe2O4/NiCo2O4 hybrid. As revealed by the Brunauer–Emmett–Teller (BET) 

analysis (Figure 6.3c), the MnFe2O4/NiCo2O4 hybrid possesses a specific surface area of 118.6 m2 

g−1 with substantial mesopores (similar to that of NiCo2O4 NSs, with 131.8 m2 g−1), suggesting 

negligible agglomeration of the hybrid after the incorporation of MnFe2O4 NPs. This undoubtedly 

makes the MnFe2O4/NiCo2O4 hybrid an excellent electrocatalyst with high surface area and 

abundant electroactive sites.  The chemical compositions of the MnFe2O4/NiCo2O4 hybrid, 

NiCo2O4 ultrathin NS and MnFe2O4 NPs were also confirmed by energy dispersive X-ray (EDX) 

spectroscopy (Figures S6.1, S6.2 and S6.3) and inductively coupled plasma-atomic emission 

spectroscopy (ICP-AES); Based on ICP-AES result, the loading amount of MnFe2O4 NPs was 

estimated to be 47.2 wt.% in the MnFe2O4/NiCo2O4 hybrid, consistent with the set ratio. Moreover, 

the STEM-EDX and atom-scale high resolution TEM (HRTEM) in Figures 6.4a and b give better 

insights into the chemical composition and material structure. The elemental mappings of 
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MnFe2O4/NiCo2O4 hybrid (Figure 6.4a) show the homogenous distributions of Mn, Fe, Ni, Co, 

indicating that the ultrafine MnFe2O4 NPs are uniformly dispersed on NiCo2O4 NSs without 

deteriorating the structure and ultrathin feature of the NiCo2O4 NSs during the formation of 

MnFe2O4 NPs. As demonstrated, the exposed edges of NiCo2O4 NSs are the electroactive centers 

for the water oxidation reaction and could remarkably facilitate the reaction kinetics.6b To this end, 

the HRTEM was conducted; the lattice fringes with a d spacing of 2.51 Å (Figure 6.3b) on clean 

exposed edge of NiCo2O4 NS were observed, which correspond to the (311) plane of NiCo2O4, 

implying that the NiCo2O4 is preferentially exposed with {311} facets.4c As seen from Figure 6.4b, 

the diameters of the NPs coupled on the NiCo2O4 are 5-7 nm. The HRTEM of MnFe2O4/NiCo2O4 

hybrid, along with the corresponding diffractogram, shows the d spacings of 2.94 and 4.88 Å, 

indexed on the (220) and (1-11) planes of MnFe2O4. This HRTEM confirms that the non-

hydrolytic synthetic method offers intriguing advantages to synthesize NPs with uniform size 

distribution and high crystallinity.8-9 

 

Figure 6.3 (a) TEM image and (b) HR-TEM of the vertical oriented MnFe2O4 / NiCo2O4 hybrid. 

N2 adsorption and desorption isotherm curves with BJH pore size distribution (inset) of (c) 

MnFe2O4 / NiCo2O4 hybrid and (d) NiCo2O4. 
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Figure 6.4 (a) Scanning transmission electron microscopy bright-field (STEM-BF) mage of 

MnFe2O4/NiCo2O4 hybrid with EDS mapping; (The scale bar is 100 nm) (b) HRTEM images of 

MnFe2O4 nanoparticles on NiCo2O4 NSs. 

X-ray photoelectron spectroscopy (XPS) analysis was performed to study the electronic structure 

of Ni, Co, O in the MnFe2O4/NiCo2O4 hybrid and the ultrathin NiCo2O4 NSs. After loading with 

MnFe2O4 NPs, the Co 2p core level XPS spectra demonstrate that the electron binding energy of 

Co 2p experiences a decrease of ∼0.4 eV. This is considered to accompany the oxidation of Co2+ 

to Co3+.10 The Co 2p core level spectra (Figure 6.5a) were deconvoluted into two spin-orbit 

doublets, characteristic of Co2+ and Co3+, and one shakeup satellite (identified as “Sat.”).  The 

deconvolution results manifest that, after loading with MnFe2O4 NPs, the ratio of Co3+ to Co2+ 

experienced a significant increase. It has been reported that Co3+ center plays a decisive role in 

determining H2O adsorption, and consequently enabling high ORR and OER electrocatalytic 

activities.7, 11 As for the Ni 2p spectra (Figure 6.5b), two spin orbit doublets, characteristic of Ni2+ 

and Ni3+ species, are found in both samples. The incorporated surface Ni3+ species also acts as the 

active sites to facilitate the OER.12 
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Figure 6.5 The XPS profiles of NiCo2O4 NSs and MnFe2O4/NiCo2O4 hybrid. (a) Co 2p spectra and 

its simulations; (b) Ni 2p spectra and its simulations. 

Research has shown that the complex transition metal oxide generally results in complementary 

redox and beneficial electronic properties, and therefore is likely to show significant promise as 

electrocatalyst material. 13 As such, we investigated the bifunctional oxygen electrocatalytic 

performances of the MnFe2O4/NiCo2O4 hybrid for ORR and OER. The ORR electrocatalytic 

activities were first investigated by the cyclic coltammetry (CV) in O2 and Ar saturated 0.1 M 

KOH, respectively. Using the MnFe2O4/NiCo2O4 hybrid, a more positive onset potential was 

achieved, and the peak potential shifted from 0.695 V (NiCo2O4 NSs) to 0.779 V vs. Reversible 

Hydrogen Electrode (RHE) (Figure 6.6).  
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Figure 6.6 Cyclic voltammetry curves of MnFe2O4, NiCo2O4 and MnFe2O4/NiCo2O4 hybrid on 

glassy carbon electrodes in O2-saturated (solid line) and Ar-saturated (dash line) 0.1 M KOH. Scan 

rate was 20 mV s-1. 

To reveal the ORR kinetics, the catalytic acticity of MnFe2O4/NiCo2O4 hybrid was further 

analyzed by the linear sweep voltammetry (LSV), using a rotating disk electrode (RDE) in O2-

saturated 0.1 M KOH. As benchmarks, the ORR catalytic activities of MnFe2O4 NPs, NiCo2O4 

NSs and physically mixed composite as well as the commercial Pt/C electrocatalysts were 

evaluated. At 1600 rpm (Figure 6.7a), the NiCo2O4 NSs showed a diffusion-limited current density 

of 4.66 mA cm−2 at 0.3 V (vs. RHE). The ORR Eonset and E1/2 of the NiCo2O4 were 0.785 and 0.702 

V, respectively.  When coupled with MnFe2O4, the MnFe2O4/NiCo2O4 hybrid achieved a 

comparably higher catalytic ORR activity, with a more positive onset potential (Eonset 0.881 V vs. 

RHE), half wave potential (E1/2 0.767 V), and higher diffusion-limited current density (5.01 

mA cm−2 at 0.3 V). The physical mixed composite demonstrated a simiar ORR electrocatalytic 

activity, with an onset potential of 0.878 V and a half-wave potential of 0.783V. It is suggested 

that the redox couple of Mn3+/Mn2+within the hybrid contributes to an enhanced ORR activity. As 

Mn2+ has a higher tendency to adsorb O2, the surface redox active centers of MnFe2O4 presumably 

facilitate the O2 adsorption and activation in the ORR. 7, 14 With the onset potential of 0.912 V and 
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half-wave potential of 0.835 V, MnFe2O4 NPs demonstrate the best ORR activity among the 

resulting spinel oxide catalysts, approaching to the commercial Pt/C catalyst performance wise. 

To further investigate the reaction kinetics of the hybrid for ORR, polarization curves were 

obtained on all samples at the rotating speeds of 400 to 2500 rpm (Figures 6.7b, c ,d and e). The 

electron transfer numbers were estimated based on the slopes Koutecky-Levich equation at 

different potentials (ie., 0.3 V and 0.4 V). The electron transfer numbers (n) were calculated to be 

around 4.0 at 0.3–0.4 V for MnFe2O4/NiCo2O4 hybrid, slightly higher than that of NiCo2O4 NSs 

(Figure 6.7f). This indicates that the electron transfer pathway is dominated by a four-electron 

route in the MnFe2O4/NiCo2O4 hybrid. 

The LSV curves of the MnFe2O4/NiCo2O4 electrocatalyst for OER were measured at 1600 rpm in 

O2 saturated 0.1 M KOH (Figure 6.8a). Remarkably, the MnFe2O4/NiCo2O4 achieved the lowest 

overpotential of 344 mV at the current density of 10 mA cm-2, significantly lower than that of 

NiCo2O4 NSs (456 mV). Of note, the MnFe2O4 NPs possess poor OER activity. Physically mixed 

composite, MnFe2O4+NiCo2O4, also showed an improved OER catalytic activity (418 mV) as 

compared to the NiCo2O4 NSs. The remarkable OER activity of the MnFe2O4/NiCo2O4 hybrid 

mainly originated from the NiCo2O4 NSs, where MnFe2O4 served as a synergist. It is also worth 

noting that the MnFe2O4/NiCo2O4 hybrid outperforms the MnFe2O4 + NiCo2O4 composite, with 

the overpotential (at 10 mA cm-2) being 74 mV lower than the MnFe2O4 + NiCo2O4 electrocatalyst 

(Figure S6.6). It is deduced that the strong interfacial effects between MnFe2O4 NPs and NiCo2O4 

NSs in the MnFe2O4/NiCo2O4 will contribute to a more efficient charge transfer between the NPs 

and the support NSs in comparison to the physically mixed composite.15 The superb OER activity 

is also ascribed to the dual electroactive sites, i.e., the clean edge of the NiCo2O4 ultrathin NSs and 

the interfacial coupling sites between MnFe2O4 NPs and NiCo2O4 NSs.  
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Figure 6.7 (a) ORR LSV curves at 1600 rpm for NiCo2O4 NSs, MnFe2O4 NPs, MnFe2O4/NiCo2O4, and Pt/C. ORR LSV curves of (b) 

NiCo2O4 NSs and (c) MnFe2O4/NiCo2O4 hybrid (d) MnFe2O4 NPs and (e) MnFe2O4 + NiCo2O4 physical mixing composite in 0.1 M 

KOH at different rotation speeds. (f) Electron transfer number of NiCo2O4 NSs, MnFe2O4 NPs, MnFe2O4/NiCo2O4 derived from K-L 

plots at 0.3 V vs RHE. 
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Importantly, the MnFe2O4/NiCo2O4 hybrid demonstrated a smaller Tafel slope (46.7 mV dec-1) 

than NiCo2O4 NSs (77.9 mV dec-1) and MnFe2O4 NPs (115.5 mV dec-1), as shown in Figure 6.8b. 

A lower Tafel slope manifests a better OER activity as the electrode experiences smaller 

polarization upon increasing anodic current density. 16 Potentiostatic electrochemical impedance 

spectroscopy (EIS) conducted on NiCo2O4 ultrathin NSs and MnFe2O4/NiCo2O4 hybrid (Figure 

6.8c) further verifies the enhanced interfacial properties of the MnFe2O4/NiCo2O4 hybrid under 

the OER potential. For example, at a bias potential of 0.65 vs. Ag/AgCl, the MnFe2O4/NiCo2O4 

hybrid shows an interfacial charge-transfer resistance of 3.73 Ω cm2 (Table S6.1), dramatically 

lower than that of NiCo2O4 (15.68 Ω cm2, Table S6.1). The simulated results indicate that the 

MnFe2O4/NiCo2O4 hybrid possesses a faster interfacial charge transfer process. A further 

enhanced charge-transfer process was found on the MnFe2O4/NiCo2O4 hybrid when 1 M KOH 

was used as the electrolyte (Figure S6.8).  

Table 6.1 Comparison of various parameters in the equivalent circuit of EIS curves for the NiCo2O4 

NSs and the MnFe2O4/NiCo2O4 hybrid electrocatalysts at an applied bias potential of 0.65 V vs. 

Ag/AgCl.   

Samples 
Rs 

(Ω cm2) 

CPE1 

(Ω −1 cm−2 sn) 
n 

Rp 

(Ω cm2) 

CPE2 

(Ω −1 cm−2 sn) 
n 

Rct 

(Ω cm2) 

NiCo2O4 9.757 0.080 0.678 3.210 0.0484 0.907 15.680 

MnFe2O4 / NiCo2O4 9.852 0.034 0.807 1.636 0.0363 0.976 3.729 

(The Rs, Rf and Rct represent the electrolyte, electrode film and charge transfer resistance, 

respectively. CPE1, CPE2 refer to the constant phase elements of the electrode film, and charge-

transfer double-layer components, and n is the phase change values obtained from the fitting.) 
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Apart from the substantially enhanced electrocatalytic activity, the stability of the 

MnFe2O4/NiCo2O4 hybrid is also of great significance for the practical application. 17 To assess 

the stability, the galvanostatic long-term performances of MnFe2O4/NiCo2O4 were conducted at a 

constant current density load of 10 mA cm−2 in O2-saturated 1 M KOH at 1600 rpm, as shown in 

Figure 6.8d. The OER potential of the MnFe2O4/NiCo2O4 hybrid was first plateaued at 1.56 V at 

a current density of 10 mA cm-2, and the overpotential only experienced a 9 mV increase after 

polarized for 50 000 s.   

The overall bifunctional activity of the MnFe2O4/NiCo2O4 hybrid was further confirmed by the 

potential difference between the OER potential of E10 and the ORR half-wave potential (ΔE = E10 

− E1/2) in 0.1 M KOH. The bifunctional activities of the MnFe2O4 NPs, NiCo2O4 ultrathin NSs and 

Pt/Ru/C were also evaluated as shown in Figure 6.8e. The MnFe2O4/NiCo2O4 hybrid shows the 

smallest potential difference (0.807 V) among the catalysts studied, and is comparable with many 

good bifunctional catalysts in alkaline conditions (Figure 6.8f, listed in Table 6.2), which is 

indicative of the favorable bifunctionality of MnFe2O4/NiCo2O4. By integrating the MnFe2O4 NPs 

on the ultrathin NiCo2O4 NSs, the overall overpotential was successfully decreased by 177 mV.  
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Figure 6.8 LSV curves (a) and corresponding Tafel curves of OER reaction on NiCo2O4 NSs, MnFe2O4 

NPs, MnFe2O4/NiCo2O4, and IrO2/C in 0.1 M KOH at 1600 rpm. (c) EIS curves of MnFe2O4/NiCo2O4 

hybrid and NiCo2O4 NSs in 0.1 M KOH at a bias potential of 0.65 V vs. Ag/AgCl. Inset: equivalent 

circuit model for the Nyquist plots. (d) Long term stability test of MnFe2O4 / NiCo2O4 hybrid at a 

constant current density of 10 mA cm−2. (e) LSV curves of an overall oxygen reaction on MnFe2O4 NPs, 

NiCo2O4 NSs, MnFe2O4/NiCo2O4 hybrid and Pt/Ru/C. (f) The comparison of overall overpotential for 

bifunctional electrocatalysts. CV curves of (g) MnFe2O4/NiCo2O4 hybrid and (h) NiCo2O4 nanosheets 

in the double layer region at different scan rates in 1.0 M KOH; (i) Measurements of the electrochemical 

double-layer capacitance (current density at the potential of 1.275 V vs. scan rate). 
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Table 6.2 The electrocatalytic performance of NiCo2O4 samples and the commercial bifunctional 

noble metal catalysts.  

(a Exchange current density was extrapolated from the intercept value from the Tafel curves (log(i) 

vs. overpotential) based on the OER LSV curve. The true values of exchange current densities can 

only be measured experimentally under equilibrium conditions and may be different from the 

extrapolated values reported here.)  

On account of the architecture, chemical compositions and valence states of the MnFe2O4/NiCo2O4 

hybrid, it is believed that the advanced bifunctionality is mainly attributed to the following two 

foundations. The uniform distribution of the ultrafine MnFe2O4 NPs on the porous ultrathin 

NiCo2O4 NSs results in a high electrolyte – material contact area and short ion diffusion paths, 

which facilitates the H2O molecule adsorption and favors the charge-transfer; 18 the strong 

coupling of the MnFe2O4 NPs on the NiCo2O4 NSs suppresses the agglomeration of the 

nanoparticles during the long-term operation. 15, 19 In addition, a lager electrochemical double layer 

capacitance was found on MnFe2O4/NiCo2O4, suggesting an extended electrochemical active 

surface area. 20
 The capacitance of the double layer (Cdl) was evaluated by measuring the CV 

curves at a non-faradic potential range at different scan rates (Figure 6.8g and h); 21 as shown in 

Figure 6.8i, the Cdl of MnFe2O4/NiCo2O4 is 0.028 F cm−2, larger than that of NiCo2O4 (0.022 F 

Samples 

ORR OER 

Onset 

potential (V 

vs. RHE)  

Half-wave 

potential (V 

vs. RHE) 

Limited 

current 

density 

(mA cm−2) 

Overpotential 

at 10 mA cm-2 

(V vs. RHE) 

Exchange 

current density 

(A cm-2) a 

NiCo2O4 0.785 0.702 4.66 0.456 4.6×10-6 

MnFe2O4 0.912 0.835 4.62 0.566 2.6×10-6 

MnFe2O4 + NiCo2O4 0.878 0.783 5.13 0.418 1.74×10-5 

MnFe2O4 / NiCo2O4 0.881 0.767 5.01 0.344 1.34×10-4 

Pt/Ru/C 0.952 0.852 6.70 0.457 2.4×10-4 
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cm−2). This is likely to be one of the reasons for the enhanced electrocatalytic activity from the 

MnFe2O4/NiCo2O4 hybrid. This heterostructured hybrid realizes efficient bifunctional catalytic 

activities from the full utilization of the catalyst surface and strong interaction between the 

MnFe2O4 NPs and NiCo2O4 matrix. The decreased overall potential difference between ORR and 

OER on MnFe2O4/NiCo2O4 indicates a small energy loss in the charging/discharging process.  

Building on bifunctional electrochemical activities studied above on the RDE electrode, the 

oxygen catalytic activity of the MnFe2O4/NiCo2O4 hybrid was further evaluated in the 

rechargeable Zn-air battery. As shown in Figure 6.9a, a proof-of-concept rechargeable Zn-air 

battery was assembled with zinc plate as the anode, oxygen electrocatalyst coated gas diffusion 

layer (GDL) as the cathode. Figure 6.9b shows typical discharge−charge polarization curves of the 

rechargeable Zn-air battery. The MnFe2O4/NiCo2O4 hybrid exhibits a discharge−charge voltage 

gap of 0.80 V at 10 mA cm−2 and 1.10 V at 50 mA cm−2, which are significant lower than those of 

NiCo2O4 (0.94 V at 10 mA cm−2 and 1.28 V at 50 mA cm−2) and commercial Pt/Ru/C catalyst 

(0.87 at 10 mA cm−2 and 1.25 V at 50 mA cm−2). The small voltage gaps between charging and 

discharging processes on MnFe2O4/NiCo2O4 hybrid suggest an enhanced voltaic efficiency of the 

MnFe2O4/NiCo2O4 hybrid. More importantly, the hybrid catalyst exhibits excellent durability with 

stable efficiency in Figure 6.9c. When being repeatedly charged-discharged at a constant current 

density of 10 mA cm−2 (10 min charging, 10 min discharging), no observable degradation was 

found on the MnFe2O4/NiCo2O4 hybrid after 100 cycles. The voltaic efficiency was found to be 

59.7 % at the beginning and experienced a slight increase after 32 h of the operation (60.8%).  In 

contrast, the Pt/Ru/C shows a much inferior stability during the charging-discharging process with 

the voltaic efficiency decreasing from 56.4 % to 49.7 %, caused by the passivation of Pt at positive 

potentials pertinent to OER and electrocatalyst detachment. 3a, 22 
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Figure 6.9 (a)The schematic figure of the custom built rechargeable Zn−air batteries. (b) Charge 

and discharge polarization curves of NiCo2O4 NSs, MnFe2O4/NiCo2O4, and Pt/Ru/C air electrode. 

(c) Galvanostatic charge−discharge curves at 10 mA cm−2 using NiCo2O4 NSs, MnFe2O4/NiCo2O4, 

and Pt/Ru/C air electrode.  

6.4. Conclusions 

In summary, we reported a desirable approach to preparing an efficient bifunctional oxygen 

electrocatalyst through synergistically integrating non-precious metal oxide nanoparticles on 

ultrathin NSs. This inexpensive, earth-abundant hybrid catalyst exhibits superior bifunctional 

catalytic activity in terms of its lower overall overpotential (ΔE = 0.807 V) than the MnFe2O4 and 

NiCo2O4 electrocatalyst. The fact that the MnFe2O4/NiCo2O4 hybrid outperforms the state-of-the-

art precious metals Pt/Ru/C with respect to bifunctional activity and durability makes the discovery 

in this study more promising. We believe that the large surface area, high chemical stability of 

NiCo2O4 NSs and strong chemical coupling effects between MnFe2O4 NPs and NiCo2O4 afford the 
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enhanced bifunctional catalytic activity and durability. This work holds the promise to open a new 

possibility in designing novel transition metal based bifunctional catalysts as the alternatives to 

the noble metals for the application in energy related devices. 
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6.6. Supporting information  

6.6.1. Experimental procedure 

Synthesis of the catalyst  

The synthesis was carried out using commercial available reagent. The Ni(NO3)26H2O (assay 

99%), Co(NO3)26H2O (assay ≥ 99%), Fe(III) acetylacetonate (Fe(acac)3, assay ≥ 99%)  were 

purchansed from Acros Organics. The Mn(II) acetylacetonate (Mn(acac)2, assay ≥ 97%), p-

aminobenzoic acid (PABA, assay ≥ 99%), Oleylamine (assay ≥ 98%), ammonium hydroxide 

solution (28 wt%), hexane (reagent grade, ≥99%) were ordered from Sigma Aldrich.   

Synthesis of NiCo2O4 ultrathin nanosheets: NiCo2O4 ultrathin nanosheets were synthesized 

based on PABA intercalated Co–Ni hydroxides, according to a previous report. The synthesis 

procedure is briefly described as below: Co(NO3)26H2O (5 mmol) and Ni(NO3)26H2O (2.5 mmol) 

were first dissolved in 100 mL deionized water. p-aminobenzoic acid (6.75 mmol) was dissolved 

in 75 mL deionized solution with the addition of 5 mL NH3 solution (28 wt%). The p-aminobenzoic 

acid solution was added dropwise to the metal nitrate solution under vigorous stirring. The solid 

product formed at this stage was immediately centrifuged and then dried at 60 °C for 12 h under 

vacuum. Afterwards, the product was washed with deionized water for several times to achieve a 

PH of 7. The suspension was sonicated for half an hour in ice bath, washed with ethanol for three 

times and then dried at 60 °C for 12 h under vacuum. Finally, the as-obtained Co–Ni hydroxides 

product was treated at 250 C for 2 h to form NiCo2O4 ultrathin nanosheets.   

Synthesis of NiCo2O4/MnFe2O4 hybrid: MnFe2O4 NPs were in situ grown on the ultrathin 

NiCo2O4 nanosheets through an non-hydrolytic thermal decomposition synthetic method.  0.25 
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mmol Mn(acac)2, 0.50 mmol Fe(acac)3 were added into in a three-necked flask with the addition 

of 25 ml oelylamine.  The solution was heated to 100 C with magnetic stirring followed by the 

addition of 60 mg NiCo2O4.  The temperature of the solution was increased to 140 C and kept at 

this temperature for 1 h to remove the residual water. Afterwards, the solution was quickly heated 

up to 250 oC and refluxed at this temperature for 1.5 h. The MnFe2O4 NPs were precipitated by 

addition of ethanol and centrifuging (10000 rpm for 15 min). The as-synthesized product was 

collected and redispersed into hexane and precipitated out by addition of ethanol and centrifugation 

to remove all residual impurities. The final product was collected by centrifugation, then washed 

several times with hexane and ethanol to remove all residual impurities, and finally dried under 

vacuum at 60 C. 

Synthesis of MnFe2O4 nanoparticles: The synthetic procedure for free MnFe2O4 NPs is similar 

to the procedure for NiCo2O4 / MnFe2O4 hybrid, using 0.50 mmol Mn(acac)2, 1.00 mmol Fe(acac)3, 

while no NiCo2O4 nanosheets were added during the synthesis. 

6.6.2. Preparation of electrodes 

The as-synthesized electrocatalysts (NiCo2O4 nanosheets, MnFe2O4 NPs, and NiCo2O4 / MnFe2O4 

hybrid) were mixed with carbon black (Cabot) with a mass ratio of 6:4, 5 mL hexane and 5 mL 

acetone were added into the mixture. The composite catalysts were centrifuged after sonication. 

The composite catalysts except NiCo2O4/C, were further annealed in air at 165 C for 12 h to 

remove the surfactant. The IrO2 and Pt/Ru/C catalyst inks were prepared with IrO2 powder (Alfa 

Aesar, 99%), and commercial Pt/Ru/C catalyst (30 wt% Pt, and 15 wt% Ru on carbon black, Alfa 

Aesar), respectively. The catalyst ink for the RDE test was initially prepared by adding 20 mg of 

electrocatalysts powders in a solution containing 200 μL of 5wt. % Nafion (Aldrich) and 600 μL 
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of isopropyl alcohol and 200 μL deionized water. The as-prepared catalyst ink was sonicated for 

1 h to obtain full homogenization. 5 μL of the catalysts ink was dispersed on the polished glassy 

carbon (GC) working electrode (glassy carbon rotating disc electrode, 5 mm in diameter from Pine 

Research Instrumentation). The Pt/C catalyst ink was prepared with commercial 40 wt% Pt/C (Alfa 

Aesar) as described in Chapter 4. Catalyst coated GC electrodes were then dried under ambient 

condition for 1 h.  

6.6.3. Rechargeable zinc-air battery assembly and tests  

A homemade rechargeable zinc-air battery was constructed, with a zinc plate anode and an 

electrocatalyst coated GDL cathode. The cell was filled by 6 M KOH and 0.2 M zinc acetate to 

ensure reversible Zn electrochemical reaction. The catalyst inks for the rechargeable zinc air 

battery (2 mg mL−1) were prepared by sonicating 10 mg electrocatalysts, 3 mL isopropyl alcohol, 

1 mL deionized water and 1 mL of 5wt. % Nafion (Aldrich). The cathode was prepared by drop 

casting the catalyst inks onto the center area of GDL (7/16" in diameter) followed by drying under 

ambient condition until a mass loading of 0.5 mg cm-2 was achieved. The battery tests were 

conducted by LSV at 10 mV s-1 with Solartron 1287. The galvanostatic discharge-charge cycling 

curves were measured at a current density of 10mA cm-2, and each cycle was set to be 10 min 

charge and 10 min discharge. 
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Figure S6. 1 (a) FESEM image of MnFe2O4/NiCo2O4 hybrid. (b) EDX spectrum of MnFe2O4 / 

NiCo2O4 hybrid  (ICP: Mn : Fe : Ni : Co = 1.00 : 1.91 : 0.93 : 2.19).  

 

 

Figure S6. 2 (a) FESEM image of NiCo2O4 nanosheets. (b) EDX spectrum of NiCo2O4 NSs.  

 

 



143 

 

Figure S6. 3 TEM (a) and HR-TEM (b) images of monodispersed MnFe2O4 NPs. (c) EDX 

spectrum of MnFe2O4 NPs.  

 

 

 

Figure S6. 4 EDX mapping of MnFe2O4 + NiCo2O4 physical mixing composite (showing the 

MnFe2O4 NPs is more likely to aggregate with each others). 
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Figure S6. 5 The O 1s spectra of NiCo2O4 NSs and MnFe2O4/NiCo2O4 hybrid and its simulations. 

The peak at a binding energy of 530.8, 531.3 and 532.8 eV correspond to the typical metal oxygen 

bond (M–O–M), surface hydroxyl groups and C–O groups, respectively. 

 

Figure S6. 6 OER LSV curves of MnFe2O4+NiCo2O4 physical mixture in 0.1 M KOH at 1600 rpm. 
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Figure S6. 7 OER LSV curves of MnFe2O4/NiCo2O4 hybrid in 1 M KOH at 1600 rpm. 

 

Figure S6. 8 EIS curves of MnFe2O4/NiCo2O4 hybrid in 1 M KOH at different bias potentials. 
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 Table S6.1 The electrocatalytic activities of the recently reported bifunctional catalysts for 

ORR/OER. 

Samples 

ORR OER 

Overall 

overpotential 
Reference Onset 

potential (V 

vs. RHE) 

Half-wave 

potential (V 

vs. RHE) 

Overpotential 

at 10 mA cm-2 

(V) 

Tafel slope 

(mV dec−1) 

Co3O4/N-rmGO 0.88 0.83 0.31 54 0.71 

Nat. Mater., 2011, 10, 

780-786. 

FeNO-CNT-carbon 
nanofiber films 

1.01 0.87 0.43 63 0.79 
Chem. Mater., 2017, 

4, 1665-1675. 

MnFe2O4 / NiCo2O4 0.88 0.77 0.34 46.7 0.807 This work 

Pomegranate-like 

Co3O4/NPGC 
0.97 0.84 0.45 

 

0.84 

Angew. Chem. Int. 

Ed., 2016, 55, 4977-

4982. 

Flower-like NiCo2O4/N-

rGO 
0.87 0.78 0.4  0.85 

Chem. Commun., 

2017, 53, 7836–7839. 

NiO/CoN Porous 

Nanowires 
0.89 0.68 0.30 35 0.85 

ACS Nano, 2017, 11, 

2275–2283 

NiCo/porous fibrous 

carbon aerogels 
0.92 0.79 0.4  0.86 

Nano Lett., 2016, 16 

6516–6522. 

O-NiCoFe-LDH 0.80 0.63 0.30 93 0.90 
Adv. Energy Mater., 

2015, 5, 1500245 

CuCo2O4/N-CNTs 0.97 0.80 0.47 118.8 0.90 

Adv. Funct. 

Mater.2017, 27, 

1701833 

Layer by layer 

Co3O4/N-rGO 
0.90 0.79 0.49 101 0.90 

Adv. Mater. 2017, 30, 

1703657 

MnCoFeO4 / N-rGO 0.91 ~0.78 0.48  0.93 

J. Mater. Chem. A, 

2014, 2, 16217-

16223. 

MnxOy/N-C 0.85 0.76 0.46 82.6 0.93 

Angew. Chem. Int. 

Ed., 2014, 53, 8508–

8512. 

3 D hollow-structured 

NiCo2O4/C 
 0.71 0.44 78.7  0.96 

ChemCatChem., 

2016, 4, 736-742. 

Nanoporous carbon 

fiber films-1000 
0.97 0.82 0.61 274  1.02 

Adv. Mater., 2016, 

28, 3000-3006. 

CoFe2O4/CNTs 0.84 0.66 1.69  1.02 
Electrochim. 

Acta, 2015, 177, 65-

72. 

Co3O4/Co2MnO4 

nanocomposite 
0.90 0.68 0.54  1.09 

Nanoscale, 2013, 5, 

5312-5315. 

Ba0.5Sr0.5Co0.8Fe0.2O3−δ 0.67 ~0.61 ~ 0.50 129 1.12 

Adv. Mater., 2015, 

27, 266-271. 
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Chapter 7. Summary and Future Prospects 

7.1 Summary 

In this dissertation, I focused on exploring transition metal oxides based electrocatalyst for the 

application in electrochemical devices. Considerable efforts have been made in optimizing the 

perovskite and spinel oxides based electrocatalysts in an endeavour to boost their ORR/OER 

electrocatalytic activities. The proposed strategies, like stoichiometry and phase engineering, 

architecture design as well as hybrid formation have been proven as the effective ways for 

advancing the catalytic activity and durability of the electrocatalysts. The as-developed 

electrocatalysts show a promising potential to serve as an alternative oxygen electrocatalyst to 

noble metals (Pt, Ru and Ir). Besides enhancing the oxygen electrocatalytic activity, the systematic 

investigation relating the intrinsic material properties to electrocatalytic performance of transition 

metal oxides also helps to broaden their application in diverse electrochemical devices, such as 

HER (Chapter 5), high temperature CO2 reduction (Appendix I) and SOFCs (Appendix II).    

In Chapter 4, Ag decorated perovskite (Ag-PBMO5) was successfully prepared and investigated 

as an ORR electrocatalyst in alkaline media. The electrocatalytic activity and stability were 

optimized by constructing a porous nanofibrous structure, ensuring strong intercalation of Ag 

nanoparticles (NPs) via in situ exsolution, and tuning the internal structures to form layered double 

perovskite. The as-obtained Ag-PBMO5 catalyst exhibits more positive Eonset and E1/2 in 

comparison to its counterparts (Pr0.5Ba0.5MnO3-δ, PBAMO3 and PBMO5). The DFT calculation 

suggests that the O p-band center shifts closely to the Fermi level in Ag-PBMO5, while a charge 

transfer was found from Ag to Mn sites within the interface. This is expected to enhance the oxygen 
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exchange kinetics and facilitate O2 adsorption on Ag site. In addition, it is discovered that the Ag-

PBMO5 electrocatalyst demonstrates a much positive onset potential and half-wave potential than 

the physically mixed Ag + PBMO5 at the same mass loading. This further confirms the advantages 

of the in-situ exsolution. More importantly, the Ag-PBMO5 exhibits competitive ORR activity and 

superior durability to the state-of-the-art Pt/C in alkaline solution and outperforms most of the 

transition metal based alternatives up to date. This work was reviewed and published in the Nano 

Energy.  

Inspired by the as-mentioned approach, further investigation was conducted to develop CoP-

PBSCF electrocatalysts, and to explore extended functionalities of the perovskite beyond ORR. 

Chapter 5 describes a facile approach that I developed to prepare CoP-PBSCF as a trifunctional 

electrocatalyst. An A-site deficient perovskite oxide with controlled nonstoichiometry (A-PBSCF) 

was initially synthesized through an electrospinning technique. The CoP NPs were formed upon 

the in-situ exsolution and the post phosphatization process, and they were simultaneously pinned 

on the perovskite surface. The as-synthesized CoP-PBSCF acts as a multifunctional electrocatalyst 

towards catalyzing three basic electrochemical reactions (ORR/OER/HER) in alkaline 

environment. Incorporating CoP NPs to the perovskites allows a more favorable H* adsorption, 

thus affording an extended HER functionality. The CoP-PBSCF demonstrates a half wave 

potential of 0.752 V in the ORR (0.1 M KOH), and it demonstrates a low overpotential of 340 mV 

and 240 mV at the operating current density of 10 mA cm-2 in OER and HER (1.0 M KOH). The 

excellent trifunctional electrocatalytic activities enable its wide application in rechargeable Zn-air 

batteries and water splitting systems. This part of work is to be submitted to Advanced Energy 

Materials for publication. 
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In Chapter 6, cooperative spinel nanohybrid was developed as a bifunctional oxygen 

electrocatalyst (ORR/OER) for Zn-air batteries. The ORR catalytic active MnFe2O4 nanocrystals 

have been integrated on NiCo2O4 ultrathin NSs through a non-hydrolytic thermal decomposition 

method. The mesoporous ultrathin NS structure of NiCo2O4 possesses a high specific surface area 

(131.8 m2 g−1) and sufficient anchoring sites that allow subsequent growth of sub-10 nm MnFe2O4 

NPs. An increased Cdl and a decreased interfacial charge-transfer resistance were found on 

MnFe2O4/NiCo2O4 in comparison to the NiCo2O4 NSs, suggesting that heterostructured hybrid 

realizes efficient bifunctional catalytic activities from the full utilization of the catalyst surface and 

strong interaction between the MnFe2O4 NPs and NiCo2O4 matrix. The MnFe2O4/NiCo2O4 hybrid 

electrocatalyst exhibits a positive ORR half-wave potential of 0.767 V and an overpotential of 

0.344 V at 10 mA cm-2 for the OER (0.1 M KOH). The MnFe2O4/NiCo2O4 hybrid exhibits a 

discharge−charge voltage gap of 0.80 V at 10 mA cm−2 and a strong stability in the rechargeable 

Zn-air batteries, maintaining a voltaic efficiency of 60.8% after 100 cyclic tests. This part of work 

was reviewed and published in the Applied Catalysis B: Environmental.   

Overall, the studies on material properties of the electrocatalyst in this dissertation respond to the 

challenges of developing efficient and stable oxygen electrocatalysts in alkaline environment and 

provide practical solutions in this field. The various nanostructures, high specific surface area and 

sufficient porosity are the main factors to promote the extrinsic catalytic activity of the oxygen 

electrocatalysis. The electronic configuration, abundant surface defects (anion vacancies, cation 

vacancies) and cooperative catalytic system are proved to be important factors to manipulate the 

intrinsic catalytic activities. The design and synthesis strategies proposed in this study hold the 

promise of advancing transition metal based bifunctional catalysts as the alternatives to the noble 

metals in energy related electrochemical devices. 
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7.2 Future prospects 

7.2.1. In situ exsolution of metal/bimetal at room temperature 

The exsolution of B-site metallic nanoparticles (NPs) or alloys from well-defined perovskite 

parents (ABO3) has been proved as an effective way to broad material functionality and to 

enhanced catalytic activity for versatile electrocatalytic reactions in this study. The A- or B-site 

cations exsolution is a heterogeneous process which is generally associated with the low oxygen 

partial pressure and high/intermediate temperature environment. However, the simultaneous 

coarsening of exsolved NPs due to Ostwald ripening cannot be avoided even if their “socketed” 

structure grants enhanced metal-support interaction. Thereby, developing a facial synthesis 

method that allows exsolution under mild condition with low expense is of great significance in 

terms of energy saving, preparation feasibility and better exsolution quality. Further research effort 

is being made in this direction, i.e., aiming to achieve an in situ exsolution of metal/bimetal at 

room temperature with large population and uniform distributions. 

7.2.2. Alternative catalyst supports 

Although transition metal oxide based electrocatalyst shows promising oxygen electrocatalytic 

activity when forming the metal oxide/carbon composite, the pristine transition metal oxide shows 

limited ORR activity when employed without carbon support. Compared to the metal-based and 

carbon-based electrocatalysts, the transition metal oxides possess extremely low conductivities at 

room temperature, which impedes their practical applications in electrochemical devices. The 

support has been an essential component for transition metal oxide electrodes. However, as 

mentioned in the Chapter 2.3, carbon matrix generally suffers from electrochemical corrosion at 
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high polarization potential during OER, which hinders the stability during the long-term operation. 

To address this issue, alternative supports such as stainless steel, Ni mesh, titanium metal foil etc. 

with high electrical conductivity, high specific surface area and strong corrosion resistance need 

to be further explored for the transition metal oxides system.  

7.2.3. Advanced characterizations 

Advanced characterization is another important aspect that helps to better understand material 

properties under the electrochemical catalytic conditions. Switching the ex situ characterization to 

an operando visual observation of the ORR/OER helps to directly identify/quantify the 

electrocatalytic active spices, surface/adsorbates interaction, and/or possible phase transformation 

under operation conduction. An operando tracking of electrochemical reactions at solid/liquid 

interfaces can be conducted through high energy in-situ XPS. Electrochemical in situ liquid TEM 

provides great opportunities to accurately understand the potential- and time-dependent 

electrochemistry on bulk/interface of electrocatalysts under the reaction conditions. This technique 

also helps to identify the degradation mechanism of some transition metal oxides under operational 

conduction.  
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Appendix I: A Highly Active and Redox-Stable Ce doped LaSrCrFeO 

Based Cathode Catalyst for CO2 SOECs 

A I.1. Abstract  

Lanthanum chromate-based perovskite oxides have attracted great attention as the cathode 

materials in the high temperature CO2 electrolysis due to its good redox stability. However, the 

unsatisfied electrochemical catalytic activity and insufficient adsorption of CO2 at operating 

temperature still hindered the further improvement of electrochemical performance and the 

Faraday efficiency of the electrolysis cell. In this work, the catalytic and redox active Ce was doped 

into A site of La0.7Sr0.3Cr0.5Fe0.5O3−δ (LSCrF) to promote the catalytic performance, and to 

introduce oxygen vacancies in the lattice in-situ after reduction under the operational condition. 

The increased amount of oxygen vacancies not only facilitates the mobility of oxygen ions, but 

also provides favorable accommodation for chemical adsorption of CO2. The CO2 electrolysis tests 

demonstrated the superior electrochemical performances, higher Faraday efficiencies of the Ce-

doped LSCrF cathode catalyst in comparison with that without Ce doping, indicating the 

perspective application of this functional material. 
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A I.2. Introduction 

The present dependence of human society on fossil fuels has led to inevitable increase of 

greenhouse gases emission, most notably, carbon dioxide (CO2), resulting in severe climate 

changes in the recent decades.1-3 Under external applied potentials, solid oxide electrolysis cells 

(SOECs) can electrochemically convert CO2 into CO fuel and oxygen ions at cathode side, and the 

released oxygen ions can transport through the ion conducing solid oxide electrolyte to anode side 

and form O2 at the triple-phase boundaries (TPB). 3, 4  

Usually, the potential candidates for electrode applied in SOECs are the materials derived from 

solid oxide fuel cells (SOFCs). 3-10 However, there are still many problems left because of the 

different operational conditions between these two processes.3,4,10 For example, Ni/YSZ cermet, a 

preferentially used anode material for hydrogen oxidation in SOFCs, suffered from the loss of 

electrical conductivity and deactivation in SOEC, as Ni may get oxidized to NiO in CO2 

atmosphere.11 In addition, the redox cycle and carbon deposition in Ni-YSZ cermet also shorten 

the lifetime of the cells4. Therefore, redox stable perovskite oxides materials have been used as the 

alternative cathode materials for Ni/YSZ in SOECs. Doped lanthanum chromate based perovskite 

oxides, (La1−xSrx)(CryM1−y)O3−δ (M = Mn, Fe, Ti, Co),12-14 have been proved  to be the efficient 

anode materials in SOFCs. The mixed ionic and electronic conductivity as well as the good redox 

stability also makes this type of materials the promising cathode materials candidates in SOECs. 

Among this group of materials, the perovskite oxide La0.75Sr0.25Cr0.5Mn0.5O3−δ (LSCM) has been 

demonstrated as a potential catalyst for CO2 reduction because it showed great stability and 

acceptable polarization resistance in CO2 electrolysis.11, 15 Nonetheless, the electrochemical 
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performance of LSCM is still insufficient, mainly due to its relatively low catalytic activity and 

electrical conductivity.16 

Another challenge for improving efficiency of the high temperature electrolysis of CO2 is the poor 

adsorbability of CO2 on the solid oxide surface. Although some basic sites could be introduced by 

chemical modification to enhance the adsorption ability, the CO2 desorption will start at a 

temperature far below the operating temperature for CO2 electrolysis.17, 18 Thus, the starvation of 

adsorbed CO2 on the surface of the catalyst at the operating temperature will lead to a low current 

efficiency.10, 19 Research has shown that the formation of sufficient oxygen vacancies could 

effectively enhance the chemical adsorption at elevated temperature as the CO2 could be 

incorporated into the oxygen vacancy sites and form strong chemical bonding even in a high 

temperature region9. 

Previous studies on (La1−xSrx)(CryM1−y)O3−δ perovskite oxides have shown that the 

electrochemical catalytic properties and the stability mainly rely on the nature of substitution of 

B-site cations20. When Cr was partially replaced by Fe, the perovskite oxides exhibited much 

improved electrochemical performance for H2 and hydrocarbon oxidations compared with the one 

having Mn substitution. The doped perovskite oxides maintained its desirable redox stability when 

Fe concentration was lower than 50% (y ≥ 0.5) in (La1−xSrx)(CryFe1−y)O3−δ. Ceria, which possesses 

active catalytic activity in CO2 reduction, is also regarded as a promising cathode material towards 

CO2 electrolysis.11, 22 Recent studies in our group demonstrated that when the A-site of 

La0.7Sr0.3Cr0.5Fe0.5O3−δ (LSCrF) was doped with Cerium, the electrochemical catalytic 

performance and carbon deposition resistance in oxidation of syngas were significantly 

improved.23 The concentration of oxygen vacancies could be increased in the reduced 
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La0.65Sr0.3Ce0.05Cr0.5Fe0.5O3−δ (Ce-LSCrF) catalyst because of the mixed oxidation states of the 

introduced cerium ions.23 The increase in the oxygen vacancies facilitates the transportation of 

oxygen ions and provides favorable sites for the adsorption of CO2. These properties make Ce 

doped La0.7Sr0.3Cr0.5Fe0.5O3−δ a promising candidate cathode material for CO2 reduction. 

In this work, the catalytically and redox active Ce is doped into LSCrF matrix, and the chemical 

adsorption and desorption of CO2 on the surface of reduced Ce-LSCrF are investigated in 

comparison with the undoped catalyst. The potential of Ce-LSCrF/YSZ as a cathode material for 

CO2 electrolysis is investigated, and its electrochemical performance is evaluated at different 

applied voltages and various CO2/CO ratios.  The stability of the cell with the Ce-LSCrF/YSZ 

composite cathode is also evaluated. 

A I.3. Experimental 

The cathode materials, Ce-LSCrF and LSCrF, were synthesized via a glycine nitrate combustion 

method, similar to that described in our previous report. Stoichiometric amounts of 

La(NO3)3·6H2O, Sr(NO3)2, Fe(NO3)3·9H2O, Cr(NO3)3·9H2O, Ce(NO3)3·6H2O were first 

dissolved in deionized water. Glycine was added into the solution with a molar ratio of 2:1 to the 

total amount of the metal cations. The solution was heated under vigorous stirring on a hot plate 

until self-combustion occurred. The Ce-LSCrF and LSCrF catalysts were obtained by calcination 

at 1200 ºC for 4 hours. 

The phase formation was analyzed by X-ray diffraction (XRD) using a Rigaka D/max-2500 X-ray 

diffractometer with a Cu Kα radiation. The micromorphology of the materials was examined using 

a JEOL 6301F Scanning Electron Microscope (SEM). The oxygen nonstoichiometry was analyzed 
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by thermogravimetry analysis (TGA) on SDT Q600 (TA instrument) at a heating rate of 20 ºC 

min-1 under 5% H2/N2. The temperature programmed desorption of CO2 (CO2-TPD) was recorded 

with a Micromeritics AutoChem II 2920 instrument. The reduced powder samples were pretreated 

at 400 ºC in Ar for 1h to eliminate adsorbed species, followed by purged adsorption of CO2 with 

5% CO2-He flow at 100 ºC for 1 h.  The CO2-TPD was conducted from 100 ºC to 900 ºC at 10 ºC 

min-1 with He flow of 30 ml min-1. The X-ray photoelectron spectroscopy (XPS) analysis was 

performed using Kratos Analytical AXIS 165 with monochromatic Al Kα source (hν = 1486.6 eV) 

to investigate the fresh and reduced LSCrF and Ce-LSCrF powders.  The spectra were referenced 

to C 1s bonding energy (284.6 eV) and fitted with Gaussian-Lorenz function and Shirley-type 

background subtraction method. 

The electrode composites of the anode (50 wt% Ce-LSCrF / 50 wt% YSZ, Fuel Cell Materials), 

cathode (50 wt% (La0.60Sr0.40)0.95Co0.2Fe0.8O3−δ (LSCoF)/ 50 wt% Gd0.10Ce0.90O2-x (GDC), Fuel 

Cell Materials) were dispersed in alpha terpineol mixed with 10% poltethylene glycol respectively 

to form the electrode inks. The cell with the configurations of LSCoF+GDC / YSZ / GDC / Ce-

LSCrF+YSZ was fabricated based on the commercial YSZ support (Fuel Cell Materials) with the 

thickness of 300 μm and diameter of 25 mm. GDC was first printed on the YSZ substrate and 

sintered at 1300 ºC for 4 hours to form a buffer layer. The cathode composite electrode was 

prepared by mixing Ce-LSCrF powder or LSCrF with YSZ power (TOSHO Company) by ball 

milling with a weight ratio of 50:50. Then it was printed on YSZ pellets with a surface area of 1 

cm-2 and sintered at 1200 ºC for 4 hours.  The LSCoF/GDC was subsequently printed on the GDC 

buffer layer, and treated at 950 ºC for 4 hours. Au paste (Heraeus C5729) was painted on both 

sides of the cell as the electrode current collectors. The silver wire with the diameter of 0.5 mm 

was connected to the current collectors using silver paste plus (SPI Supplies). The fabricated cell 
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was sealed on a coaxial two-tube set up with Ceramabond 503 and tested at 850 ºC on Thermolyne 

tubular furnace. 

The AC impedance measurements of the cells were conducted in the atmosphere of CO2/CO at the 

open circuit voltage and various applied voltages (0, 0.5, 0.7, 1.0, 1.2 V vs. OCV) from 105 Hz to 

0.1 Hz with a 10 mV amplitude using Solartron 1255B frequency response analyzer and Solartron 

1287 instrument. The obtained results were further analyzed by equivalent circuit modelling using 

ZSimpwin V3.10 to evaluate the value of polarization resistance. The inlet gases were controlled 

at a flow rate of 50 ml min-1 using mass flow meters. The outlet gases from the cathode side are 

evaluated by online gas chromatograph. 

A I.4. Results and Discussion 

A I.4.1. Textural and structural properties 

Figure A I.1 shows the XRD patterns of Ce-LSCrF and LSCrF perovskite oxides. No signal of 

CeO2 (2θ = 28.5°, 47.7°and 56.6°) is present in the pattern of Ce-LSCrF, which confirms the single 

phase of perovskite and verifies the appropriate accommodation of the Ce substituted in the LSCrF 

perovskite at 5 at%. The slight shift of the peak position of (002) peak from LSCrF (2θ =32.55°) 

to Ce-LSCrF (2θ =32.6°) could be explained by decrease of the cell volume caused by reducing 

radius of the cerium substitution, as the average ionic radii calculated from Shannon ionic radii for 

12-fold coordination of the A site of Ce3+ and Ce4+ are 1.34 Å and 1.14 Å, which is smaller than 

the La3+ (1.36 Å). 1 
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Figure AI. 1 XRD patterns of (a) Ce-LSCrF and (b) LSCrF sintered at 1200 ºC for 4 h and (c) 

standard XRD pattern of LaCrO3 ((JCPDS no. 24-1016). 

Figure A I.2 shows the micromorphology of the Ce-LSCrF/YSZ and LSCrF/YSZ composites. It 

could be observed that the glycine-nitrate combustion method permits obtaining fine and 

homogenous nanoparticles, with the particle size of both Ce-LSCrF and LSCrF less than 100 nm. 

The SEM images of the cathode materials demonstrated that the YSZ is well distributed in the 

composite, with the particle size similar to Ce-LSCrF and LSCrF. The well distribution of the two 

phases in the composites significantly extended the TPB and increased the reaction area. 

 

Figure AI. 2 SEM images of (a) Ce-LSCrF/YSZ and (b) LSCrF/YSZ composite cathode materials. 
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TGA analysis was conducted from room temperature to 950 ºC in 5% H2/N2 to investigate the 

oxygen vacancy generation in LSCrF and Ce-LSCrF materials in the reducing atmosphere. As 

shown in Figure A I.3, the gradual weight loss below 380 ºC was due to the loss of absorbed water.  

When the temperature was further increased to 570 ºC, the weight experienced a sharp drop 

followed by a continuous decrease at the higher temperatures. This region is referred to as the 

oxygen vacancy formation regions.  In Figure A I.3, the weight loss of LSCrF in stepⅡwas 1.98%, 

while the weight loss in Ce-LSCrF was 2.65%, which indicates the increased oxygen vacancy 

generations in Ce-LSCrF. This is consistent with the TPO results in our previous studies.23  

 

Figure AI. 3 TGA analysis of LSCrF and Ce-LSCrF in 5% H2/N2. 

To investigate the influence of Ce dopant on CO2 adsorption behavior of LSCrF, CO2-TPD was 

conducted to study the adsorption of CO2 on the candidate materials. Generally speaking, the 

adsorption of CO2 on the surface of catalysts can be classified into the physical adsorption and 

chemical adsorption. As Figure A I.4 shows, both fresh LSCrF and Ce-LSCrF exhibited the similar 

low temperature desorption behavior below 500 ºC. Specifically, the desorption peak located at 

150 ºC can be ascribed to the physical desorption of CO2, while the wide peaks between 350 and 

550 ºC were mainly attributed to the basic sites on the surface of perovskite oxides. However, 
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unlike LSCrF, which had no obvious higher temperature peak, the Ce-LSCrF demonstrated a 

strong chemical desorption peak at around 680 ºC, coupling with a slightly weaker desorption peak 

at higher than 750 oC. This is mainly due to the existence of large amount of oxygen vacancies in 

Ce doped LSCrF perovskite. Since CO2 molecules could be incorporated into oxygen vacancies in 

the lattice, sufficient oxygen vacancies in the Ce doped LSCrF could provide accommodation sites 

for CO2 molecules at elevated temperatures. The notable improvement of CO2 adsorption on the 

surface of catalysts accounted for the improvement of cell performance.  

 

Figure AI. 4 CO2-TPD analysis of LSCrF and Ce-LSCrF. 

XPS analysis was conducted to investigate the different valence states of elements in fresh and 

reduced LSCrF and Ce-LSCrF samples. It is well known that the oxidation state of +4 is 

predominant in the oxidized cerium based oxide, whereas the ratio of Ce3+/Ce4+ would 

dramatically increase in the reduced sample surface. The redox couple of Ce4+/Ce3+ in Ce-LSCrF 

significantly contributes to the catalytic activity and oxygen vacancy formation. However, because 

of the complex shape of the spectrum in Ce 3d core-level and low dopant concentration of Ce in 

the LSCrF, it is not an easy task to quantitatively analyze the valence state changes of Ce before 

and after reduction.  
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Figure A I.5 shows the XPS spectra of Cr 2p 3/2 excitation in LSCrF and Ce-LSCrF. The fresh 

LSCrF catalyst shows the peaks of Cr3+ (2p 3/2) and Cr6+ (2p 3/2) at 576.2 eV and 579.7 eV, 

respectively. Peaks of Cr3+ (2p 3/2) and Cr6+(2p 3/2) are also observed in the fresh Ce-LSCrF XPS 

spectra, with the binding energy positioned at 576.1 eV and 579.6 eV. Due to the similar binding 

energies of Cr3+ and Cr4+, it is difficult to separate the peaks of Cr3+ and Cr4+ from the spectra as 

Cr4+ also shows weak peak at around 576.1 eV26.  The peaks area of Cr3+, 4+ and Cr6+ reveals the 

atomic ratio of 65.4%/34.6% (Cr3+, 4+/Cr6+), while in fresh Ce-LSCrF sample, the atomic ratio of 

Cr3+, 4+/Cr6+ increased to 70.4%/29.6%. The difference in the ratio of the valence states between 

the two samples illustrates that Cr tends to exist at lower valence state in the fresh Ce-LSCF. This 

is mainly due to the existence of Ce4+ in the A sites as the perovskite oxide tends to maintain the 

stability of the structure by decreasing the valence state in B site (electronic compensation) 25. As 

shown in Figures A I.5b and 5d, after sufficient reduction, the Cr3+ became the only valence state 

existed in both reduced LSCrF and Ce-LSCrF. The relatively higher proportion of the Cr3+in B 

site gave the favorable stability of the structure in both oxidizing and reducing environments. 

 

Figure AI. 5 XPS results of Cr 2p 3/2 spectra in (a) fresh LSCrF, (b) reduced LSCrF, (c) fresh Ce-

LSCrF, and (d) reduced Ce-LSCrF. 
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In Figure A I.6a, the Fe3+ (2p 3/2) and Fe2+ (2p 3/2) peaks are presented at 711.1 and 709.6 eV, 

respectively.  The fresh Ce-LSCrF also showed similar peaks of Fe3+ 2p 3/2 and Fe2+ 2p 3/2. The 

Fe element existed in the form of Fe3+/Fe2+on the surface of fresh LSCrF with the composition of 

63.2%/36.8%, while in fresh Ce-LSCrF, Fe existed as Fe3+ and Fe2+ with the composition of 

58.25%/41.75%. The valence state of Fe3+ on LSCrF surface was slightly higher than that on Ce-

LSCrF, which also confirmed the existence of higher valence state of cerium in the A site of LSCrF 

due to the electronic compensation25. After reduction, the atomic percentages of Fe3+ and Fe2+ were 

changed to 51.2%/48.8% and 41.9%/58.1% in reduced LSCrF and Ce-LSCrF, respectively. During 

the reducing treatment, the Ce redox couple facilitated the state changes of Fe3+ in Ce-LSCrF, 

leading to a higher generation of Fe2+ in Ce-LSCrF compared with that in LSCrF. The process of 

Fe2+ generation facilitated the introduction of oxygen vacancy in the perovskite oxide, which 

contributed to the electronic conductivity. Moreover, the Fe2+ ions were found to be more 

catalytically active and therefore, were expected to further improve the kinetics of electrochemical 

reaction27.   

 

Figure AI. 6 XPS results of Fe 2p 3/2 spectra in (a) fresh LSCrF, (b) reduced LSCrF, (c) fresh Ce-

LSCrF and (d) reduced Ce-LSCrF. 
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A I.4.2. Impedance Studies on Ce-LSCrF/YSZ Cathode 

The electrochemical impedance spectroscopy (EIS) studies for the cell with the Ce-LSCrF/YSZ 

cathode were further conducted to investigate the polarization resistances of the cells in the 

atmosphere of CO2/CO at 850 °C under different working conditions. The obtained Nyquist 

spectra were analyzed with ZSimpwin and the equivalent circuit is shown in Figure A I.7. The 

simulated results are in accordance with the experimentally measured values, suggesting the 

validity of the proposed circuit model. The cell impedance consisted four major parts including 

one inductive impedance, an ohmic resistance and two resistance constant phases, R1CPE1 and 

R2CPE2, which is consistent with the model proposed for CO2 electrolysis with LSCM cathode.11 

The high frequency resistance of the intercept is mainly contributed by the ohmic resistances which 

is around 0.4 Ω cm 2, associated with the resistance value for 300 μm YSZ pellet at 850 ºC. The 

low frequency arc, R1 and R2, is corresponding to the polarization resistance of the cell. It has been 

proposed that the two arcs of the impedances R1 and R2 are corresponding to the charge transfer 

process and mass transfer process, respectively.15 The low frequency arc (R2), which makes up the 

major proportion of the Rp, stands for the rate controlling step of the reaction. As shown in Figure 

A I.8a, the values of R1 and R2 changed remarkably with the ratio of CO2/CO. The lowest Rp of 

the cell was achieved in the CO2/CO (50:50) and the value of Rp increased with the concentration 

of CO2, indicating that the reducing condition is more favorable for CO2 electrolysis. This is mainly 

due to the decrease of the valence state in the reducing condition, which leads to an increase in the 

electronic conductivity and oxygen vacancies. Particularly, the significant decrease of R2 suggests 

that the increased oxygen vacancies of the perovskite not only facilitates the oxygen ions mobility 

but also results in more conducive chemical adsorption/desorption and surface diffusion of CO2.
11 

However, even in the pure CO2 atmosphere, the electrolysis cell showed a Rp value of 1.74 Ω cm2, 
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demonstrating its excellent redox stability and promising potential for applications in CO2 

electrolysis.  

 

Figure AI. 7 Equivalent circuit for Ce-LSCrF electrolysis cells. 

 

Figure AI. 8 Experimental and simulated EISs of the electrolysis cell with the Ce-LSCrF cathode 

(a) at OCV in different ratios of CO2/CO and (b) at different applied voltages in the atmosphere of 

CO2/CO (70:30). 

Table A I.1 summarizes the impedance values for the electrolysis cell with Ce-LSCrF cathode 

working at a series of applied voltages. The values of R2 arcs decreased significantly with 

increasing applied voltage from 1.071 Ω cm2 (OCV) to 0.663 Ω cm2 (0.5 V vs. OCV), indicating 

the activation of the electrode materials at low voltages. As the voltage is increasing, the increased 

electrode polarization during CO2 reduction created a more reducing condition, which greatly 

improved surface kinetics of the adsorption/desorption of active species and their diffusion into 
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the triple phase boundary sites. This resulted to a further gradual decrease of polarization 

resistance, in accordance with the results in Figure A I.8b. The remarkable enhancement of the 

reaction kinetics indicates the application potential of electrolysis at high applied voltage.  

Table A I. 1  Simulated EIS results of the electrolysis cell with Ce-LSCrF cathode at different 

applied voltages in CO2/CO (70:30) 

Applied Voltages Rs (Ω cm2) R1(Ω cm2) R2 (Ω cm2) Rp (Ω cm2) 

OCV in CO2/CO 0.358 0.182 1.071 1.253 

0.5 V in CO2/CO 0.392 0.183 0.663 0.845 

0.7V in CO2/CO 0.364 0.132 0.627 0.759 

1.0 V in CO2/CO 0.333 0.123 0.336 0.459 

1.2 V in CO2/CO 0.316 0.021 0.190 0.211 

A I.4.3. Electrochemical performance of Ce-LSCrF in SOECs 

The electrochemical performances of SOECs using Ce-LSCrF/YSZ and LSCrF/YSZ composite 

cathodes were evaluated at 850 °C. The polarization curves (I-V) of the cell were recorded in the 

CO2/CO atmosphere with the ratio of 70/30 under both electrolysis mode (negative current 

densities) and fuel cell mode (positive current densities) with the applied voltage varying from 0 

to 1.2V (vs. OCV) and 0 to –0.7 V (vs. OCV), respectively. The open circuit potentials of the cells 

in the CO2/CO (70/30) were around 0.86 V, which was quite close to the theoretical value predicted 

by the Nernst equation. Figure A I.9 shows that the I-V curve went smoothly from the SOFC mode 

to SOEC mode, suggesting the good reversibility of the cells. The current density of LSCrF/YSZ 

composite cathode cell reached 0.564 A cm-2 at the applied voltage of 0.7 V (vs. OCV), and 1.041 

A cm-2 at the applied voltage of 1.2 V, while with the cerium doped LSCrF composite, the current 

density increased to 0.814 A cm-2 at the applied voltage of 0.7 V, and 1.283 A cm-2 at the applied 

voltage of 1.2 V. The remarkable high current density of the cell with the Ce-LSCrF/YSZ cathode 

demonstrated its excellent electrochemical catalytic properties in CO2 reduction.  
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Figure AI. 9 I-V curves of the cell with the LSCrF/YSZ and Ce-LSCrF/YSZ composite cathodes 

in SOEC mode and SOFC mode at 850 ºC. 

The cells with the Ce-LSCF/YSZ cathode were further investigated in the electrolysis process at a 

series of applied voltages in comparison with LSCrF/YSZ. The current density and outlet gas 

compositions were measured to evaluate the Faraday efficiencies of the cells. As is shown in Figure 

A I.10, the current densities of Ce-LSCF/YSZ and LSCrF/YSZ cathode based electrolysis cells 

increased in step with increasing applied voltages, with current density increasing from 0.53 A cm-

2 (0.5 V) to 1.13 A cm-2 (1.2V) for Ce-LSCrF/YSZ and from 0.44 A cm-2 (0.5 V) to 0.90 A cm-2 

(1.2V) for LSCrF/YSZ. The CO generation rate also significantly increased with increasing the 

applied voltage, reaching 6.66 ml min-1 and 4.07 ml min-1 for Ce-LSCrF/YSZ and LSCrF/YSZ, 

respectively, at the applied voltage of 1.2 V. The current efficiencies were calculated from the CO 

production rate and current density of the cells. It is shown in Figure A I.11 that the Faraday 

efficiencies of both Ce-LSCrF/YSZ and LSCrF/YSZ composite cathode-based cells increased 

dramatically with increasing applied voltage from 0.5V to 0.7 V, reaching the peak values of 

around 86.9% and 64.7% at 0.7 V. The current density and Faraday efficiency of the Ce-

LSCrF/YSZ cathode at the applied voltages are significantly higher than those reported for LSCM 

cathode and LSCrF cathode.7, 16, 26 In addition, the current efficiency experienced a downtrend at 
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higher applied voltages, since the SOECs with the Ce-LSCrF/YSZ operating at the applied 

voltages higher than 1 V have the current densities higher than 1 A cm-2 , which has been referred 

to as the ‘“harsh conditions”. The oxygen evolution and CO2 consumption are processed so fast 

that lead to the degradation of the cell and starvation of the CO2 on the reaction sites3. 

 

Figure AI. 10 Electrochemical performance of the electrolysis cells with (a) Ce-LSCrF and (b) 

LSCrF cathodes at 850 ºC at various applied voltages. 

 

Figure AI. 11 The production of CO and Faraday efficiency of the electrolysis cell with (a) Ce-

LSCrF and (b) LSCrF cathode at 850 ºC at various applied voltages. 

Short term durability tests were performed at the CO2/CO (70:30) at 850 ºC for 24 hours at the 

optimal applied voltage of 0.7 V to study the stability of the cell with the Ce-LSCrF/YSZ cathode. 

As shown in Figure A I.12, the current density experienced a slight decrease in the first hour and 
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then remained stable at approximately 0.65 A cm-2 for the duration of the tests. The 24 h short term 

durability test suggests that there is no evident degradation of the Ce-LSCrF/YSZ based cell during 

the electrolysis of CO2. 

 

Figure A I. 12 Short term stability based on Ce-LSCrF cathode at 850 ºC and applied voltage of 

0.7 V. vs OCV. 

A I.5. Conclusions 

In this work, Ce-LSCrF based composite cathode has been investigated as a potential cathode 

material for high temperature CO2 electrolysis. The cell with the Ce-LSCrF/YSZ composite 

cathode has shown a significant improvement on electrochemical catalytic performance as well as 

Faraday efficiency in comparison with the cell using LSCrF/YSZ cathode. The current efficiency 

for Ce-LSCrF based SOECs reached around 86.9% at applied voltage of 0.7 V (vs. OCV), notably 

higher than that of un-doped LSCrF samples (64.7%), and also higher than those reported for 

LSCM and LSCrF cathode.7, 16, 26 The Ce-LSCrF/YSZ composite cathode, therefore, has 

demonstrated a strong potential for its application in the CO2 electrolysis.  
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Reprinted with permission from (28) Copyright (2016) American Chemical Society. 
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Appendix II: The Excellence of Both Worlds: Developing Effective 

Double Perovskite Oxide Catalyst of Oxygen Reduction Reaction for 

Room and Elevated Temperature Applications 

A II.1. Abstract 

The efficiencies of a number of electrochemical devices (e.g., fuel cells and MABs) are mainly 

governed by the kinetics of the oxygen reduction reaction (ORR). Among all the good ORR 

catalysts, the partially substituted double perovskite oxide (AA'B2O5+δ) has the unique layered 

structure, providing a great flexibility regarding the optimization of its electronic structures and 

physicochemical properties. Herein, we demonstrate that the double perovskite oxide, i.e., 

NdBa0.75Ca0.25Co1.5Fe0.5O5+δ, is a good ORR catalyst at both room and elevated temperatures. 

Under ambient condition, its half-wave potential of ORR in alkaline media was as low as 0.74 V 

vs RHE; at 650 °C, the cathodic polarization resistance was merely 0.0276 Ω cm2 according to a 

symmetric cell measurement, whereas the solid oxide fuel cells using this cathode exhibited a 

maximum power density of 1982 mW cm-2. From various materials characterizations, we 

hypothesize that its excellent ORR activity is strongly correlated with the crystallographic, 

electronic and defect structures of the materials. 
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A II.2. Introduction 

Energy conversion is an important process that provides diversified forms of energy, e.g., 

electricity, for industrial productions as well as the daily life uses in human society. Since 

tremendous amount of fossil fuels is used to generate electrical power each year, energy conversion 

efficiency is, therefore, a key factor in reducing the environmental impacts and utilizing the 

valuable natural resources responsibly. In comparison with the conventional electricity generation 

methods, fuel cells are perhaps among the most promising alternatives, showing excellent 

environmental-friendliness, high efficiency and reasonable energy density. 1, 2, 3, 4 Practically, in 

each type of fuel cells, the rate-determining step is always believed to be the oxygen reduction 

reaction (ORR), due to the lack of the affordable yet high-performance electrocatalyst. 5, 6, 7, 8 For 

instance, the high cathodic overpotential loss is a major factor in undermining the performances 

of the state-of-the-art solid oxide fuel cells (SOFCs) at temperatures between 500~700 °C.  7 

Similarly, in the researches on proton exchange membrane fuel cells (PEMFCs), desperate efforts 

are devoted to the development of highly active ORR catalysts to replace the state-of-the-art carbon 

supported platinum. 8  

Indeed, the noble metal contained materials, including Pt and its alloys,  8 were proven to be 

superior ORR catalysts. However, the problem is the very limited precious metals resources on 

this planet for large scale commercialization of the electrochemical devices referred above, not to 

mention their high prices and the ease of suffering degradations due to poisoning and/or leaching 

of metals. Alternatively, non-precious metals and compounds 9, 10 as well as metal-free materials, 

11, 12, 13 e.g., organometallic compounds and heteroatom-doped carbon materials, were developed 

that showed good ORR performances.  In spite of that, the gradual deactivations of these catalysts 
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during the stability test were commonly observed, and the complicated synthesis protocols posted 

another challenge regarding the practical application. Recently, studies on perovskite oxides 4, 5, 6, 

7, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24, such as La0.5Sr0.5CoO2.91 (LSC), 16 Ba0.5Sr0.5Co0.8Fe0.2O3-δ (BSCF), 

17, 18 PrBa0.5Sr0.5Co2-xFexO5+PBSCF) 19 and Sr0.95Ag0.05Nb0.1Co0.9O3‑δ 
20, offered a new 

dimension in tackling these challenges. Specifically, the double perovskite catalyst with a general 

formula of AA'B2O5+ demonstrated much higher oxygen ion diffusion rate and surface-exchange 

coefficient relative to the ABO3-type, contributing to a faster oxygen reduction reaction. 4, 7, 19, 20, 

21, 22, 23, 24, 25, 26, 27, 28, 29 

Considering their fascinating features, one would envision intuitively that an excellent double 

perovskite ORR catalyst might perform well at both room and elevated temperatures, expanding 

their practical applications. 19, 26 The LnBaCo2O5+δ (Ln is the lanthanide element, e.g., Sm, Nd or 

Pr) family is such a good example enabling the “best of both worlds”, which has already exhibited 

great potentials as the cathode of SOFC. 19, 27, 28, 29, 30, 31 In this work, we report a novel ORR 

catalyst, NdBa0.75Ca0.25CoxFe2-xO5+δ (NBCaCF, x=2, 1.5, 1, 0.5). The substitution of Ba with Ca 

contributed to a higher electronic conductivity without compromising the structural stability, [29] 

and the Fe dopant greatly promoted the ORR activity at both room and high temperatures. The 

origin of its excellent performance was also hypothesized.  

A II.3. Results and discussions 

A II.3.1. Crystal structure of the layered double perovskite 

NBCaCF catalysts were prepared through the classic sol-gel method. A final calcination at 950 °C 

was applied to obtain the double perovskite phase (see the Supporting Information for details). 

Figure A II.1a shows the X-ray diffraction (XRD) patterns of NBCaCF, all suggesting the 
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formation of the double perovskite structure (NdBaCo2O5.92). The diffraction peaks shifted when 

increasing the Fe doping ratio. The Rietveld refinement, performed based on the orthorhombic 

structure, shows that the size of the unit cell increased in step with the Fe content (see Table A 

II.S1 and Figure A II.S1 in the Supporting Information). Typically in this double perovskite 

(AA'B2O5+, the substitution of A (Nd) site cation by lower-valence A' (Ba, Ca) cation gave a 

layered structure with the A and A' cations alternating along the c-direction (…-[A'O]-[BO2]-

[AOδ]-[BO2]-…). Meanwhile, oxygen vacancies (δ<1) concurrently formed to maintain the 

electroneutrality (see the crystal structure in Figure A II.1b and c). These oxygen vacancies were 

not randomly distributed, but located at the AOδ layers, forming long-range ordered defect 

structures and rendering higher mobility of oxygen ions. 30, 31 In the transition metal layer, 

octahedral (BO6) and pyramidal (BO5) structures coexisted. Since Co3+/Co4+ cation was slightly 

smaller than Fe3+/Fe4+ cation, the substitution of Co by Fe resulted in the expansion of the unit cell 

(c.f. Table A II. 1 and Figure A II.S1).  

Table A II.  1 The refined lattice parameters of the as-prepared samples. 

Co Space group a(Å) b(Å) c(Å) α(°) β(°) γ(°) 

2.0 P/mmm(123) 3.8746 3.8892 7.6478 90 90 90 

1.5 P/mmm(123) 3.8831 3.8953 7.6590 90 90 90 

1.0 P/mmm(123) 3.8972 3.9056 7.6758 90 90 90 

0.5 P/mmm(123) 3.9146 3.9213 7.6913 90 90 90 

Transmission electron microscope (TEM) was also performed to study the crystal structure of 

NdBa0.75Ca0.25Co1.5Fe0.5O5+δ (NBCaCF-1.5). The high-resolution TEM (HRTEM) micrographs 

and the electron diffraction patterns in Figures A II.1c reveal the [010] zone axis of the NBCaCF-

1.5 double perovskite crystal. The yellow arrows indicate the domain boundaries, a typical type of 

defect in magnetic materials. The investigation of the diffractograms confirmed that NBCaCF-1.5 
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possessed an orthorhombic crystal lattice (P/mmm space group) which was in good agreement 

with the Rietveld refinement studies above. The crystal structure inset shows that oxygen 

vacancies preferred to locate at the [NdOδ] layer, forming good channels for oxygen diffusion. 

More detailed studies are shown in Figure A II.S2. From the enlarged image in Figure A II.1d, we 

obtained the lattice parameters of the crystal (a=3.885 Å and c=7.661 Å) via measuring d-spacings, 

the results were very close to the refinement data in Table A II.S1. Besides, from the HRTEM 

image of the crystal surface (Figure A II.1e), we did not observe any dopant segregation, proving 

the advantage of using Ca as the dopant. In contrast, the ones incorporated with Sr often suffered 

from the performance degradation due to the enrichment of Sr near the surface 18, 32.  

 

Figure A II. 1 (a) XRD patterns of the as-prepared NBCaCF powders; (b) a schematic of the crystal 

structure of NBCaCF; (c) HRTEM micrograph of NBCaCF-1.5, the arrows indicate the boundaries 

of two mutually perpendicular domains, the insets show the diffractograms of the two domains; 

(d) enlarged HRTEM image of the domain boundary shown in (c); (e) HRTEM image of NBCaCF-

1.5 surface. 
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A II.3.2. ORR performance at elevated temperatures 

The ORR activities of the NBCaCF catalysts were initially evaluated at high temperatures 

(≥500 °C) using Gd0.1Ce0.9O1.9 (GDC) supported symmetrical cells, i.e., NBCaCF-

GDC/GDC/NBCaCF-GDC. Figure A II.S3a-d shows the Nyquist plots of the cells at temperatures 

between 500 and 700 °C. The value of the charge-transfer resistance (Rp) reflects the electro-

catalytic properties of the catalyst employed. 33, 34 Among all the investigated doping ratios, the 

NBCaCF-1.5-GDC cathode exhibited the lowest Rp values of 0.315, 0.120, 0.055, 0.0276 and 

0.015 Ω cm2 at 500, 550, 600, 650 and 700 °C, respectively, implying that it is the best ORR 

catalyst among these compounds. Using the same cell configuration, we also measured the Rp of 

the state-of-the-art Ba0.5Sr0.5Co0.8Fe0.2O3-δ (BSCF) catalyst for comparison. At 500, 550, 600, 650 

and 700 °C, The Rp values were 0.985, 0.398, 0.163, 0.057 and 0.0285 Ω cm2, respectively (see 

Figure A II.S3e). Albeit these values were essentially identical with those reported in the literature, 

35 they were approximately 100 to 200% higher than those of NBCaCF-1.5 cathode. Figure A II.2a 

shows the Arrhenius plots of reciprocal Rp, from which the activation energies were calculated. 

The NBCaCF-1.5 catalyst also demonstrated the lowest activation energy (Ea = 95.18 kJ mol-1) 

which was more than 10% lower than that of BSCF (Ea=112.24 kJ mol-1). We also measured the 

total conductivity of NBCaCF shown in Figure A II.S4. For instance, the conductivity of NBCaCF-

1.5 reached 641 S cm-1 at 550 °C, much higher than that of BSCF. 36, 37 Therefore, we speculated 

that the superior ORR performance of NBCaCF catalysts pertained to 1) the disorder-free channels 

of oxygen vacancies that enhance the mobility of oxygen ions as well as the surface oxygen 

exchange rate; 2) the increased electronic conductivity which is a critical requirement of a good 

electro-catalyst.  
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Figure A II. 2 (a) The Arrhenius plots of reciprocal Rp for different catalysts; (b) J-V and power 

density curves of Ni-GDC anode supported cells employed with different NBCaCF cathode and 

(c) the corresponding impedance spectra measured at 650 °C in H2; (d) stability test of NBCaCF-

1.5 cell operated at 650 °C under a constant current load of 1 A cm-2 in H2, and the J-V/power 

density curves of the same cell before (triangle) and after (square) the test. 

The exceptional ORR activity of NBCaCF enabled its practical application in low-temperature 

SOFCs (500~650 °C). 38 We then examined the performance of NBCaCF-GDC cathode using the 

state-of-the-art anode supported button cells. The current density-voltage (J-V) curves and the 

corresponding power density plots of the cells at 650 °C in the stream of hydrogen are shown in 

Figure A II.2b. The open-circuit voltage (OCV) was ~0.81 V for all cells, which was reasonable 

since the GDC electrolyte shows electronic conductivity. Nonetheless, the NBCaCF-1.5-GDC cell 

outperformed the rest and showed a high peak power density (PPD) of 1982 mW cm-2, which is 
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among the best in the literature. 17, 38, 39, 40 More J-V and power density plots at the temperature 

range between 550 and 650 °C can be found in Figure A II.S6.  

In the corresponding impedance spectra given in Figure A II.2c, the ohmic resistances (RΩ) for all 

cells were roughly the same, ranging from 0.048 to 0.052 Ω cm2. However, the cells with 

NBCaCF-1.5 cathode had the lowest Rp. The stability test of the NBCaCF-1.5 cell was shown in 

Figure A II.2d. The voltage was recorded as a function of time under a constant current load of 1 

A cm-2 at 650 °C. The J-V/power density curves of the cell before (square) and after (triangle) the 

stability test were also recorded. Apparently, negligible degradation was observed after 50 h test, 

suggesting the excellent chemical-electrochemical stability and electrolyte compatibility of this 

cathode material under real SOFC operating conditions. 

A II.3.3. ORR performance at room temperature 

NBCaCF catalysts also demonstrated good ORR activity at room temperature. The detailed 

preparation protocol of the glassy carbon rotating disc electrode (RDE) was discussed in the 

Supporting Information. In the cyclic voltammetry (CV) measurement in 0.1 M KOH aqueous 

solution, no reduction peak was recorded in the Ar-saturated electrolyte whereas a strong reduction 

signal was seen in the O2-saturated one (Figure A II.S7). Hence, we confirmed that this redox 

process was linked to the reduction of O2. Meanwhile, NBCaCF-1.5 possessed the highest cathodic 

reduction peak current (-0.81 mA cm-2), and the half-wave potential (E1/2) for ORR reached 0.74 

V vs RHE. 

Linear sweep voltammetry (LSV) was then performed to compare the activities of various 

NBCaCF catalysts. It was logic to find that the limiting current density had a positive correlation 
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with the rotation rate (400 rpm to 2500 rpm) while the ORR onset potential (Eonset) was 

independent of it (see Figure A II.S8). Figure 3a compares the LSV curves of various catalysts 

obtained at 1600 rpm. The Eonset of BSCF was 0.86 V (vs RHE), which was 90 mV negative to 

that of the state-of-the-art Pt/C catalyst (0.95 V) that we had measured before. [41] For NBCaCF 

series, the Eonset increased in step with the rising of iron doping ratio (x). Again, similar to the test 

in SOFC, the best ORR activity was also achieved using the NBCaCF-1.5 catalyst. It exhibited the 

most positive Eonset (0.91 V), the highest limiting current density (5.87 mA cm-2) and the most 

positive E1/2 (0.74 V). Indeed, this performance was lower than that of the Pt/C catalyst but was 

among the best alternative ORR catalysts documented in the literature. A detailed comparison of 

E1/2 was summarized in Table A II.S2 in the Supporting Information. 

To understand the oxygen reduction pathway, we drew the Koutecky-Levich (K-L) plots for both 

NBCaCF and BSCF catalysts, in which the inverse current density (J-1) was plotted as a function 

of the inverse of the square root of the rotation speed (ω-1/2) at 0.4, 0.3, 0.2 and 0.1 V (see Figures 

A II.3b and S9). The number of electrons transferred were then determined by the empirical K-L 

equations (Equations A II.S1~S4). Notably, the electron-transfer number n for the NBCaCF-1.5 

catalyst was approximately 3.7~3.8 in the potential range from 0.4 to 0.1 V (Figure A II.3c), 

implying that almost all reacted O2 was fully reduced to H2O. This four-electron pathway is 

preferable in terms of achieving high efficiency during the electrochemical energy conversion. We 

also studied the stability of NBCaCF-1.5 catalyst via a chronoamperometric measurement (see 

Figure A II.3d). After biasing the cell for 20000 s at a constant voltage of 0.624 V, the oxygen 

reduction current density of the NBCaCF-1.5 cell decreased by ~10.0%. Conversely, the BSCF 

cell exhibited a 23.6% decrease under the same condition.  
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Figure A II. 3 (a) LSV plots of NBCaCF and BSCF catalysts; (b) Koutecky-Levich plots of 

NBCaCF and BSCF catalysts at Ewe=0.2 V vs RHE; (c) the plot of electron transfer number during 

ORR versus voltage; (d) chronoamperometric test for NBCaCF-1.5 and BSCF catalysts in O2-

saturated 0.1 M KOH solution at 0.624 V vs RHE. 

A II.3.4. Mechanistic discussions 

In the scenarios of both PEMFC and SOFC, the developed layered-perovskite NBCaCF cathode 

catalysts exhibited substantially increased ORR activity relative to the conventional perovskite 

counterparts (e.g., BSCF). Note that the examined catalysts in this work showed similar specific 

surface areas (Table A II.S3) and the electrodes exhibited essentially identical pore-size 

distributions (see the plots in Figure A II.S10). We then asserted that the electrochemical activity 

differences among these materials did not stem from the contribution of the varied surface areas. 

Indeed, the unique crystal structure might be a key factor influencing ORR activity as discussed 
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above. The layered structure provides well-defined oxygen vacancy channels, facilitating the 

oxygen transport in the planes of [NdOδ]//[Co/FeO2]. This is particularly important in SOFC 

applications since the entire NBCaCF surface becomes the triple-phase boundary (TPB) due to the 

mixed ionic-electronic conductivity. Compared with the conventional TPB that only locates in the 

adjacent areas of electrolyte-electrode interfaces, the expanded TPB provides many more active 

sites for the electrochemical reaction.  

Besides the crystallographic structure, the surface chemistry (defects, electronic structure, etc.) of 

the catalyst can also greatly affect the kinetics of ORR. 41 X-ray photoelectron spectroscopy (XPS) 

measurement was then performed on all NBCaCF catalysts. The deconvoluted spectra were shown 

in Figure A II.4. For all the samples, the O1s spectra presented two partially superimposed peaks 

at 528.2~528.5 eV and 530.9~531.2 eV, respectively. Generally, the peak with lower binding 

energy (BE) is associated with the lattice oxygen (OL), whereas the one with higher BE 

corresponds to the adsorbed or loosely bonded oxygen (OA) that, in this case, is correlated with 

the surface oxygen vacancies. 42 Apparently, NBCaC and NBCaCF-1.5 had higher proportions of 

surface oxygen vacancies with respect to lattice oxygen as summarized in Table A II.1. These 

surface defects usually have higher energy states and might be important active sites for the O2 

adsorption/dissociation. 4 Although the total amount of oxygen vacancies of NBCaCF-1.5 was 

lower than that of NBCaC according to the nonstoichiometric oxygen measurement (Figure A 

II.S12), NBCaCF-1.5 had the highest concentration of surface oxygen vacancies, making it the 

most electrochemically active catalyst among the series (see Figures A II.2 and 3).  

https://www.google.com.hk/url?sa=t&rct=j&q=&esrc=s&source=web&cd=1&cad=rja&uact=8&ved=0CBwQFjAAahUKEwjzoqqHnZ3IAhXHlogKHQV2Dw8&url=https%3A%2F%2Fen.wikipedia.org%2Fwiki%2FX-ray_photoelectron_spectroscopy&usg=AFQjCNEhttjG4jZI2ds1OePV-nx9vlzK3Q&sig2=d0D14M4pFCGWF7J3c0POJg
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Figure A II. 4 XPS spectra of NBCaCF catalysts obtained for (a) O1s and (b) Co2p. 

This conclusion was also supported by the temperature programmed desorption measurement (O2-

TPD, Figure A II.S13). Remarkably, all the investigated materials exhibited two distinct regimes 

of O2 desorption. The first regime appeared below 500 °C, pertaining to the desorption of 

chemisorbed oxygen species. The higher desorption temperatures for NBCaC and NBCaCF 

(~400 °C vs 250 °C for BSCF) showed that the bonds between the catalyst and the adsorbate were 

stronger, implying that O2 was more easily adsorbed and dissociated on the layered perovskite 

oxide. Moreover, NBCaCF also exhibited the highest amount of adsorbed oxygen, revealing the 

highest surface coverage of oxygen atoms. This might also stem from its high concentration of 

surface oxygen vacancies (c.f. the XPS data in Figure A II.4a). The second regime appeared 

between 700 to 850 °C and was attributable to the release of lattice oxygen. The intensity of the 

peak strongly correlated to the amount of oxygen vacancies generated at elevated temperatures. 

Notably, the layered perovskite oxides had more defects than BSCF, leading to easier oxygen 

activation, incorporation, and diffusion when employed as the cathode of SOFC.  
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Additionally, the redox properties of the B-site metal ions are believed to strongly affect the ORR 

activity of perovskite catalyst. 43, 44 Hence, we also analyzed the XPS spectra of these elements. 

The results in Figures A II.4b and S10 reveal the coexistence of two redox couples, i.e., Co3+/Co4+ 

and Fe3+/Fe4+, in NBCaCF samples. Both of them can contribute to the oxygen reduction reaction. 

Presumably due to the presence of stronger Fe-O bonds in the lattice, NBCaCF showed improved 

structure stability compared with NBCaC, as reflected by the lower thermal expansion coefficient 

(Figure A II.S14) and the better redox stability (Figure A II.S15). We can also explain the 

advantages of Fe doping from the perspective of the electronegativity of the material, which was 

considered to influence the ORR activity. 45 The Pauling electronegativity of Co3+/Co4+ (1.88) is 

larger than that of Fe3+/Fe4+ (1.83). Thus, the global electronegativity of NBCaC was lowered by 

doping suitable amount of Fe that enhanced the charge transfer rate during electrochemical ORR. 

However, the addition of Fe decreased the electrical conductivity (Figure A II.S5) and the total 

amount of oxygen vacancies (Figure A II.S12), which undermined the electrocatalytic 

performances. Thus, finding the right compromise (doping ratio) is critical to maximize the 

electro-activity.  

Table A II. 1 Quantitative analysis of the OL and OA on the surface of NBCaCF catalysts. 

Co Area of OL Area of OA OA/(OA+OL) (%) 

2.0 1370.31 8684.76 86.37 

1.5 935.94 8144.12 89.69 

1.0 1943.37 8036.94 80.53 

0.5 4167.24 9189.31 68.8 
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A II.4. Conclusions 

We found that the layered perovskite-type cobaltite, i.e., NdBa0.75Ca0.25Co1.5Fe0.5O5+δ 

demonstrates good activity towards ORR at both room and elevated temperatures, which makes it 

suitable for wide range applications. The unique crystal structure provided distortion-free channels 

for oxygen transfers; the addition of appropriate amount of Fe dopant (x=1.5) drastically optimized 

the physicochemical properties of the catalyst, rendering a high ORR onset potential (0.91 V) at 

room temperature and excellent SOFC performances at 650 °C (PPD = 1982 mW cm-2). This cost-

effective material promises to replace the Pt/C ORR catalyst in PEMFCs, and to further lower the 

operating temperature of SOFCs.   
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A II.6. Supporting information 

A II.6.1.  Materials preparation 

Preparation of catalyst powders. To prepare NdBa0.75Ca0.25CoxFe2-xO5+δ powders, stoichiometric 

amounts of Nd(NO3)3·6H2O, Ba(NO3)2, Ca(NO3)2, Co(NO3)3·6H2O and Fe(NO3)3·9H2O were 

initially dissolved in distilled water using citric acid (CA) and ethylenediaminetetraacetic acid 

(EDTA) as the chelating agents. All the chemicals were purchased from Fisher scientific. The 

molar ratio of EDTA : CA : total metal ions was 2:2:1. Then the solution was heated up to 300 °C 

in an oven till water was fully vaporized.  The sequentially obtained powder was finally calcined 

at 950 °C for 5 h to form the double perovskite phase. Ba0.5Sr0.5Co0.8Fe0.2O3-δ (BSCF) catalyst was 

also prepared via the same method. 

Fabrication of dense NBCaCF. NBCaCF powders were pressed into bars for the electrical 

conductivity measurements, and rods for the thermal expansion coefficient measurements, using 

suitable dies.  Then, they were sintered in air at 1150 °C for 12 hours for densification. 

Fabrication of symmetrical cells. 10 mol% Gd2O3 stabilized CeO2 (GDC) electrolyte-supported 

symmetrical cells were employed to evaluate the electrochemical activity for the ORR at elevated 

temperatures. Dense GDC electrolyte substrates were fabricated by dry pressing GDC powder 

(TC-grade, FCM) in a cylindrical die, followed by sintering in air at 1450 °C for 5 h. NBCaCF-

GDC or BSCF-GDC (weight ratio was 60:40) cathodes were prepared by brush painting the slurry 

on both sides of the GDC electrolyte, followed by sintering in air at 950 ºC for 5 h. The active area 

of the cathode was 0.5 cm2. 

Fabrication of anode-supported cells. To prepare the Ni-GDC anode support, NiO (Fisher 

scientific), GDC powder and corn starch were mixed and ball-milled in isopropyl, the weight ratio 



222 

of NiO : GDC : corn starch is 60:40:10. The anode substrate was fabricated by dry pressing 1 g of 

the mixed powder in a cylindrical die, followed by pre-sintering at 1050 °C in air for 2 h. Thin 

GDC electrolyte was prepared using a slurry coating technique. GDC slurry was prepared by 

dispersing 2 g GDC powder in 6 g ethanol with a small amount of cellulose and triethanolamine 

as binder and dispersant, respectively. This slurry was spin-coated on the strong Ni-GDC substrate. 

The thickness of GDC membrane was well controlled via varying the times of coating. The coated 

Ni-GDC substrate was then co-sintered at 1450 °C for 5 h. To prepare the cathode, NBCaCF-GDC 

(weight ratio is 60:40) paste was then brush-painted on the surface of the densified GDC electrolyte, 

followed by calcination at 950 °C for 4 h. The active area of the cathode was 0.316 cm2. 

Preparation of the working electrode. For the low temperature ORR test, the catalyst ink was 

initially prepared by adding 0.1 g of catalyst powders and 0.1 g carbon black (Cabot) in a solution 

containing 2 mL of 5wt. % Nafion (Aldrich) and 8 mL of isopropyl alcohol. 3 h of sonication was 

applied to obtain full homogenization. 5 μL of the catalysts ink was dispersed on the polished 

glassy carbon (GC) working electrode (glassy carbon rotating disc electrode, 5 mm in diameter, 

model AFE5T050GC from Pine Research Instrumentation). Catalyst-coated GC electrodes were 

then dried under ambient condition for 1 h. 

A II.6.2. Electrochemical test procedure  

In the SOFC test, Au paste was painted on both electrodes and then baked in air at 750 °C for 2 h. 

Then, Pt mesh was applied on the paste as the current collector that was connected with Pt wires. 

The open-circuit electrochemical impedance spectroscopy (EIS) measurement of the symmetrical 

cells was carried out at temperatures ranging from 500 to 700 °C in air. The anode support cell 

(anode side) was sealed to an alumina tube using the Ceramabond® glass sealant (Aremco Product, 

javascript:void(0);
javascript:void(0);
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Inc.) and reduced in-situ in H2 at 650 °C for 2 h prior to the electrochemical measurements. The 

open-circuit EIS, the current-voltage (J-V) and power density curves of the full cell were obtained 

at temperatures ranging from 550 to 650 °C in H2. All tests were conducted using an 

impedance/gain-phase analyzer (Solartron 1255) and an electrochemical interface (Solartron 

1287). The flow rates of H2 and air were 40 mL min-1 and 150 mL min-1, respectively. 

 

 

 

 

 

Figure AII.S  1 Rietveld refinement data for (a) NdBa0.75Ca0.25Co2O5+δ (NBCaC, x=2), and (b) 

NdBa0.75Ca0.25CoFeO5+δ (NBCaCF-1, x=1). The refinement was performed based on the 

orthorhombic lattice geometry and P/mmm space group. 
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Figure AII.S 2 (a) A high-resolution TEM image of a NdBa0.75Ca0.25Co1.5Fe0.5O5+δ (NBCaCF- 1.5); 

(b) the diffractogram from electron diffraction analysis and (c) the corresponding crystal planes 

shown in (c); (e) the simulated diffractogram of orthorhombic NdBaCo2O5.38 (space group: 

P/mmm). The zone axis is [010]. 
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Figure AII.S 3 EIS of symmetrical cell with (a-d) NBCaCF-GDC and (e) BSCF-GDC electrode 

materials. 

The NdBa0.75Ca0.25Co1.5Fe0.5O5+δ (NBCaCF-1.5)-GDC cells exhibited the best performance among 

all the samples. The values of its Rp were 0.315, 0.12, 0.055, 0.027 and 0.015 Ω cm2 at 500, 550, 

600, 650 and 700 °C, respectively.  
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Figure AII.S 4 The electrical conductivity plots of NBCaCF as a function of temperature. 

 

 

Figure AII.S 5 A typical SEM image of the cross-section microstructure of the anode-supported 

SOFC.  
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Figure AII.S 6 J-V and power density curves of NBCaCF cells in H2 at temperatures between 

550 °C and 650 °C. 

 

 

Figure AII.S 7 Cyclic voltammetry curves of NBCaCF catalysts in O2-saturated (solid line) or Ar-

saturated electrolyte solution (dotted line). 
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Figure AII.S 8 Linear sweep voltammetry of NBCaCF and BSCF catalysts. 
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Figure AII.S 9 Koutecky-Levich plots of NBCaCF and BSCF catalysts at different potentials. 
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Figure AII.S 10 Pore size distribution measurement of NBCaCF-1.5 and BSCF. The two electrodes 

exhibited essentially identical pore-size distribution. 

 

 

Figure AII.S 11 High resolution XPS spectra of Fe 2p for NBCaCF samples. The Fe4+ / (Fe4+ + 

Fe3+) ratio increased with increasing the content of Fe in order to maintain the electrical neutrality. 
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Figure AII.S  12 Oxygen nonstoichiometry of NBCaCF as function of temperature. 

 

 

Figure AII.S  13 O2-TPD spectra for different catalysts 
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Figure AII.S 14 Temperature-dependent thermal expansion of the NBCaCF materials. 

 

 

Figure AII.S 15 Temperature-dependent thermal expansion of the NBCaCF materials. 
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Figure AII.S 16 Microstructures of as-prepared NBCaCF powders for (a, b) Co=2, (c, d) Co=1.5, 

(e, f) Co=1.0 and (g, h) for Co=0.5. 
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Table AII S.1 A comparison of the half-wave reduction potentials (E1/2) for ORR of the 

noblemetal-free electrocatalysts published recently. 

Materials Journal, Year, volume, first page E1/2 vs RHE Electrolyte 

MnCo2O4/N-rmGO J. Am. Chem. Soc., 2012, 134, 3517 0.88 0.1 M KOH 

N-doped Chem. Eur. J., 2016, 22, 501 0.75 0.1 M KOH 

N, S, O-doped mesoporous 

carbon 
J. Am. Chem. Soc., 2014 136, 8875 0.75 0.1 M KOH 

Nanostructured Mn oxide J. Am. Chem. Soc., 2010, 132, 13612 0.75 0.1 M KOH 

NBCaCF-1.5 This study 0.74 0.1 M KOH 

LT-Li0.5CoO2 Nat. Commun., 2014, 5, 3949 0.68 0.1 M KOH 

LaCu0.5Mn0.5O3 Nat. Chem. 2011, 3, 546 0.64 0.1 M KOH 

Fe3O4/N-GAs J. Am. Chem. Soc., 2012, 134, 9082 0.56 0.1 M KOH 

 

 

 

Table AII S.2 Specific surface areas of the catalysts. 

Sample name Specific surface areas (m2 g-1) 

NBCaCF-1.5 11.71 

BSCF 11.75 

 

 

 


