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ABSTRACT  

The fast-growing energy consuming of modern society requires the development of new 

energy conversion and storage technologies with low cost and high environmentally 

friendliness. Zn-air batteries (ZABs) have been an attractive candidate for the next generation 

rechargeable battery due to the abundant raw materials and the intrinsic safety of the aqueous 

electrolyte. Although the primary ZABs have been commercialized, the development of 

rechargeable ZABs is still challenging. Specifically, the large voltage gap and the consequent 

low energy efficiency is a critical problem, which mainly results from the sluggish oxygen 

reduction reaction (ORR) and oxygen evolution reaction (OER) at the air electrodes. 

Meanwhile, the oxidative corrosion under the high charging potentials leads to the degradation 

of catalysts at the air electrodes, and thus insufficient cycle stability, which also impedes the 

practical application of Zn-air batteries. To address these challenges, efforts were paid in both 

the catalytic material development and electrode structure design, aiming at reducing the 

overpotential at the air electrodes, as well as enhancing the cycle life. 

For the catalytic material development, the hybrid strategy is utilized and thoroughly 

investigated, where the two components in a hybrid could combine the OER and ORR sites to 

obtain the bifunctional electrocatalysts. Besides, the strong interaction between the two 

components could regulate the electronic structure of the catalytic sites towards a higher 

intrinsic activity. Specifically, hybrid electrocatalysts of CeO2/LaFeO3 and 

La0.8Sr0.2Mn0.5Co0.5O3/RuOx were developed, which indicated that the interfacial elemental 

diffusion and the interfacial electron transfer play a critical role in enhancing the 

electrocatalytic activity. 

Additionally, the noble metal-nonnoble metal hybrid strategy was proposed, aiming at 

realizing a high atom utilization of noble metals, and thus highly active bifunctional 

electrocatalysts with low expense. Specifically, the Ir cluster anchored Co3O4 was synthesized, 

and mechanistic synergy between Ir and Co during the oxygen catalysis was scrutinized. It was 
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demonstrated that the Ir sites assist the achieve the high reaction order due to the intrinsically 

fast kinetics, whereas Co plays the key role in accumulate sufficient charges due to the excellent 

pseudocapacitive characteristic. The in-depth understanding provides clear guidance for 

choosing suitable nonnoble metal supports for the noble metal-nonnoble metal hybrid catalysts. 

Furthermore, a smart design of electrode structure is carried out to achieve microscale 

decoupled OER and ORR sites at the air electrode. By using the decoupled-structure, the 

hydrophobicity of the air cathode could be optimized to realize abundant triple-phase interface 

and thus high discharge voltage. Moreover, the decoupled-structure could alleviate the 

oxidative degradation of ORR electrocatalyst and the carbon component during the charging 

process, and thus efficiently elongated the rechargeability and cycle life of the Zn-air batteries. 

This work displays a comprehensive study of the air electrode development from both 

chemistry and engineering aspects. The hybrid material design strategy, the in-depth 

mechanism of the oxygen catalytic reaction process, as well as the smart electrode structure 

design, would be valuable for the further improvement of the rechargeable ZABs. 
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CHAPTER 1   Introduction 

1.1 Background  

Given the growing energy demands of the modern society, it is urgent to exploit advanced 

energy conversion and storage techniques. As a clean and efficient type of energy, electricity 

is favored for its end-use energy consumption in both industry and people’s daily lives.1 

Rechargeable batteries have been developing fast in the past decades and have been used to 

provide electricity for various applications, such as mobile phones and electric vehicles (EV).2 

Li–ion batteries (LIBs) are mature devices that dominate the rechargeable battery market.3 

However, the insufficient energy density of LIBs (theoretical value ~400 Wh kg−1) is a 

significant drawback that has been associated with the need for frequent recharging and limited 

mileage of EVs.4,5 Moreover, the flammable electrolytes and relatively expensive Li, which are 

used for LIBs, also hinder their large-scale applications.1,6 Therefore, exploring new 

generations of rechargeable batteries is desirable. 

Recently, Zn–air batteries (ZABs) have become increasingly attractive owing to their high 

limiting energy density of 1350 Wh kg−1 (calculation based on the theoretical voltage of 1.6, 

only consider the mass of Zn, assuming other components zero mass), safe aqueous electrolytes, 

low cost, and environmental friendliness.1,7 The primary ZABs have been commercialized and 

widely applied in healthcare instruments such as hearing aids. During the past over ten years, 

researchers are paying efforts in developing rechargeable ZABs. Promising future of the ZAB 

application in both grid-scale energy storage and conversion systems and portable electronics, 

making great contribution to the sustainable development of human society. Most recently, Lee 

and coworkers reported an ampere-hour-scale Zn-air pouch cell,8 achieving a high energy 

density of 460 Wh kgcell-1 (1,389 Wh l−1) and a lifespan of 6000 cycles, which outperforms 
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most of the reported and commercial batteries including Li-ion, Li-S, Lead-acid, Ni-MH, and 

capacitors (Figure 1.1), representing a significant breakthrough of the rechargeable ZAB field.  

 

Figure 1.1 A comparison between the specific energies and powers of the most advanced alkaline 
rechargeable Zn-air battery and the commercial capacitors and batteries previously reported.8 

Despite the bright blue picture, current developing state of rechargeable ZABs is still far 

away from practical application. Each component of the battery, including Zn anode, air 

cathode, as well as the electrolyte, are facing problems regarding the battery performance, 

lifespan, and cost. For Zn anode, the poor reversibility of Zn stripping and deposition seriously 

hiders the rechargeability of ZABs. For electrolyte, concentrated alkaline electrolyte is used in 

most of the current research since it is favored by the cathode chemistry of oxygen 

electrocatalysis. However, the alkaline electrolyte leads to the irreversible transfer of Zn to 

ZnO during the discharge process, and thus the Zn metal would be continuously consumed 

during batter operation, impeding the rechargeability.  

Moreover, for the air electrodes, the sluggish kinetics of the multi-electron participated 

oxygen electrocatalysis reaction brings the large potential gap during charge and discharge, 

leading to the low energy efficiencies. Therefore, highly active electrocatalysts are desired to 

reduce the overpotentials. Besides, the benchmark electrocatalysts always involve noble metals 
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which leads to high cost and hinders the wide application, and thus new strategies should be 

proposed to design efficient electrocatalysts with low cost. In addition, since the charge and 

discharge reactions at the air electrodes requests distinct hydrophilicity, the structure of the air 

electrodes should also be carefully optimized to promote the battery performance. In a word, 

from the air electrode aspect, both the catalytic material design and the electrode structure 

engineering are significant in facilitating the practical implementation of rechargeable ZABs. 

1.2 Research Objectives 

This study focuses on the key issues of air electrodes of the rechargeable aqueous ZABs, 

aiming at increasing the energy efficiency, lowering the cost, and elongating the lifespan of the 

batteries. Specifically, the design of electrocatalytic materials and engineering of air electrode 

structure are carried out to realize the above goals. Three strategies are proposed in this thesis 

and listed in detail as below: 

First, to balance the cost and activity, we propose to use hybrid strategy by anchoring 

noble metals on the nonnoble metal oxide supports, and thus to fabricate highly active 

electrocatalyst with low dosage of noble metals.  

Second, to further provide a clear guiding principle of choosing suitable nonnoble metal 

supports to enhance the utilization of noble metals, we propose to carry out thorough 

mechanistic study to reveal the synergy effect between noble metals and nonnoble metals 

during the electrocatalytic reactions. 

Third, to enhance the cycle life of ZABs, we propose tom design a new air electrode 

structure to separate the charge and discharge reaction sites at microscale. In this way, we 

anticipate that the charging reaction could bypass the carbon-rich layer, and thus to alleviate 

the oxidative corrosion of air electrodes during charge-discharge cycling. 
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1.3 Research Originalities 

The Originalities of this work lie in three aspects. First, in the electrocatalytic material 

development part, we revealed the interfacial elemental redistribution and electronic structure 

regulation resulting from the hybrid effect, and this strong interfacial interaction plays a key 

role in enhancing the electrocatalytic activity. Secondly, we uncovered the mechanistic synergy 

between noble metals and nonnoble metals in the hybrid catalyst system, which provide 

guidance for the efficient utilization of noble metals and the low cost of active catalysts. Thirdly, 

we demonstrated a novel air electrode structure to separate the OER and ORR active sites at 

microscale, which decreased the oxidative degradation of the air electrode under the charge 

potentials and realized the elongated cycle stability of rechargeable ZABs. 

1.4 Outline of This Thesis 

This thesis presents the development of high-performance and long-stable air electrode 

for aqueous rechargeable Zn-air batteries form the aspects of electrocatalytic material design 

and the corresponding chemical mechanism study, as well as the electrode structure 

engineering. The detailed structure of the thesis is listed below: 

Chapter 1: Introduction. In this chapter, the brief background of aqueous Zn-air battery 

is introduced, including the goal, the current stage, and the research gap of this area. The 

objectives, main strategies, and novelty of the research work are displayed. 

Chapter 2: Literature review. In this chapter, the fundamental of Zn-air batteries, recent 

studies on the OER/ORR mechanism, electrocatalytic material development, as well as the 

strategies for air electrode design are overviewed. 

Chapter 3: Methodology. In this chapter, the methods for collecting data are summarized, 

including the evaluation of electrochemical activity through 3-electrode system, the 

characterization of the physiochemical properties of materials, as well as the assembling and 
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performance test of Zn-air batteries. 

Chapter 4: Interface engineering of heterostructure oxygen electrocatalysts. This chapter 

presents the study of two heterostructure materials LaFeO3/CeO2 and 

RuOx/La0.8Sr0.2Mn0.5Co0.5O3, including synthesis, electrochemical OER and ORR performance, 

as well as the application in rechargeable ZABs. Thorough characterization and theoretical 

simulation demonstrated that the elemental diffusion and the electronic regulation at the 

heterostructure interface play the key role in promoting the electrochemical activity. 

Chapter 5: Mechanistic synergy between noble metals and nonnoble metals during 

oxygen electrocatalysis. This chapter displays the investigation of the mechanism of the 

synergy effect between noble metals and nonnoble metals during oxygen electrocatalysis. Ir 

cluster anchored Co3O4 was used as the study model and demonstrated the distinct roles of 

different sites. Co sites contributes to the sufficient charge accumulation due to the 

pseudocapacitive feature, while Ir sites assist the high reaction order due to the fast intrinsic 

kinetics. This work provides guidance for choosing suitable nonnoble metal supports in 

enhancing the utilization of noble metals 

Chapter 6: An air electrode with decoupled charge-discharge sites and abundant triple 

phase boundary. In this chapter, a novel structure configuration of the air electrode was 

designed to separate the OER and ORR active sites at microscale. By using this new structure, 

the oxidative corrosion of the air electrode under high charging potentials was reduced, which 

prolonged the cycle life of the rechargeable ZABs. Simultaneously, the hydrophobicity could 

be adjusted by simply change the mesh number, which facilitate the formation of abundant 

triple phase boundary and thus the excellent discharge performance. 

Chapter 7: Conclusions and outlook. This chapter summarizes the whole conclusions of 

this thesis and suggests the future direction of the air electrode development for aqueous 

rechargeable ZABs. 
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CHAPTER 2   Literature Review  

2.1 Fundamentals of Zn-Air Batteries 

A typical ZAB consists of a Zn anode, a liquid or solid state electrolyte, and an air 

electrode (Figure 2.1a).9 Nowadays, the most used electrolyte for ZABs is the concentrated 

alkaline electrolyte, which is favored by the oxygen electrocatalysis of the cathode chemistry, 

and thus could promote the battery performance. The air cathode presents multilayer structure 

that consists of electrocatalysts, a gas diffusion layer, and a current collector. The 

hydrophilicity/hydrophobicity balance is significant for the interfacial structure of air cathodes. 

The hydrophilic side supports the bifunctional electrocatalysts and provides access to the 

electrolyte, and the hydrophobic side provides microchannels for the diffusion of gases toward 

the catalytic sites and barriers that prevent the leakage of the electrolyte.3 During discharge 

process, Zn oxidation to Zn(OH)42- and oxygen reduction reaction (ORR) occurs on the anode 

and cathode, respectively. Reversely, the recharge process is based on the Zn(OH)42- reduction 

and oxygen evolution reaction (OER). With the increase of discharge current density, the 

voltage decreases as shown in the typical discharge polarization curve of an ZAB (Figure 2.1b), 

and it can be divided into activation, Ohm, and concentration polarization regions according to 

the dominant reason of voltage loss. The activation polarization is principally determined by 

the ORR kinetics on the electrocatalysts.10,11 The Ohm polarization mainly depends on ionic 

resistance of the electrolyte. The concentration polarization occurs at the large current density 

with the rapid O2 consumption at the air cathode.11 Figure 2.1c shows the galvanostatic 

discharge curves of ZABs with steady voltage platform. Another noteworthy advantage of 

ZABs battery is the generally constant specific capacity with the increase of discharge current 

density (Figure 2.1c). It is because the discharge product Zn(OH)!
"# is soluble, which would 

not attach on the electrode surface or hinder the discharge reaction. In comparison, Li-air 
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batteries display decreased specific capacity with increased discharge current densities, since 

high-rate discharge leads to the formation of film-like discharge product Li2O2 which 

passivates the cathode surface.12,13 Figure 2.1d exhibits the typical charge-discharge cycle 

profile of a ZAB. Due to the sluggish kinetics of OER and ORR, the practical charge and 

discharge voltages of ZABs greatly deviate from the theoretical voltage of 1.66 V, resulting in 

the round-trip energy efficiency always lower than 65%.14,15 Hence, efficient electrocatalysts 

are demanded to reduce the overpotentials of oxygen electrocatalysis. 

 

Figure 2.1 (a) The schematic configuration of an aqueous ZAB. Reproduced with permission from ref. 
16. Copyright 2020, Elsevier. (b) Typical discharge polarization curve of a ZAB. It can be divided into 
activation, Ohm, and concentration polarization regions according to the dominant reason of voltage 
loss with the increase of discharge current density. (c) Galvanostatic discharge curves of a typical ZAB. 
The discharge voltage decreases with increased discharge current density due to the polarization. The 
specific capacity keeps generally constant with varied discharge current densities since the soluble 
discharge product Zn(OH)4

2- would not hinder the discharge reaction. (d) Charge-discharge cycle profile 
of ZAB. 

In addition, flexible solid-state ZABs have been attracting the interest of researchers 
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owing to the increase in the development of various flexible electronics. For the representative 

configuration of a flexible ZAB, the solid state electrolyte, which is always an alkaline gel, is 

sandwiched between the Zn anode and air cathode, and flexible current collectors are attached 

to both electrodes.5 

The discharge and charge processes of ZABs (forward and backward arrows, respectively) 

are based on the following electrochemical reactions:3 

Anode: 𝑍𝑛 +	4𝑂𝐻! ⇄ 𝑍𝑛(𝑂𝐻)"
#! + 2𝑒!, 𝐸 = −1.26	𝑉	𝑣𝑠. 𝑆𝐻𝐸 (1) 

Cathode: 𝑂# + 2𝐻#𝑂 + 4𝑒! ⇄ 4𝑂𝐻!, 𝐸 = 0.4	𝑉	𝑣𝑠. 𝑆𝐻𝐸 (2) 

Overall: 2𝑍𝑛 + 𝑂# ⇄ 2𝑍𝑛𝑂, 𝐸 = 1.66	𝑉 (3) 

An accurate evaluation of intrinsic activity is prerequisite for real mechanistic studies.17 

There are four commonly used metrics to evaluate the electrocatalytic activity in current reports. 

Geometric activity, mass activity, and specific activity can be obtained by normalizing the 

current density at given potentials to the electrode geometric area, the electrocatalyst loading 

mass, and the real surface area of electrocatalysts, respectively.18,19 Additionally, turnover 

frequency (TOF) can be calculated through dividing the rate of electron transfer (number of 

transferred electrons per second) by the number of active sites. Among the four metrics, 

geometric activity and specific activity cannot represent the intrinsic activity since they are 

significantly affected by the external features of an electrocatalyst like loading mass and 

particle size. TOF has a definition that precisely describes the intrinsic activity of an 

electrocatalyst at atomic level. However, it is hard to measure a reliable TOF value due to the 

difficulty of assessing the active site number.20 Alternatively, specific activity is more preferred 

in practical use than TOF due to the measurement convenience. Based on the reasonable 

assumption that the real surface area of an electrocatalyst is proportional to the number of 

exposed active sites, the specific activity can provide reliable estimation of intrinsic activity. 

Diverse approaches for the electrocatalyst surface area measurement have been developed, 

including electrochemical methods, microscopic methods, and Brunauer–Emmett–Teller (BET) 
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surface area measurements. The strengths and weaknesses of these approaches was detailly 

discussed in a tutorial review.18  

A deep understanding of the reaction pathways is also indispensable for the intrinsic 

activity improvement. OER (eq. 1~eq. 4, forward) and ORR (eq. 1~eq. 4, backward) are 

believed to be catalyzed on the transition metal cations of spinel oxides through four-step 

pathways involving absorption and desorption of oxygen species, and transfer of electrons and 

protons.21 Ideally, OER and ORR take place along the inverse direction of the catalysis circle 

(Figure 2.2), in company with the reversible redox of the active transition metal cations with 

multiple valence states. The intrinsic activity of electrocatalysts largely depends on reaction 

pathways and the corresponding rate-limiting steps.21-23 

 𝑀 −𝑂𝐻 + 𝑂𝐻!(𝑎𝑞) ↔ 𝑀 − 𝑂 +𝐻#𝑂(𝑙) + 𝑒! (1) 

 𝑀 −𝑂 + 𝑂𝐻!(𝑎𝑞) ↔ 𝑀 − 𝑂𝑂𝐻 + 𝑒! (2) 

 𝑀 −𝑂𝑂𝐻 + 𝑂𝐻!(𝑎𝑞) ↔ 𝑀 − 𝑂𝑂 + 𝐻#𝑂(𝑙) + 𝑒! (3) 

 𝑀 −𝑂𝑂 + 𝑂𝐻!(𝑎𝑞) ↔ 𝑀 − 𝑂𝐻 + 𝑂#(𝑔) + 𝑒! (4) 

 

Figure 2.2 Proposed four electron/proton-coupled (a) OER and (b) ORR on spinel oxide 
electrocatalysts. 

It has been recognized in catalysis field that the absorption energy of the intermediate 

species dominates the catalytic activity. From a qualitative analysis, excessively strong 

absorption of the intermediate species make difficulty for the product desorption, whereas too 
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weak absorption leads to insufficient interaction between reactants and active sites, thus 

hindering the reaction proceeding. Therefore, a moderation absorption energy of the oxygen 

intermediate species on electrocatalysts is required for efficient OER or ORR. In addition to 

the qualitative understanding, a quantitative correlation between the absorption energy and the 

electrocatalytic activity should be built to provide more detailed guidance for electrocatalyst 

design and modification. As indicated by eq. 1~eq. 4, OER and ORR consist of four 

consecutive elementary reactions. Based on the absorption energies of *O (∆𝐺∗% ), *OH 

(∆𝐺∗%&), and *OOH (∆𝐺∗%%&), each step of OER has a free energy change expressed by eq. 

5~eq. 8.24,25 

 ∆𝐺$ = ∆𝐺∗&' (5) 

 ∆𝐺# = ∆𝐺∗& − ∆𝐺∗&' (6) 

 ∆𝐺( = ∆𝐺∗&&' − ∆𝐺∗& (7) 

 ∆𝐺" = ∆𝐺)! − ∆𝐺∗&&' (8) 

The step with the largest free energy change determines the energy barrier of the whole 

OER reaction: 

 𝐺)*+ = max	(∆𝐺$, ∆𝐺#, ∆𝐺(, ∆𝐺") (9) 

As the reverse reaction of OER, ORR has four steps with free energy changes of -∆𝐺!, -

∆𝐺', -∆𝐺", -∆𝐺(, respectively, where the largest one decides the overall energy barrier: 24,25 

 𝐺)++ = max	(−∆𝐺$, −∆𝐺#, −∆𝐺(, −∆𝐺") or min (∆𝐺$, ∆𝐺#, ∆𝐺(, ∆𝐺") (10) 

The quantitative study is relatively challenging due to the multi-step mechanism and 

diverse intermediate species of OER and ORR. To this regard, Rossemeisl’s group established 

scaling relationships between the absorption energies oxygen intermediates on electrocatalyst 

surface by using density functional theory (DFT) calculation.26  
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Figure 2.3 Volcano plot for the OER (below, circles) and ORR (above, squares) obtained from the free 
energy relations, as explained in the text. Group 9 elements (Co, Rh and Ir) show the highest activity 
for both the OER and ORR. For these elements, the values of the modified M-Por-F are shown by red 
circles and squares. Reproduced with permission from ref. 27 Copyright 2017, The Royal Society of 
Chemistry. 

Based on the scaling relationships, all the absorption energies can be expressed by one of 

them, thus enabling the plot of electrocatalytic activity as a function of a single parameter. The 

absorption energy difference (∆𝐺∗%-∆𝐺∗%&) was identified for a universal description of OER 

overpotentials on various metal oxides including spinel, perovskite, rutile, and rock salt.25,26 

Similarly, the ORR overpotentials were corelated to the deviation of the computed ∆𝐺∗%& from 

the ideal value (∆𝐺∗%&-1.23 eV). The theoretical calculation predicts volcano-shape curves of 

ORR and OER activity as function of the absorption energy deduced parameters. The predicted 

activity tendencies of various metal and metal oxides exhibit good agreement with those from 

experimental reports. The highest activity of monofunctional OER or ORR electrocatalyst is 

expected to be realized at the vertex of respective volcano plots. Furthermore, to explore active 

bifunctional electrocatalysts for both OER and ORR, the free energy changes of all four 

elementary reactions from eq. 1 to eq. 4 were summarized together in term of ∆𝐺∗%& (Figure 

2.3).27 According to eq. 9 and eq. 10, the downward triangle represents the OER volcano, and 
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the upward triangle represents the ORR volcano. The deviation between the OER vertex and 

ORR vertex is the key obstacle to obtain an ideal bifunctional oxygen electrocatalyst. Hence, 

the scaling relationships between the absorption energies should be regulated to achieve closer 

volcano vertexes between OER and ORR.24,27 

2.2 Material Development of Oxygen Electrocatalysis for Air Electrodes 

2.2.1 Overview of metal oxides as oxygen electrocatalysts 

The typical electrocatalytic materials for OER and ORR can be generally categorized in 

to three types, they are metal oxides, other metal compounds like metal 

phosphides/borides/sulfides, and carbon-based materials. Meal oxides have been widely 

studied due to their advantages including easy synthesis, relatively good stability, and low 

toxicity. Although the replacing the lattice O by N, P, S, Se has boosted the oxygen 

electrocatalysis activity, the nitrides, phosphides, sulfides, and selenides are not stable under 

oxidizing potentials, and they are prone to convert to the corresponding oxides or hydroxides 

during OER electrocatalysis.28 The in situ reconstruction process has been confirmed by the 

characterization of electrocatalysts after cycles of OER. The original metal phosphide can be 

partially oxidized to a phosphide/oxide core/shell structure or completely transformed to metal 

oxide/hydroxide in bulk. Therefore, the nitrides, phosphides, sulfides, and selenides are named 

as “pre-catalysts”. A lot of work has been done to understand the mechanism for the pre-

catalyst involved activity enhancement. As compared to the directly synthesized 

oxides/hydroxides, the pre-catalyst derived oxides/hydroxides are more prone to be amorphous 

or metastable phase with large surface area and unsaturated coordination sites that boost the 

electrocatalytic activity.28  

For the carbon-based materials, despite the various advantages including high specific 

area, good electron mobility, and low cost, they still have a fatal disadvantage. Specifically, 



 

13 
 

carbon corrosion at high oxidative potentials, particularly in alkaline media, continues to hinder 

the long-term stability of bifunctional catalysts. Using highly graphitized carbon could improve 

the corrosion resistance of the composites; however, highly graphitized carbon would only 

slow the corrosion rate rather than completely eradicate the corrosion of carbon. Therefore, the 

development of carbonless bifunctional catalysts has been encouraged.29  

Perovskite oxides have been regarded as promising efficient bifunctional electrocatalyst 

candidates due to their high intrinsic activity, compositional flexibility, and easy synthesis 

which is feasible for large-scale production. The typical formula of perovskite oxides is ABO3 

and their structure is cubic, as illustrated in Figure 2.4, where the larger-size rare-earth or alkali 

metal cations occupy the 12-fold O-coordinated A-sites, and the smaller-size transition metal 

cations occupy the 6-fold O-coordinated B-sites.29 Approximately 90% of the elements in the 

periodic table could substitute the A- or B-sites of perovskite oxides. Moreover, the perovskite 

structure allows a large range of O nonstoichiometry.30 In addition to the typical perovskite 

structure, the perovskite family includes derivatives, such as double, quadruple, and layered 

perovskites. The above-mentioned characteristics confer perovskite oxides their great 

compositional and structural flexibility, which enables the use of diverse strategies to 

manipulate their electronic structure toward high electrocatalytic activity.30 

 

Figure 2.4 Schematic illustration of ideal unit cell of perovskite oxide. 

Spinel oxides with a typical formula of AB2O4 (A = Li, Mn, Zn, Cd, Co, Cu, Ni, Mg, Fe, 

Ca, Ge, Ba, etc.; B = Al, Cr, Mn, Fe, Co, Ni, Ga, In, Mo, etc.) have attract much interest in the 
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application for electrocatalysis and other energy-related devices. The great potential of spinel 

oxides can be ascribed to the following reasons. (1) No precious metals are involved, and the 

temperature required for spinel formation is low (about 200 ℃), thus leading to the low-cost 

and energy-saving characteristic of material synthesis. (2) The flexible composition and the 

tunable valence state of transition metals renders great space to manipulate the electronic 

structure of spinel oxides. (3) The outstanding intrinsic catalytic activity and stability in 

alkaline solution.21 Due to the variable cation distribution in the unit cell, spinel oxide can form 

three types of structure (Figure 2.5).  

 

Figure 2.5 Representative structures of (a) a normal spinel (MgAl2O4), (b) an inverse spinel (NiFe2O4), 
and (c) a complex spinel (CuAl2O4) in different styles and views. The green and purple polyhedral 
correspond to octahedral and tetrahedral metal occupation sites, respectively. Reproduced with 
permission from ref.21 Copyright 2017, American Chemical Society. 

In a normal spinel, A occupies the tetrahedrally coordinated centers whereas B occupies 

the octahedrally coordinated centers, which can be described as ATd(B2)OhO4. In an inverse 

spinel, half of B occupies the tetrahedral centers while A and the remained half of B occupies 

the octahedral centers, which can be described as BTd(AB)OhO4. Following this rule, the 

complex spinel has a format of (B)A(#))Td(A)B"#))OhO4 (0<𝜆<1).21 The cation distribution has 

been demonstrated to have significant influence on the intrinsic activity towards OER and ORR, 

as well as the electronic conductivity.21,31 Chen’s group systematically reviewed the structural 
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feature, controlled synthesis, as well as the OER and ORR electrocatalysis of spinel materials 

in 2017.21 Since then, the development of spinel family has boosted in the recent three years, 

and great advances have been achieved regarding both the in-depth theoretical understanding 

of electrocatalysis fundamentals and the practical device applications.  

2.2.2 Cation Doping 

Cation substation is the most widely used strategy for electrocatalytic activity tuning of 

spinal oxides, it can influence the electronic structure, the bulk conductivity, as well as the 

cycle stability. As compared to the single-metal spinel oxides, multi-metal ones always exhibit 

higher electrocatalytic activity and battery performance. The synergistic effect between Co, 

Mn, Fe, and Ni are commonly reported in binary and ternary spinel oxides for efficient OER 

and ORR. Chen’s group reported a facile low-temperature (180 ℃) synthesis of Co-Mn spinel 

oxide with precisely controllable composition and phase, where they found that the cubic phase 

exhibited higher ORR activity than the tetragonal phase with the same Co/Mn ratio. The cubic-

CoMn2 spinel exhibited a conductivity of 1.01 S m-1, which is 3 orders of magnitude higher 

than the Co3O4 and Mn3O4 spinel oxides.32 The superior conductivity may be attributed to the 

mixed metal ions of Mn3+ and Co2+ at octahedral sites that facilitated electron hopping.33 

Furthermore, Geng and coworkers reported a mass production of MnCo2O4 through an aerosol-

route using an ultrasonic humidifier, and an excellent bifunctional OER/ORR activity was 

realized due to the surfaced-enriched Mn (IV) and Co (II). The MnCo2O4 electrocatalyst 

contributed to an aqueous ZAB with discharge and charge voltages of 1.21 V and 2.05 V at 10 

mA cm-2, respectively.34 Wu et. al substituted half of the [Co3+]Oh in Co3O4 by Fe3+, which 

turned the normal spinel into inverse spine structure. The coexistence of Co3+ and Fe3+ led to a 

dissimilarity effect and polarization of octahedral cations, which regulates the adsorption 

energy of oxygen species and the bonding length of adsorbed O2, resulting in superior ORR 

activity.35 For Ni-Co spinel oxides, Ni3+ and Co2+ were suggested to be the active sites for OER 

and ORR, respectively. Zhao et al. adjusted the Co2+/Co3+ and Ni2+/Ni3+ ratios by the annealing 
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temperature, where the NiCo2O4 with the highest Co2+/Co3+ accompanied by the lowest 

Ni2+/Ni3+ ratio was produced through the 250 ℃ annealing, leading to an excellent bifunctional 

OER/ORR activity.36 Besides, Lu et al. reported that small amount of Fe incorporation in Co-

Ni spinel can regulate the charge redistribution of Ni an Co. An inverse spinel of Co2+xCo3+1-

x[Co3+Ni2+1-xNi3+x]O4 (0<x<1) were prepared. The large octahedral sites preference energy 

OSPE of Fe2+ led to increased Co2+/Co3+ ratio and decreased Ni2+/Ni3+ ratio, which 

simultaneously accelerated OER and ORR activity. The resulted Fe-Co-Ni ternary spinel oxide 

contribute to a high-performance aqueous ZAB with charge and discharge voltages of 2.03 and 

1.18 V at 10 mA cm-2, respectively.  

In addition to the above traditionally favored cations in electrocatalysis field, the 

exploitation of substitution cation candidates has been extended to Zn2+, Al3+, V4+, and Zr4+,37 

etc. over the recent years. They may be redox-inactive and cannot drive the electrocatalysis 

reaction alone, but they play a vital role in regulating the electronic structure of the bulk spinel 

oxide and the active centers on surface. Menezes et al. reported a partial substitution of spinel 

Co3O4 with Zn2+ for efficient OER electrocatalysis. The activity enhancement can be attributed 

to the leaching of Zn2+ into the alkaline electrolyte during OER that leads to more accessible 

active Co3+. It was evidenced by the corroded catalyst surface after electrocatalysis, in 

accompany with the increased Co(III)/Co(IV) redox peak of ZnCo2O4 as compared to that of the 

original Co3O4 in cyclic voltammograms (CV) plots.38 This Zn2+ leaching effect was also 

effective for ORR electrocatalysis. Wang et al. reported Zn0.4Ni0.6Co2O4 spinel as an active 

bifunctional OER/ORR electrocatalyst. The aberration-corrected transmission electron 

microscopy (AC-TEM) image of the electrochemically cycled Zn0.4Ni0.6Co2O4 (Figure 2.6a) 

presented obvious lattice disordered regions, with plenty of randomly distributed Zn2+ 

vacancies. The DFT calculation demonstrated that the Zn2+ vacancies can decrease the energy 

gap between O 2p and metal 3d band centers, resulting in the decreased energy barrier for both 

OER and ORR (Figure 2.6b). The aqueous ZAB using the Zn2+ vacancy-abundant 

Zn0.4Ni0.6Co2O4 spinel for air cathode delivered a high peak power density (PPD) of 109.1 mW 
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cm-2 (Figure 2.6c) and a charge-discharge voltage gap of 0.8 V at 25 mA cm-2. Cation leaching 

behavior was also observed for Al3+ in spinel CoAl2O4. Different from Zn2+, Al3+ leaching 

shifted down the O 2p energy level at the beginning of surface reconstruction and terminated 

further surface reconstruction. As a result, a stable surface chemistry was obtained from the 

quick Al3+ leaching, and a long-term OER durability was realized.39 Beside the surface 

chemistry, researchers also explored new substitution cations for altering the bulk property of 

spinel oxides. By introducing the metallic vanadium chains into the Co based spinel, the 

electronic conductivity of the obtained Co2VO4 is increased by several orders of magnitude as 

compared to the benchmark cobalt oxide.  

Although the effectiveness of the cation substitution strategy has been widely 

demonstrated, the mechanistic understanding of performance improvement resulted from 

cation substitution largely relies on DFT calculation and theoretical inference, and thus direct 

experimental evidence is highly desired. Liu and coworkers used in situ X-ray absorption 

spectroscopy (XAS) to monitor the oxidation state of Co and Ni in NiCo2O4 spinel during OER 

electrocatalysis. Ni exhibited an increased energy of absorption edge with growing positive 

applied bias, indicating the in-situ formation of NiOOH active phase. In contrast, no obvious 

change of Co K-edge spectra was observed with increased potentials. It indicated that Ni was 

more active than Co in the NiCo2O4 spinel towards OER. In a recent study, in situ XAS was 

used to detect the structure evolution of Mn0.8(CoFe2)0.73O4 during ORR electrocatalysis, which 

allowed direct observation of the metal valence states and interatomic distances at different 

applied potentials. The lowered valence states of Mn and Co as well as the increased Mn-O 

and Co-O distances with decreased applied potentials (Figure 2.6d) indicated that the excellent 

activity originates from the synergistic catalytic effect of Mn and Co. In contrast, Fe showed a 

redox-inert feature which kept a constant valence state of +3 with varied applied potentials 

(Figure 2.6d), and the actual role of Fe3+ is helping to preserve the stable spinel structure for 

long-term durability.40  
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Figure 2.6 (a) HAADF images of cycled Zn0.4Ni0.6Co2O4/NCNTs and corresponding lattice planes. (b) 
Free energy diagrams for	Zn0.4Ni0.6Co2O4	and	VZn-Zn0.4Ni0.6Co2O4.	(c) Polarization and power density 
curves of ZAB using Zn0.4Ni0.6Co2O4/NCNTs. Reproduced with permission from ref. 41. Copyright 2020, 
Wiley-VCH. (d) Calculated average metal valence (solid lines, left y-axis) as a function of potential 
based on the linear combination fitting using XANES spectra of reference metal oxides. Measured 
metal−oxygen (M−O) atomic distance as a function of potential (dashed lines, right y-axis). Reproduced 
with permission from ref. 40. Copyright 2019, American Chemical Society. 

2.2.3 Anion Doping 

Anion doping is also a useful strategy to improve the electrocatalytic activity of metal 

oxides, and substitution of O by N, P, S, and Se has been investigated a lot. The anion doping 

can lead to increased electronic conductivity.42,43 Yu et al. performed N-doping by a thermal 

treatment of the pristine Co3O4 under NH3 atmosphere, and the doping level was controlled by 

the heating temperature. The N3- species identified from X-ray photoelectron spectrum (XPS) 

indicates the formation of Co-N bond (Figure 2.7a). DFT calculation demonstrated that the 

band gap of Co3O4 was narrowed from 0.78 eV to 0.35 eV by N doping (Figure 2.7b), which 

benefits the electron conducting. Moreover, N-doping enhanced the back donation ability of 
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the active Co sites, resulting in elongated the O=O bond of the adsorbed O2 that accelerated 

the O=O cleavage and thus boosted the ORR activity. The N-doped Co3O4 was used to 

assemble an all-solid-state ZAB, delivering a high volumetric capacity of 98.1 mAh cm-3.44 

The band gap narrowing effect can also be achieved by P doping.45 P doping was always carried 

out by a tube furnace thermal treatment using NaH2PO2 as the P source. Tang et al. studied the 

P-doped Co3O4 and found out that the P heteroatom altered the electron density of surface Co 

atoms which turned the Co3+ into more active Co2+. Moreover, the DFT calculation implied 

that the embedding of P heteroatom into Co3O4 lattice is thermodynamically favorable, and 

thus the P-Co3O4 maintains stable during electrocatalysis. The ZAB using the P-Co3O4 as the 

cathode electrocatalyst exhibited a peak power density of 72.1 mW cm-2 and a stable charge-

discharge profile at 2 mA cm-2 over 500 h.46  

Recently, the thiospinel family with the anion sites in spinel structure totally occupied by 

S, has been demonstrated to be a promising candidate with decent OER/ORR bifunctional 

electrocatalytic activity.47,48 Xi et al. reported a CuCo2S4 thiospinel, which exhibited a metallic 

conducting feature and thus effective electron transport.49 The metallic CuCo2S4 showed 

satisfying bifunctional electrocatalytic activity with OER overpotential (j=10 mA cm-2) of 287 

mV and ORR onset potential of 0.9 VRHE (potential versus reversible hydrogen electrode). Fu 

et al. synthesized NiIn2S4 thiospinel on the carbon nanofiber support as the bifunctional 

electrocatalyst for aqueous ZAB. Figure 2.7c presents the discharge profiles of the 

NiIn2S4/carbon nanofiber-driven ZAB at varied current density from 0 to 50 mA cm-2, 

displaying the superior rate capability and fast dynamic response of current setting up and down, 

indicating the great potential for automobile applications.50 Lee et al. grew CoIn2S4 on S-doped 

reduced graphene oxide (S-rGO) through a solvothermal method using thioacetamide as the S 

source.51  
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Figure 2.7 (a) Core-level N 1s XPS spectra of Co3O4 with different N doping level. (b) Total density of 
states and projected density of states of undoped and N-doped Co3O4. Reproduced with permission from 
ref. 44. Copyright 2017, Wiley-VCH. (c) Discharge profiles at different current densities and recovery 
to OCV. Reproduced with permission from ref. 50. Copyright 2019, American Chemical Society. (d) 
XRD pattern of CoIn2S4/S-rGO and the corresponding crystal structure projections of CoIn2S4 oriented 
along [111] and [100] low indexes. Reproduced with permission from ref. 51. Copyright 2018, Wiley-
VCH. 

The thiospinel crystal structure of CoIn2S4 was clearly identified by the X-ray diffraction 
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(XRD) pattern (Figure 2.7d). The CoIn2S4/S-rGO drove an aqueous ZAB with peak power 

density of 133 mW cm-2 and a charge-discharge voltage gap of 0.65 V at 10 mA cm-2, which 

surpassed the Co9S8/S-rGO analogue. Yu et al. fabricated NiCo2S4 microsphere through 

sulfurization of NiCo2O4 using S powder as the S source, and the sulfide displayed higher OER 

and ORR activity as compared to the oxide.52 The bifunctional electrocatalytic activity of 

NiCo2S4 was further improved by integrating the S-doped graphene nanosheet (S-GNS), and 

the composite NiCo2S4/S-GNS driven aqueous ZAB exhibited a peak power density of 216.3 

mW cm-2, and charge-discharge voltage gap of 0.8 V at 10 mA cm-2. Moreover, Hu et al. 

reported a spinel selenide of CoIn2Se4, which delivered high rechargeable battery performance 

in both aqueous and flexible ZAB.53 

2.2.4 Introducing Vacancies 

The critical role of oxygen vacancy (VO) in metal oxides towards OER and ORR 

electrocatalysis has been widely demonstrated. VO can tailor the electronic conductivity, band 

structure, and the surface adsorption of oxygen species on spinel oxides.43 The typical methods 

for VO generation include heating the sample in inert or reducing atmosphere, or treating the 

samples with liquid reductive agents. Yuan et al. introduced abundant VO into spinel NiCo2O4 

by annealing the NiCo precursor in a mixed N2/air atmosphere.54 The density of states (DOS) 

near the Fermi level was increased by the oxygen vacancies, allowing more available electrons 

to contribute to the ORR process. Moreover, the VO lowered the work function of NiCo2O4, 

enabling more easily electron transfer from the electrocatalyst surface to the adsorbates, thus 

promoting the OER activity.54 By annealing Co3O4/C in NH3, simultaneous nitrogen doping 

and VO generation were realized. The N-doped VO-rich Co3O4/C was used as the cathode 

material in an aqueous ZAB, achieving a charge-discharge voltage gap of 0.8 V and a round-

trip efficiency of 58.6% at 5 mA cm-2.55 Zheng et al. treated the pristine Co3O4 at room 

temperature with NaBH4 to generate VO, which enhanced the OER activity.56  
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Figure 2.8 (a) Schematic illustration of the synthesis and structure of L-CO nanoparticles with abundant 
oxygen vacancies. (b) The overall activity within the ORR and OER potential window (half-wave 
potential in ORR: EHalf, and overpotential in OER: EOver,) (c) Long-term charge/discharge cycling 
performance of L-CO and commercial Pt/C+RuO2. Reproduced with permission from ref. 57. Copyright 
2019, Wiley-VCH. (d) Schematic illustration of the evolution of Co particles into hollow Co3O4 
particles with the formation of oxygen vacancies during the oxidation process. (e) EPR spectra and (f) 
O 1s XPS spectra of Co NPs@HPNCS at different oxidation time. Reproduced with permission from 
ref. 58. Copyright 2019, Wiley-VCH. 
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Su and coworkers reported a hydrothermal-assisted defect engineering, where ethanol and 

ammonia were used as the hydrothermal solvent to produce oxygen vacancies in Co3O4 during 

the crystal growth process.59 Beside the conventional methods, new methods using plasma and 

lasers are also developed. Dai’s group proposed a simple and efficient method of Ar-plasma 

engraving to introduce oxygen vacancies in Co3O4, realizing a 10 times improvement of OER 

specific activity (0.055 mA cm-2BET at 1.6 VRHE) as compared to the original Co3O4.60 

Furthermore, Ar-plasma was used to treat atomic-layer Co3O4 nanosheets. A high-performance 

aqueous ZAB was fabricated using the atomic Co3O4-x nanosheets, which reached a charge-

discharge voltage gap of 0.462 V at 10 mA cm-2. Yang and coworkers introduced VO into spinel 

NiCo2O4 by pulse laser ablation, achieving enhanced OER and ORR activity.61 Moreover, a 

new physical laser fragmentation-chemical oxidation method was developed by Du’s group, 

which produced Co3O4 nanoparticles with abundant O vacancies. The synthesis process is 

illustrated in Figure 2.8a. The metal cobalt target was heated to hot vapor by the high-energy 

laser pulses, followed by the oxidation of cobalt vapor by the dissolved oxygen. The newly 

formed Co3O4 particles were quickly quenched to room temperature by the surrounding water, 

allowing the presence of abundant oxygen vacancies. The VO-rich Co3O4 (L-CO) showed 

outstanding bifunctional electrocatalytic activity with rather low ∆E of 0.623 V (potential 

difference between the ORR half wave potential and the OER potential at j=10 cm-2), 

outperforming the benchmark Pt/C+RuO2 couple (Figure 2.8b).57 The highly active Co3O4 

also had satisfactory stability as indicated by the steady charge-discharge profile of 

corresponding ZAB over 180 h (Figure 2.8c). More recently, Guo’s group reported a 

Kirkendall effect dominated VO engineering of hollow Co3O4-x.58 A multi-step preparation was 

carried out in sequence of Co-ZIF growth on polyacrylonitrile (PAN) nanofiber, carbonization 

of the composite to produce metallic Co embedded in carbon matrix, and finally oxidation of 

Co to Co3O4-x, resulting in the hollow Co3O4-x nanoparticles (NPs) embedded in hierarchically 

porous N-doped carbon structure (HPNCS). The formation and concentration of oxygen 

vacancies can be controlled by the Kirkendall effect during the oxidation process as the 
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schematic in Figure 2.8d. Oxygen diffused across the carbon shell and arrived at Co surface 

to form Co-O bond, and oxygen vacancies generated due to the slow diffusion rate of oxygen. 

The oxidation process should be terminated once the phase conversion from metallic Co to 

spinel Co3O4-x was completed, and further oxidation led to decreased oxygen vacancies. The 

time-dependent VO concentration was observed through the electron paramagnetic resonance 

(EPR) (Figure 2.8e) and XPS (Figure 2.8f). The Co3O4-x electrocatalyst was utilized in a gel 

electrolyte-based ZAB, realizing an open circuit potential of 1.459 V and a PPD of 94.1 mW 

cm-2.58 

In addition to oxygen vacancies, metal vacancies also greatly influence the electrocatalytic 

activity of spinel oxides. Mn-Co glycerolate precursors were used to introduce metal vacancies 

into the MnxCo3-xO4 spinel through a solvothermal growth followed by calcination. The metal 

glycerolates have a lamellated O-rich structure, which facilitated the in-situ formation of metal 

vacancies during the calcination process. Positive correlation between the ORR activity and 

the concentration of metal vacancy concentration was observed, and the optimal sample with 

7.3 mol% metal vacancy concertation presented a remarkable ORR activity with half-wave 

potential of 0.822 VRHE, which outperformed the benchmark Pt/C.62  

2.2.5 Morphology Control 

Morphology control is a common strategy for electrocatalyst fabrication to enhance the 

mass diffusion and accessibility of active sites. The morphology control methods mainly 

include  fabricating 3-dimensional (3D) hierarchical structures,63 decreasing the product size 

to produce 2-dimensional (2D) nanosheets,64 1-dimensional (1D) nanorods/nanofibers,65 and 

0-dimensional (0D) nanoparticles or quantum dots,66 and inducing porous or hollow 

structures.67  

Hu et al. grew polycrystalline Fe-doped Co3O4 nanosheets vertically aligned on carbon 

cloth through a facile hydrothermal method followed by annealing (Figure 2.9a). It was found 

that Fe dopant can decrease the lateral size and increase the density of nanosheets. The as-
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synthesized product was used as a binder-free air cathode for an aqueous ZAB, which realized 

a high peak power density of 268.6 mW cm-2 (Figure 2.9b) and a stable charge-discharge 

profile for 100 h.68 Moreover, Ding et al. treated the hydrothermal-synthesized Zn-doped 

Co3O4 sheets with NaOH/NaBH4 solution, thinning the sheets to single-unit-cell width of ~0.84 

nm as indicated by the atomic force microscopy image (Figure 2.9c). The Zn-doped Co3O4 

sheets had abundant lateral surfaces, which provided more oxygen vacancies than the base and 

top surfaces of the sheets, thus delivering the outstanding OER activity with a small 

overpotential of 0.172 V at 10 mA cm-2.69  

Liu et al. fabricated Mn-Co-Ni spinel oxide nanorods through an oxalic acid-assisted co-

precipitation process followed by annealing. The nanorods exhibited excellent bifunctional 

OER/ORR activity. The aqueous ZAB driven by the nanorod electrocatalyst realized a rather 

low charge-discharge voltage gap of 0.9 V at 50 mA cm-2.70 Lee et al. fabricated Mn-Co spinel 

oxide nanofibers via the electrospinning method (Figure 2.9d), which was used to fabricate 

the air cathode of an aqueous ZAB, achieving a charge-discharge voltage gap of 1.23 V at 50 

mA cm-2.65  

Xu’s group fabricated spinel MnxFe3-xO4 nanoparticles of 6~13 nm for ORR 

electrocatalysis. The electrochemical cyclic voltammetry was used to probe the surface 

available active Mn, and this technique was demonstrated to be more surface-sensitive than X-

ray photoelectron spectroscopy (XPS) regarding nanoparticles. The segregation in 

nanoparticles leads to fluctuated surface Mn density with increasing nominate Mn content, 

which was demonstrated to be the governing factor of ORR activity.71 In addition, quantum 

dots have been attractive in the electrocatalysis field. Chen’s group developed a combined hot-

injection and heat-up method to synthesize spinel CoMn2O4, which produced uniform quantum 

dots (QDs) with well-controlled size.66 By varying the reaction temperature, monodispersed 

CoMn2O4 QDs of 2.0 nm, 3.9 nm, and 5.4 nm were obtained. Moreover, a size-dependent 

electrocatalytic performance were revealed. The size of QDs strongly influenced the band gap 

energy, the amount of oxygen species adsorbed on surface, and the surface carrier 
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concentration. As a result, the 3.9 nm CoMn2O4 QDs exhibited the highest OER and ORR 

activity, which is comparable to the benchmark RuO2-Pt/C couple.66 

 

Figure 2.9 (a) SEM images of Fe-Co3O4 nanosheets on carbon cloth. (b) Discharge polarization curves 
and corresponding power density curves for ZAB using Co3O4 nanosheets, Fe-Co3O4 nanosheets, and 
reference Pt/C-IrO2 as air cathode. Reproduced with permission from ref. 68. Copyright 2020, The Royal 
Society of Chemistry. (c) Top-view AFM image of Zn-doped Co3O4 sheets with single-unit cell width. 
The numbers on the lines are the thickness values measured along the lines. Reproduced with 
permission from ref. 69. Copyright 2017, Elsevier. (d) SEM image of the electro spun nanofibers of Mn-
Co spinel oxide. Reproduced with permission from ref. 65. Copyright 2015, Springer Nature. (e) 
Schematic illustration of the formation of Co3O4-HPNSs. Reproduced with permission from ref. 72. 
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Copyright 2019, The Royal Society of Chemistry. 

Porous or hollow structures can be induced in spinel oxides by either template-free or 

template-assisted methods. By using self-assembly method, Lee et al. fabricated mesoporous 

spheres of Ni-Co and Co-Mn spinel oxide nanocrystals as efficient bifunctional oxygen 

electrocatalysts. Chen et al. synthesized Co3O4 hollow pump-like nanostructures (Co3O4-

HPNSs) by using SiO2 sphere as the hard template. Co3O4 shell was encapsulated on SiO2 

through chemical bath-calcination process, and the SiO2 cores were then removed by 

immersion in NaOH solution to gain the Co3O4-HPNSs (Figure 2.9e). The obtained product 

had 0.55 m3 g-1 pore volume and 233.5 m2 g-1 surface area, exhibiting good OER activity.72 

Besides, Lei et al. used polyvinyl pyrrolidone (PVP) as the organic soft template to fabricate 

hollow porous microsphere of ZnMnCoO4 spinel. The fabrication was conducted via 

synthesizing the PVP-metal ion coordination complex precursor followed by calcination. 

During calcination, the hollow structure was created by the thermal decomposition of PVP in 

the precursor. Simultaneously, surface pores formed due to the release of CO2 and H2O gas. 

The obtained hollow porous ZnMnCoO4 exhibited outstanding ORR activity with a half-wave 

potential only 0.05 V lower than Pt/C.73 

2.2.6 Building Hybrids 

Hybrid electrocatalysts always exhibit higher electrocatalytic activity than their single 

component counterparts due to various synergistic effects. Besides, building hybrids could 

combine independent active sites severally for OER and ORR, which is also a good option to 

fabricate bifunctional oxygen electrocatalysts.74,75  

 Combining the ORR benchmark Pt catalyst with an OER-active perovskite oxide has 

been recently considered as an attractive method for fabricating affordable bifunctional oxygen 

electrocatalysts. Cuicci et al. synthesized a Pt3Ni nanoparticle-decorated 

La0.9Mn0.9Pt0.075Ni0.025O3−δ(LSMPN) catalyst using an in situ exsolution method, and the 

obtained catalyst presented superior OER and ORR activities compared to those of the single 
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component LSMPN.76 Recently, Shao et al. reported the preparation of a high-performance Pt-

Sr(Co0.8Fe0.2)0.95P0.05O3−δ (SCFP)/C composite bifunctional oxygen electrocatalyst using a 

facile ball milling approach. The rapid electron transfer via the Pt–O–Co bonds led to strong 

electronic interactions between Pt and SCFP (Figure 2.10a), which were confirmed by the 

decrease in the valence state of Co and increase in the valence state of Pt in the composite 

compared to those in the isolated components. In addition, the higher energy barrier of the ORR 

and OER could be overcome by the spillover effect between Pt and SCFP (Figure 2.10a). 

Consequently, the Pt-SCFP/C composite exhibited higher OER activity than IrO2 and 

comparable ORR activity to 20 wt% Pt/C, whereas the cost of Pt-SCFP/C was 1/3 lower than 

those of 20 wt% Pt/C and IrO2. An aqueous ZAB based on this composite catalyst displayed 

the charge–discharge voltage gap of 0.77 V at 5 mA cm−2. This voltage gap slightly increased 

to 0.86 V after 80 h of cycling testing (Figure 2.10b), which demonstrated the outstanding 

activity and durability, and also the great promise of Pt-SCFP/C for practical applications.  

Owing to the high cost and scarcity of Pt, precious metal-free materials are highly 

demanded. Carbon materials are most used for building hybrids with perovskite oxides, owing 

to their low cost, high conductivity, good ORR activity, and diverse carbon structure. 

Connecting the low-conductive perovskite with highly conductive carbon scaffolds could 

accelerate electron transport.29 In addition, the dispersion of perovskite oxides nanoparticles 

throughout a high surface area carbon matrix could inhibit particle aggregation, and thus, could 

increase the number of accessible active sites.77 Different types of carbon materials, such as 

carbon nanotubes, graphene and its derivatives, carbon dots, and biomass-derived porous 

carbon, have been successfully integrated with perovskite oxides. Because most carbon 

frameworks cannot withstand the high-temperature calcination under O-rich atmosphere that 

is required for the crystallization of perovskites, conventional integration could be performed 

via physical mixing or growing carbon materials on pre-synthesized perovskite oxides.77,78 

These methods are not favorable to the homogenous distribution of the hybrid components, 

and accordingly, some one-pot synthesis methods have emerged to address this problem. The 



 

29 
 

hydrothermal method was used to synthesize LaNiO3 nanorods supported on reduced graphene 

oxide, which delivered the low charge–discharge voltage gap of 0.97 V at 25 mA cm−2 in an 

aqueous ZAB.79 Chen et al. proposed a novel rapid gel auto-combustion synthesis method for 

La0.99MnO3.03/C at low temperature.77 The gel that anchored the metal ions was heated in a tube 

furnace at 180 ℃, and during that step the reactants self-ignited with the assistance of NH4NO3 

and O2 as the oxidizers, and organic additives and carbon as the fuels. The heat released during 

self-combustion was used for the quick nucleation and growth of La0.99MnO3.03 into the 

unburned carbon, which resulted in the formation of homogeneous nanocomposites. The active 

perovskite centers were well dispersed and were surrounded by highways for electron 

transportation, which contributed to the high-performance of the aqueous ZAB (peak power 

density of 430 mW cm−2). In addition to acting as conductive and dispersion supports, as 

mentioned above, carbon materials could form strongly coupled interfaces with perovskite 

oxides, which could lead to the redistribution of electrons. Moreover, these carbon materials 

could modulate the absorption of reactants and intermediate species, and thus, could tune the 

intrinsic activity of the hybrid catalysts. Lee et al. mixed NdBa0.25Sr0.75Co2O5.9 catalyst 

particles with polypyrrole (Ppy)/carbon, and the obtained material presented reduced 

overpotentials for both the OER and ORR.80 DFT calculations indicated that the distance 

between the Co ion and O2 molecules was significantly lower in the presence of Ppy than in its 

absence, and therefore, it was concluded that Ppy/C facilitated the chemisorption of O2 on 

perovskite and accelerated the ORR.80 Kim et al. demonstrated the presence of a synergistic 

effect between (PrBa0.5Sr0.5)0.95Co1.5Fe0.5O5+δ (PBSCF) and 3D N-doped graphene (3DNG).81 

Compared to pristine PBSCF and 3DNG, the composite presented shorter N–O and Co–O 

bonds and longer O–O bonds of the absorbed O2, which indicated that the absorption of O2 was 

activated, and that accelerated the ORR (Figure 2.10c). In addition, owing to the PBSCF-

3DNG interaction, the energy gap between the Co/Fe 3d orbital and O 2p band center of PBSCF 

was reduced (Figure 2.10d). This implied that the covalency between the B-site metals and 

surface lattice O increased, which enhanced the OER activity of PBSCF. Therefore, the 
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PBSCF/3DNG composite exhibited excellent bifunctionality in an aqueous ZAB, and delivered 

the charge–discharge voltage of 0.63 V at 10 mA cm−2 after 110 cycles, which was superior to 

that of the benchmark Pt/C-IrO2 couple.81 A similar synergistic effect was observed between 

Sm0.5Sr0.5CoO3−δ and 3DNG.82  

 

 

Figure 2.10 (a) Schematic illustrations of electronic interaction and spillover effect in Pt-SCFP/C-ab 
composites for the oxygen reduction and oxygen evolution reactions. (b) Galvanostatic charge–
discharge profiles of Zn–air batteries incorporated with Pt-SCFP/C-12 or 1:1 20 wt% Pt/C + IrO2 
mixture catalysts at 5 mA cm−2. Reproduced with permission from Ref. 83, Wiley-VCH 2020. (c) 
Adsorption of O2 on the surface of 3D N-doped graphene (3DNG) with (PrBa0.5Sr0.5)0.95Co1.5Fe0.5O5+δ 
(PBSCF) (left), and lengths of O=O, N–O, and Co–O bonds, and charge of O2 for O2-adsorbed 3DNG, 
PBSCF, and 3DNG with PBSCF systems (right). (d) Charge transfer from 3DNG to PBSCF (left) and 
schematic band diagrams of PBSCF and PBSCF with 3DNG (right). Reproduced with permission from 
Ref. 81, Royal Society of Chemistry 2019. 

Feng et al. investigated the hybrid electrocatalyst of spinel Co3O4/perovskite 

La0.3Sr0.7CoO3, gleaning atomic-scale insights of the lattice-oxygen activation at the interface. 

The Co3O4/La0.3Sr0.7CoO3 interface was constructed using a wet-chemical method, where the 

Sr-enriched region was first etched via a heating treatment in ethylene glycol, and then the 

samples were calcinated to recrystallize the collapsed Co-O layer into spinel Co3O4 (Figure 

2.11a). The surface reconstructed Co3O4 exhibited strong chemical interaction with the parent 
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La0.3Sr0.7CoO3 as indicated by the XAS, XPS, and O2-temperature programmed desorption 

(TPD) analysis. The chemical composite stimulated the electron transfer from La0.3Sr0.7CoO3 

into Co3O4 lattice and triggered the activation of lattice oxygen (Figure 2.11b). In contrast, the 

mechanical mixture of Co3O4 and La0.3Sr0.7CoO3 leads to physical composite that showed no 

obvious effect of electronic structure regulation on the two components (Figure 2.11b). As a 

result, both the OER and ORR activity were enhanced by the chemical interaction at the 

Co3O4/La0.3Sr0.7CoO3 interface (Figure 2.11c).  

Moreover, the electrocatalytic activity of spinel oxides can be enhanced by building 

hybrids with some catalytic-inactive components. It was reported by several groups recently 

that the hybrid Co3O4/CeO2 displayed significantly promoted OER and ORR activity as 

compared to the pristine Co3O4, although the CeO2 alone was catalytic-inactive. Yang et al. 

attributed the CeO2-induced OER activity enhancement of Co3O4 to the formation of p-n 

junction. The rapid electron transfer from n-type CeO2 to the p-type Co3O4 led to the generation 

of abundant oxygen vacancies and octahedral Co2+ sites, which were responsible to accelerate 

the OER. Dai et al. anchored CeO2 nanocubes on Co3O4 nanosheets, where they discovered 

remarkable 2D electron gas behavior that provided an ultrahigh carrier density and thus 

excellent OER activity.84 More recently, Yin et al. prepared the hybrid of Co3O4/CeO2 @ N-

doped carbon as efficient bifunction oxygen electrocatalysts. The CeO2 played an essential role 

in tuning the surface acid-base property for water molecule activation and oxygen molecule 

adsorption on the hybrid electrocatalyst, and thus facilitated the OER and ORR activity, 

respectively. The Co3O4/CeO2 @ N-doped carbon hybrid was applied in an aqueous ZAB and 

outperformed the Pt/C+IrO2 couple.85  
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Figure 2.11 (a) Illustration of engineering interface process for Spinel Co3O4/Perovskite La0.3Sr0.7CoO3. 
Light blue octahedron regions: surface Sr enrichment layers in perovskite La0.3Sr0.7CoO3; Light gray 
octahedron regions: bulk structure in La0.3Sr0.7CoO3; dotted spheres: Sr or O vacancies. (b) Activation 
mechanism of surface lattice oxygen in chemical composite model. (c) ∆E values between the potential 
of ORR at current density of -1 mAcm-2 or -3 mAcm-2 and the potential of OER at current density of 10 
mAcm-2 of La0.3Sr0.7CoO3+Co3O4, Co3O4/La0.3Sr0.7CoO3, La0.3Sr0.7CoO3, and Co3O4. Pt/C-1 and IrO2-1 
are measured by us and ∆E values of BSCFO, Pt/C-2, and IrO2-2 root in previous reports. Reproduced 
with permission from ref.86. Copyright 2019, Wiley-VCH. 
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2.2.7 Photoactive Materials  

The development of photo-assisted rechargeable batteries has attracted increasing interest 

in recent years. Such devices can realize the direct storage of solar-generated electricity as 

chemical energy under irradiation, and the reversible release of electricity under the solar-

absence condition, thus enabling the efficient utilization of the unlimited but intermittent solar 

energy.87 Due to the typical semiconductor characteristic, spinel oxides could absorb lights 

with energy larger than the bandgap to generate photocarriers. The application of n-type spinel 

oxides as photoanodes and p-type ones as photocathodes has been widely reported in the 

photoelectrochemical water splitting field, which indicates their great potential of working as 

photoelectrodes in photo-assisted rechargeable battery systems. Sawangphruk et al. reported a 

photoactive ZAB using spinel Co3O4 at air cathode as the bifunctional photocatalyst.88 The 

hydrothermal synthesized Co3O4 exhibited a direct bandgap of 2.20 eV and an indirect bandgap 

of 1.35 eV, covering the visible light range (λ≥400 nm) that counts for 44% of the solar 

spectrum. Under visible light excitation, the photogenerated electrons and holes in Co3O4 can 

participate in the surface reduction and oxidation reactions, respectively, thus lowering the 

potentials of a certain OER or ORR current density (Figure 2.12a). Due to the contribution of 

photocarriers, the Co3O4-assembled ZAB displayed large specific discharge capacity, higher 

discharge voltage, and lower charge voltage in light as compared to that in dark (Figure 2.12b 

and 2.12c). Their group also applied the photoactive thiospinel NiCo2S4 into the photo-

rechargeable ZAB. The visible irradiation decreased the charge-discharge voltage gap (at 2 mA 

cm-2) from 0.82 V to 0.6 V, corresponding to the improvement of round-trip efficiency from 

59.2% to 68.8%.89 
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Figure 2.12 (a) Schematic of the Co3O4 electrode being excited with visible light. (b) The discharge 
specific capacity at 20 mA cm-2 and (c) long-term stability of the ZAB under light illumination and dark 
conditions. Reproduced with permission from ref. 88 Copyright 2019, The Royal Society of Chemistry. 

2.3 Structure Design of Air Electrodes 

To enhance the accessibility of active sites, both the exposure of active sites and the mass 

diffusion of reactants should be improved. Accordingly, decreasing the particle size, building 

hierarchical morphology, and introducing pore structures should render more accessible active 

sites. However, nano-size electrocatalysts tend to undergo in situ aggregation and Ostwald 

ripening, leading to loss of surface active sites.90 This issue can be addressed by dispersing the 

small-size electrocatalysts on conducing supports, where the matrix materials provide a 

confinement effect to alleviate the particle aggregation.91 Besides, for metal oxides with low 

electronic conductivity, the electron transport between the surface active sites and the 
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conducting supports is impeded, and thus only the active sites near the conducting supports can 

be utilized (Figure 2.13a), resulting in great waste of catalytic region. Therefore, increasing 

the electronic conductivity of electrocatalysts is quite significant for sufficient utilization of 

active sites.92 

In addition to the general rules for electrocatalysis discussed above, the unique 

characteristic of ORR as a typical gas-consuming reaction should be taken into account.93 Since 

ORR take places at the interface between three phases of gas/liquid/solid, abundant and stable 

triple-phase boundaries should be created to ensure efficient ORR catalysis. A balance between 

the wettability and O2 affinity is demanded to realize continuous channels for both electrolyte 

and air. Mixing hydrophobic polymers with the hydrophilic metal oxide electrocatalysts is the 

most used methods. Common polymers involved in ORR electrocatalyst modification include 

polytetrafluoroethylene (PTFE), polyvinylidene fluoride (PVDF), and fluorinated ethylene 

propylene (FEP).94 However, the polymer addition brings some parasitic negative effects 

including decreasing the electronic conductivity and spatially blocking the active sites. 

Alternatively, engineering the surface texture is also an effective way to control the 

hydrophilicity and hydrophobicity of a material. Jiang’s group fabricated a series of square-

pillar-structured silicon electrode coated by Pt nanoparticles.95 By tuning the surface roughness 

regarding the width and density of pillars, the electrode can be turned from superhydrophobic 

to super aerophilic, where neither of the two extreme conditions is favored by ORR. Instead, 

the intermediate underwater wetting state with certain amount of gas trapped and stabilized 

between the electrode and the electrolyte is most suitable for ORR electrocatalysis (Figure 

2.13b). Furthermore, for the conventional fabrication of air cathode in ZAB, the coexistence 

of electrolyte and air channels is realized by packing the hydrophilic electrocatalyst layer with 

the hydrophobic gas diffusion layer.96 However, this dual-layer structure leads to poor 

interphase contact between gas, liquid and solid, as well as insufficient triple-phase area limited 

within a 2D region, (Figure 2.13c, left), which is disadvantageous to ORR electrocatalysis. To 

this regard, Zhang’s group developed an asymmetric air cathode based on a Janus carbon fiber 
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paper. The electrocatalysts were selectively grown on the hydrophilic face, while hydrophobic 

face was preserved. In this asymmetric structure, O2 gas diffusion and electrolyte permeation 

were simultaneously allowed within the carbon skeleton, resulting in 3D region with sufficient 

triple-phase interfaces (Figure 2.13c, right). Therefore, the accessibility of electrocatalytic 

active sites was and the consequent ORR activity were dramatically improved.96 

 

Figure 2.13 (a) Schematic display of the electrochemical interface of the carbon supported metal oxide. 
Reproduced with permission from ref. Copyright 2017, Springer Nature. (b) illustration of the liquid 
(the electrolyte)/gas (the reactant)/solid (the electrode) triple phase interface (red line) where the 
electron transfer happens. Reproduced with permission from ref. Copyright 2017, Wiley-VCH. (c) 
Schematic illustrations of conventional (left) and asymmetric (right) air cathodes, which possess 2D 
and 3D multiphase reactive interfaces, respectively. The asymmetric air cathode exhibits an increased 
number of active sites, accelerated mass transfer, and a dynamically stabilized reactive interface. 
Reproduced with permission from ref. Copyright 2020, Wiley-VCH. 

Since the ORR reaction occurs at the solid-liquid-air triple-phase boundaries, balancing 

the hydrophilic and hydrophobic nature of the air cathode is rather significant. To this regard, 

Zhang’s group invented an asymmetric air cathode using a Janus carbon fiber paper. The 

authors selectively grew the electrocatalysts on the hydrophilic face and retained the blank 
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hydrophobic face. This asymmetric structure allowed a simultaneous O2 gas diffusion and 

electrolyte permeation within the carbon skeleton. As a result, a 3D region with abundant triple-

phase interfaces was obtained, and thus ORR activity was dramatically improved.97 Besides, 

Chen et al. combined the hydrophilic La0.5Sr0.5Co0.8Fe0.2O3 perovskite with the hydrophobic 

N-doped reduced graphene oxide, achieving excellent OER and ORR activity.98 

Moreover, building self-standing structures for the air cathode of ZAB, especially flexible 

ZAB, is gaining increasing interest recently. For the conventional fabrication of air cathodes, 

the electrocatalysts are loading on a substrate such as carbon paper, carbon cloth, or nickel 

foam. Therefore, the mechanical property of the conventional air cathodes strongly depends on 

the mechanical properties of their substrates, where the lack of shape diversity may impede 

their application in wearable devices. Lee et al. developed an extremely foldable monolithic 

heteronanomat (MH) paper that simultaneously realized the hydrophilicity/hydrophobicity 

balance and an excellent deformability. The MH paper consisted of the 

NdBa0.5Sr0.5Co1.5Fe0.5O5+δ double perovskite (NBSCF), N-doped carbon nanotubes (N-CNT), 

cellulose nanofibers (CNFs), and polytetrafluoroethylene (PTFE).99 NBSCF and N-CNT 

undertook the OER and ORR catalysis, respectively. The hydrophilic CNFs and hydrophobic 

PTFE constructed interlaced channels for the diffusion of the electrolyte and gas, which helped 

to create favorable triple-phase boundaries for the ORR. The self-standing MH paper was 

fabricated via the vacuum filtration of the multicomponent suspension (Figure 2.14a). The 

network structure of the MH paper comprised highly entangled 1D and nanoparticle 

components, which can be distinctly identified in the scanning electron micrograph in Figure 

2.14b. The resultant MH paper exhibited superior mechanical flexibility compared with the 

commercial air cathode and carbon paper (Figure 2.14c), and it also retained stable electronic 

resistance under various deformation modes. Moreover, the MH paper can be directly utilized 

as air cathode without the use of an additional current collector and gas diffusion layer. Figure 

2.14d displays the water contact angles and discharge voltage test data of the MH paper air 

cathode with and without PTFE, which reveals the importance of the hydrophobic component 
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for securing air channels and the performance of the battery. The charge–discharge profiles of 

the flexible ZAB featuring the MH paper were nearly identical in unfolded and fully folded 

states (Figure 2.14e). Thus, it was suggested that this MH paper should be further improved 

and its use should be widened to produce scalable and flexible air cathodes.99 

 

Figure 2.14 (a) Schematic of fabrication procedure of monolithic heteronanomat (MH) paper air 
cathode and its photograph. (b) Cross-sectional scanning electron micrograph of highly entangled 
network structure of the 1D cathode components. The inset depicts a low-magnification image. (c) 
Photographs illustrating the mechanical flexibility of MH paper air cathode and control samples 
(commercial air cathode and carbon paper). (d) Discharge profiles of MH paper air cathodes (with and 
without polytetrafluoroethylene nanoparticles). Insets present the water contact angles of the cathodes. 
(e) Galvanostatic discharge–charge cycle profiles before and after folding. Inset illustrates a photograph 
of the folded Zn–air battery. Reproduced with permission from Ref. 99, Royal Society of Chemistry 
2019. 
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CHAPTER 3   Methodology 

3.1 Evaluation of The Electrochemical Activity 

The as-prepared electrocatalyst powder was mixed with the conductive carbon (Super P 

Li) with a mass ratio of 2:1, and they are dispersed in the mixed ethanol-5 wt% Nafion with a 

volume ratio of 47:3 to get a suspension with a concentration of 10 mgcat mL-1. The suspension 

was ultrasonicated towards a homogenous ink and then dropped on a rotating disk electrode 

(RDE, 5 mm in diameter) to realize a catalyst loading of 0.5 mgcat cm-2. For the benchmark 

RuO2 and Pt/C, the loading mass was controlled at 0.25 mgcat cm-2 due to their unfunctionally. 

A Solartron electrochemical workstation was used to conduct all the electrochemical tests, with 

an RDE as the working electrode, a graphite rod as the counter electrode, a Hg/HgO electrode 

as the reference electrode, and 0.1 M KOH as the electrolyte. Linear sweep voltammetry (LSV) 

profiles of ORR at a scan rate of 5 mV s-1 and rotating speeds of 400, 800, 1200, 1600, 2000, 

and 2500 rpm were collected in O2 saturated electrolyte. The electron transfer numbers (n) 

were calculated using the Koutecky-Levich (K-L) equation: 

𝑗#( = 𝑗*#( + 𝑗+#( 

𝑗+ = 0.62𝑛𝐹𝐷,!
"/'𝑣#(/.𝐶,!𝜔

(/" 

where j is the measured current density, 𝑗+ is the diffusion-limiting current density, and w 

is the angular velocity (rad s-1) of RDE. F is the Faraday constant (96485 C mol-1), 𝐷,! and 𝐶,! 

are the diffusion coefficient (1.86 × 10-5 cm2 s-1) and the saturated bulk concentration of O2 

(1.21 × 10-6 mol cm-3) in 0.1 M KOH, 𝑣 is the kinematic viscosity of 0.1M KOH (1.01 × 10-2 

cm-2 s-1). The OER activity was assessed by LSV curves measured at a rotating speed of 1600 

rpm and a scan rate of 5 mV s-1 in O2 saturated electrolyte. Cyclic voltammetry (CV) curves 

were recorded at a scan rate of 5 mV s-1 with persistent N2 purging. The electrochemical 

impedance spectra (EIS) were recorded at 0.6 V vs. Hg/HgO with a perturbation amplitude of 
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10 mV. The electrochemically active surface area (ECSA) was evaluated by the double-layer 

capacitance (Cdl) of the materials within the non-Faradic potential region from 0.02 to 0.12 V 

vs. Hg/HgO at varied scan rate from 5 mV s-1 to 30 mV s-1. Long-term stability was tested by 

the chronoamperometric response of ORR at 0.30 V vs. RHE and 

chronopotentiometry response of OER at 2 mA cm-2. 

3.2 Material Characterization 

The X-ray diffraction (XRD) patterns were collected by a powder X-ray diffractometer 

(Rigaku SmartLab 9kW-Advance) with Cu Kb irradiation source at a rate of 20° min−1.  

The Raman spectra were recorded using a Renishaw Micro-Raman Spectroscopy System, 

with an excitation wavelength of 532 nm and intensity of 0.5 mW.  

A TESCAN VEGA3 field emission scanning electron microscope (SEM) were used to 

observe the micromorphology of samples. High resolution transmission electron microscopy 

(TEM) images and were acquired via a JEOL-Model-JEM-2100F field emission electron 

microscope at an accelerating voltage of 200 kV.  

Cs-corrected TEM images, energy dispersive X-ray spectroscopy (EDX), electron energy 

loss spectroscopy (EELS), and the elemental mapping were carried out on a JEOL JEM-

ARM300F operating at 300kV.  

The specific surface areas were measured by the N2 adsorption-desorption isotherms at 

77.35 K and calculated using the Brunauer−Emmett−Teller (BET) method.  

The oxidation states of surface elements were identified through X-ray photoelectron 

spectroscopy (XPS) using a Nexsa XPS system. The spectra were fitted using the XPSPEAK41 

software, and the different valent species were quantified by the peak area.  

The contact angles were measured by capturing the static morphology of 1 µL H2O on the 

surface of the horizontally placed samples. 

Soft X-ray absorption spectra (XAS) were collected at the 11A beam line of the NSRRC 
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in Taiwan. The total electron yield (TEY) mode, which was surface-sensitive within ~5 nm 

detecting depth, was used to acquire the Co-L2,3 XAS spectra and the O-K XAS spectra. In the 

fluorescence-yield (FY) mode, which detects the bulk information within ~200 nm, was also 

used to obtain the O-K XAS spectra.  

3.3 Assembling and Performance Test of Zn-Air Batteries 

 Typically, 10 mg electrocatalysts and 5 mg acetylene black were dispersed into 0.94 mL 

ethanol and 0.06 mL 5%wt Nafion under sonication to get a homogenous ink. Then the ink was 

drop-cast onto the gas diffusion layer (SGL-36BB carbon paper) to realize a loading mass of 2 

mgcat cm-2. The obtained electrocatalyst-loaded gas diffusion layer was used as the air electrode. 

The air cathode is composed of three layers, including a carbon-supported electrocatalyst layer, 

a gas diffusion layer, and a steel net acting as the current collector as shown in Figure 3.1. 

For battery assembling, the as-prepared electrodes were used as the air electrode and the 

exposed areas towards the electrolyte side and air side were 0.785 cm2. A zinc foil with exposed 

area of 7.065 cm2 was used as the Zn electrode. The large Zn area aims at minimizing the 

polarization of Zn electrode, and thus to guarantee that the battery performance is dominated 

by the air electrode. The 6 M KOH+0.2 M Zn(CH3COO)2 solution was used as the electrolyte.  

All the battery performance tests were carried out under ambient air. The open-circuit 

potential, discharge and charge polarization curves, and rate performance test were conducted 

on a Solartron electrochemical workstation. The polarization curves were recorded via the 

galvanodynamic procedure at a scan rate of 1 mA s-1. The electrochemical active surface areas 

(ECSA) of the air electrodes were evaluated by measuring the double layer capacitance (Cdl) 

through cyclovoltammetry within non-Faradic region (1.45 V to 1.60 V vs. Zn) at varied scan 

rate. The electrochemical impedance spectra (EIS) were collected under open circuit condition 

with the frequency range of 105 to 1 Hz. The rate performance and cycle stability were 

evaluated by recording the galvanostatic discharge and charge curves on a NEWARE testing 
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system. 

 

Figure 3.1 Schematic illustration of the three-layer structure of air-cathode for aqueous Zn-air battery. 
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CHAPTER 4   Interface Engineering of Heterostructure Oxygen 

Electrocatalysts 

4.1 LaFeO3/CeO2 Hybrid for Efficient Oxygen Evolution Reaction 

4.1.1 Introduction 

Oxygen evolution reaction (OER) is a pivotal electrochemical reaction for many clean-

energy technologies, such as solar/electricity-driven water splitting, carbon dioxide reduction, 

and rechargeable metal-air batteries.100-102 However, OER is a 4-electron involved reaction 

with sluggish kinetics and large overpotentials, which greatly limits the energy conversion 

efficiencies and practical applications of the above technologies.103 Therefore, accelerating 

OER by efficient electrocatalysts is essential but still challenging. 

Building hybrids is an efficient strategy in the electrocatalysis field, where the hybrids 

often display higher activity than their single-component counterparts.104,105 It could combine 

the advantages of different materials and realize diverse synergistic effects to promote the 

OER.106,107 Besides, the hybrids could also integrate specific active sites which are responsible 

for different sub-steps for the multi-step OER.104 More importantly, the interaction between 

the two phases of a hybrid offers new opportunity for electronic structure regulation, and thus 

it could enhance the intrinsic activity of active sites.108 The interfacial electron coupling in 

various types of hybrid electrocatalysts has been reported, such as metal oxide/metal oxide,109 

metal oxide/metal,110 and metal oxide (or metal)/carbon.111,112 The interfacial electron transfer 

between two phases is suggested to play a key role in facilitating OER by tuning the local 

electron density,113,114 creating defects,109 or increasing the electron mobility. In addition to the 

electron transfer, elemental redistribution between two phases is possible at the interface of 

hybrids. For example, Kim et al. reported a Mn diffusion in La0.5Mn0.5O3/Co3O4 hybrid, which 
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resulted in a new interlayer of MnCo2O4 that greatly promoted the OER and oxygen reduction 

activity.115 However, as compared to interfacial electron transfer, the study about interfacial 

elemental redistribution is very limited for hybrid electrocatalysts. 
The low-cost and nontoxic CeO2 has been widely reported as an OER promoter in a lot of 

hybrid electrocatalyst systems.116-118 Although CeO2 alone is catalytically inactive, it has 

unique properties of flexible transition between Ce3+ and Ce4+ oxidation states and reversible 

oxygen ion exchange.119 Hence, when constructing a hybrid between CeO2 and a parent OER 

electrocatalyst, it could generate strong electron coupling and greatly assist the OER catalysis. 

Du et al reported a CeO2/Ni(OH)2 nanosheet hybrid, where the CeO2 could accelerate the 

oxidation of NiII to NiII/IV, and thus lower the overpotential of OER.119 Chai et al reported a 

CeO2/Co3O4 nanotube hybrid. They demonstrated that the interfacial electron transfer could 

induce Co2+ octahedral sites and oxygen vacancies that benefited the OER process.109 Liu et al. 

reported a CeO2/Co3O4 nanosheet hybrid for OER, where they found remarkable 2D electron 

gas at the interface which renders outstanding electronic conductivity. Despite the abundant 

study about the interfacial electron transfer of CeO2-involved hybrid electrocatalysts, the 

interfacial elemental redistribution between CeO2 and the OER parent catalyst has never been 

reported. Herein, we choose the CeO2/LaFeO3 hybrid as the model system. CeO2 nanoparticles 

were deposited on LaFeO3 (LF) by a facile chemical bath method, realizing enhanced OER 

activity. Interestingly, beside the general interfacial electron transfer between the two phases, 

we also observed a selective interfacial La diffusion from LF to CeO2. Furthermore, according 

to the electro-neutrality principle, this interfacial redistribution of positively charged cations 

could further facilitate the formation of oxygen vacancies and high-valent Fe species, and thus 

promoted the OER activity.  

4.1.2 Material Synthesis 

LaFeO3 was synthesized by a conventional sol-gel method. 0.03 mol La(NO3)3·6H2O and 

0.03 mol Fe(NO3)3·9H2O were dissolved in 20 mL H2O. 0.06 mol ethylenediaminetetraacetic 



 

45 
 

acid, 0.12 citric acid, and 48 mL aqueous ammonia (25 wt%) were dissolved in 15 mL H2O, 

which was dropped into the metal nitrate solution to get a homogeneous mixture. The above 

mixture was heated under continuous stirring on a hot plate to form an orange transparent gel, 

followed by keeping the gel at 180 ℃ in oven for 12 h to get the black foamlike precursor. The 

precursor was heated in a furnace in air to 800 ℃ at 5 ℃ min-1 and then kept at 800 ℃ for 5 h 

to get the LF yellow powders. 

CeO2 nanoparticles were decorated on LF by a facile chemical bath process. 0.6x (x 

represents the molar ratio of Ce/Fe) mmol Ce(NO3)3·6H2O were dissolved in 3 mL H2O, 

followed by the addition of 0.6 mmol LF and a continuous stirring of 10 min. Then 2 mL 

aqueous ammonia (25 wt%) were dropwise added, and the mixture were stirred for another 10 

min. The above mixture was then heated on the hot plate until the solvent was fully evaporated. 

The obtained solid were further heated in the oven at 200 ℃ for 4 h to fully decompose the 

NH4NO3 by-product and get the final product of hybrid LF-xCe (x=0.1, 0.25, 0.5). To prepare 

the LF-control sample, the pristine LF was treated with the same process described above in 

the mixed solution of HNO3 (pH=3.8, the same with that of the Ce(NO3)3 solution when x=0.25 ) 

and NH3·H2O in the absence of Ce. 

4.1.3 Material Characterization 

The XRD patterns of the bare and hybrid samples were displayed in Figure 4.1. A pure 

orthorhombic perovskite structure with a space group of Pnma (PDF#37-1493) was confirmed 

for the bare LF. With the increasing Ce loading on LF, the characteristic peak of CeO2 can be 

identified for LF-0.5Ce, and no other impurity phase was observed. The sharp diffraction peaks 

of LF and the broad diffraction peaks of CeO2 indicate the large and small crystal size, 

respectively. The coexistence of the two phases in the hybrids was also further validated by 

Raman spectra (Figure 4.2).  
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Figure 4.1 XRD patterns of LF, LF-0.1Ce, LF-0.25Ce, LF-0.5Ce, and CeO2 powders, and the zoom-in 
image within the region from 31° to 33° and the region from 27° to 30°. 

The LF (121) peak from 31° to 33° was zoomed in. As compared to the bare LF, the 

diffraction peaks of the LF phase in hybrids shift to larger angles, which indicates the lattice 

shrinkage. The lattice shrinkage might be due to the presence of high valent Fe4+ (0.585 Å) that 

has a smaller ionic radius than Fe3+ (0.645 Å), or the deficiency of lattice atoms.120-122 Besides, 

the zoom-in image from 27° to 30° (CeO2 (111) peak) shows that the diffraction peak of hybrid-

CeO2 shifts to a lower angle as compared to that of the bare CeO2, indicating the lattice 

expansion. The hybrid-induced lattice distortion of LF and CeO2 implies the strong interaction 

between the two phases, which enables the efficient regulation of electronic structure. The in-

depth reason of the lattice distortion will be discussed more detailly latter combining other 

characterizations.  
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Figure 4.2 Raman spectra of LF, LF-0.1Ce, LF-0.25Ce, LF-0.5Ce, and CeO2 powders. 

 

Figure 4.3 N2 adsorption-desorption isotherms of (a) LF, (b) LF-0.1Ce, (c) LF-0.25Ce, and (d) LF-
0.5Ce, with the calculated BET specific surface areas in the corresponding graphs. 

The BET surface area (Figure 4.3) of LF-0.1Ce (6.78 m2 g-1) and LF-0.25Ce (6.76 m2 g-
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1) is slightly higher than that of the bare LF (4.97 m2 g-1), which can be attributed to the 

increased surface roughness caused by the nano-size CeO2 decoration. When further increasing 

the Ce loading, the decreased specific surface area of LF-0.5Ce (3.72 m2 g-1) as compared to 

the bare LF is due to the particle aggregation, which agrees well with the SEM observation 

(Figure 4.4). 

 

Figure 4.4 SEM images of (a) LF, (b) LF-0.1Ce, (c) LF-0.25Ce, and (d) LF-0.5Ce. 

The TEM images of LF (Figure 4.5a, 4.5b) show the particle size of tens to several 

hundred nanometers and the high crystallinity. The TEM images of LF-0.25Ce (Figure 4.5c, 

4.5d) show uniform deposition of ~5 nm CeO2 nanoparticles on LF. The characteristic d-

spacing of LF (111) (0.350 nm) and CeO2 (111) (0.312 nm) are close to each other, which 

assists the formation of a compact heterojunction structure with ideal interface. Figure 4.5e 

displays the high-angle annular dark-field scanning transmission electron microscopy 

(HAADF-STEM) image of the LF-0.25Ce sample at an interface region, where the outer 

nanoparticles and the inner bulk regions can be clearly distinguished. EDX and EELS spectra 

was then collected for the elemental composition analysis. In the EDX spectrum (Figure 4.6), 

the energy positions of La, Fe, and Ce were too close which impedes the identification and 
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quantification of the three elements. In contrast, the EELS spectra (Figure 4.5f) show a high 

resolution of the energy position of the three elements, with certain distinction between Fe L-

edge (centered at 710 and 722 eV), La M-edge (centered at 834 and 851 eV), and Ce M-edge 

(centered at 882 and 900 eV).  

 

Figure 4.5 TEM and HRTEM images of (a, b) LF and (c, d) LF-0.25Ce. (e) HAADF-STEM image of 
LF-0.25Ce. (f) EELS spectra of the inner (point A) and outer (point B, C, and D) regions labelled in (e). 
(g) STEM-EELS elemental mapping images of La, Fe, and Ce of the green-squared region labelled in 
(e). 

Therefore, we extracted the EELS spectra (Figure 4.5f) at region A, B, C, and D labeled 

in Figure 4.5e to scrutinize the spatial-resolved elemental composition. Region A shows 

intense signal of Fe L-edge and La M-edge with the atomic ratio close to 1, which is consistent 

with the dominant composition of LF phase at the bulk region. In comparison, the outer B, C, 

and D regions show strong intensity of Ce M-edge corresponding to the dominant composition 
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of CeO2 nanoparticles. Interestingly, the outer regions also present weak La M-edge signals 

but no obvious Fe signals, indicating the selective La diffusion from the parent LF to the CeO2 

phase, which validates the strong interaction between the two phases. The EELS-mapping 

images (Figure 4.5g) clearly displays the different distribution of La, Fe, and Ce at the hybrid 

interface. Fe is confined at the inner region, Ce is confined at the outer region, whereas La 

distributes in both inner and outer regions, which further confirms the selective interfacial La 

diffusion. Moreover, due to the larger ionic radius of La3+ (1.16 Å) than that of Ce4+ (0.97 Å) 

with octahedral coordination,122 the La incorporation in CeO2 phase can lead to the lattice 

expansion, which is in accordance with the XRD peak shift of CeO2 (111) to the lower angle 

as observed in Figure 4.1. 

 

Figure 4.6 EDX spectrum of LF-0.25Ce obtained from the Cs-corrected transmission electron 
microscope. 

XPS was further performed to investigate the change of surface elements induced by 

building the hybrid. The coexistence of Fe and Ce in the material hinders the reliable 

quantification of the atomic ratio due to the overlap of the binding energies between Fe 2p 

(from 704 to 736 eV) and Ce Auger (718.8 eV for Ce MN1, 733.3 eV for MN2), and thus we 

eliminate the quantitative analysis and focus on the valence states and chemical environment 

of surface elements. As compared to the bare LF, the LF-0.25Ce shows a higher binding energy 
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of Fe 2p (Figure 4.7a), indicating the increased valance state of Fe after coating CeO2. 

Simultaneously, the binding energy of Ce 3d in LF-0.25Ce shifts to a lower value than that in 

the bare CeO2 (Figure 4.7b), implying the reduced valence state of Ce induced by the 

interfacial interaction. The Fe 2p spectra (Figure 4.7c) was deconvoluted into Fe2+, Fe3+, and 

Fe4+ species.123  

 

Figure 4.7 XPS spectra of LF, LF-0.25Ce, and CeO2. The binding energy shift of (a) Fe and (b) Ce in 
the hybrid as compared to that in the single components. The peak fitting result of (c) Fe 2p, (d) Ce 3d, 
and (e) O 1s. (f) Schematic illustration for the hybrid-induced change of chemical environment of the 
interface elements according to the electro-neutrality principle. 
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The fitting result of the bare LF shows a few Fe4+ species of 9%. For LF-0.25Ce, although 

the exact ratio of Fe4+ cannot be calculated due to the interference of Ce Auger signal, we can 

infer an increased Fe4+ species in comparison to the bare LF according to the binding energy 

shift (Figure 4.7a). For the fitting result of Ce 3d (Figure 4.7d), the deconvoluted v1 and u1 

peaks are assigned to Ce3+, while the v2, v3, v4, u2, u3, and u4 peaks are assigned to Ce4+.84,124 

The surface Ce3+ species in LF-0.25Ce (23%) were increased as compared to that in the bare 

CeO2 (18%). The O 1s spectra (Figure 4.7e) were deconvoluted into the adsorbed O species 

(Oabs), lattice oxygen (OL), and oxygen vacancies (OV).109 The bare LF shows no apparent OV. 

The bare CeO2 has intrinsic OV (6%) that coincides with its abundant Ce3+ species, which also 

agrees with the characteristic OV signal observed in the Raman spectrum.125 Furthermore, the 

hybrid LF-0.25Ce shows higher intensity of OV (16%) than the single component LF and CeO2.  

The above XPS analysis proves that building hybrids induces significant changes of the 

chemical environment of surface elements. The changes could be attributed to the previously 

verified selective interfacial La diffusion according to the electro-neutrality principle.126 As 

illustrated in Figure 4.7f, the incorporation of foreign La cations into the CeO2 phase brings 

excessive positive charges, which stimulates the reduction of Ce valence state for charge 

compensation. Simultaneously, the loss of La cations in LF lattice leads to the decrease of 

positive charges, thus promoting the increase of Fe valence state and the formation of O 

vacancies for electro-neutrality. Consistently, the strategy of creating A-site deficiency in 

perovskite oxides has also been reported by previous studies, where abundant Fe4+ or other 

high-valent B-site species as well as oxygen vacancies were realized towards higher oxygen 

electrolysis activity. Moreover, according to previous reports, high valent transition metal 

species are regarded as the driving component for the activation of OER catalytic mechanism, 

and OV sites always assist the adsorption of oxygen intermediate species during OER.127,128 

Therefore, the hybrid-induced high valent Fe4+ species and abundant oxygen vacancies are 

beneficial features for OER electrocatalysis.  
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4.1.4 Electrochemical Performance of the hybrid LaFeO3/CeO2 

To testify the influence of the hybrid effect on the OER activity, electrochemical tests 

were carried out. The alkaline concentration could impact the deprotonation process and 

consequently cause different OER kinetics, and the materials were tested and compared using 

two representative electrolyte concentration (0.1 M and 1 M KOH). As shown in the LSV 

curves in 0.1 M KOH (Figure 4.8a) and 1 M KOH (Figure 4.8b), LF-0.1Ce and LF-0.25Ce 

exhibit enhanced OER activity as compared to the bare LF, which verifies the advantage of 

hybrid catalysts. With the further increase of CeO2 loading, the LF-0.5Ce sample shows 

decreased OER activity, which is due to the large ratio of the catalytically inert CeO2 

component. It should be worthy to optimize the spatial configuration of the hybrid in the future 

work, and thus to increase the exposure of the catalytic component and maximize the beneficial 

effect of interface engineering towards a further activity improvement. 

 

Figure 4.8 LSV curves of LF, LF-0.1Ce, LF-0.25Ce, LF-0.5Ce, CeO2, and RuO2 in (a) 0.1 M KOH and 
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(b) 1M KOH electrolyte. (c) Tafel plots, (d) the corresponding Tafel slope values, (e) the plots of 
capacitive current densities versus scan rates for the calculation of double layer capacitance, and (f) 
mass activity and specific activity of LF, LF-0.1Ce, LF-0.25Ce, and LF-0.5Ce in 0.1 M KOH electrolyte. 
(g) Chronopotentiometry test of LF and LF-0.25Ce in 0.1 M KOH electrolyte. HRTEM images of (h) 
LF-aft and (i) LF-0.25Ce-aft. 

To validate that the activity enhancement results from the hybrid effect instead of the 

solution treatment during the CeO2 growth, a control experiment was carried out, and the LF-

control with the absence of Ce shows no activity improvement as compared to the pristine LF 

(Figure 4.9). The potentials at 10 mA cm-2 of LF-0.25Ce and LF-0.1Ce (~1.65 VRHE in 0.1 M 

KOH，~1.56 VRHE in 1 M KOH) are about 20 mV lower than that of the bare LF (~1.67 VRHE 

in 0.1 M KOH, ~1.58 VRHE in 1 M KOH). The activity improvement is relatively small in the 

low current density region and grows more significant in the large current density region. The 

Tafel slopes were further calculated to assess the OER kinetics of the bare and hybrid 

electrocatalysts (Figure 4.8c and 4.8d, in 0.1 M KOH). In the low current density region (j<10 

mA cm-2), the LF, LF-0.1Ce, and LF-0.25Ce show very close Tafel slopes of 67.8, 67.3, and 

71.5 mV dec-1, respectively. In contrast, in the large current density region (j>10 mA cm-2), the 

Tafel slopes of hybrid catalyst LF-0.1Ce (113.2 mV dec-1) and LF-0.25Ce (118.4 mV dec-1) 

are significantly lower than that of the bare LF (221.3 mV dec-1), indicating the accelerated 

OER kinetics induced by CeO2.  

 

Figure 4.9 OER LSV curves of LF-control and LF measured in (a) 0.1 M KOH and (b) 1 M KOH. 
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The Tafel slopes in 1 M KOH (Figure 4.10) also show a similar current density-dependent 

feature. This current density-dependent magnitude of activity improvement might be due to the 

switch of rate-determining step. According to the previous research, the large OER current 

density in alkaline solution would cause a quick consumption of OH- near the electrode surface, 

thus leading to decreased local pH that switches the OER rate-determining step.23,106,129 

However, the detailed mechanism in our LF-CeO2 hybrid system is still not clear which 

requires further in-depth study.  

 

Figure 4.10 (a) Tafel plots and (b) the corresponding Tafel slope values of LF, LF-0.1Ce, LF-0.25Ce, 
and LF-0.5Ce in 1 M KOH electrolyte. 

The electrochemically effective surface area (ECSA) was estimated by the double layer 

capacitance (Cdl) through measuring the capacitive currents of the electrocatalyst within the 

non-Faradic potential region from 0 to 0.1 V vs. Hg/HgO (Figure 4.11). LF, LF-0.1Ce, LF-

0.25Ce, and LF-0.5Ce show Cdl values of 0.86, 0.97, 1.11, and 0.72 mF cm-2 (Figure 4.8e), 

respectively, and they are converted to the ECSA values by the specific capacitance of 40 µF 

cm-2 per cm2ECSA.130 The ECSA displays the similar trend with the BET-specific area, which 

can be ascribed to the change of surface roughness induced by coating CeO2. Figure 4.8f 

displays the mass activity and specific activity at the overpotential of 400 mV. As compared to 

the bare LF (8.0 A g-1), LF-0.1Ce (13.1 A g-1), and LF-0.25Ce (12.2 A g-1) deliver higher mass 

activity whereas LF-0.5Ce (5.7 A g-1) shows a lower value. The specific activity of the 

electrocatalysts were calculated by normalizing the geometric current densities (h=400 mV) to 
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their BET specific surface area, which gives the results of 0.16, 0.19, 0.18, and 0.15 mA cm-

2oxide-BET for LF, LF-0.1Ce, LF-0.25Ce, LF-0.5Ce, respectively (Figure 4.8f). The ECSA-

normalized current densities also deliver the consistent trend of 0.18, 0.27, 0.22, and 0.16 mA 

cm-2oxide-ECSA for LF, LF-0.1Ce, LF-0.25Ce, and LF-0.5Ce, respectively (Figure 4.8f). In a 

word, LF-0.1Ce and LF-0.25Ce shows increased specific activity than the bare LF, which 

demonstrates that the intrinsic OER activity of the hybrid electrocatalyst can be improved by 

the increased oxygen vacancies and high-valent Fe species. 

 

Figure 4.11 The cyclic voltammetry curves within the non-Faradic region from 0 to 0.1 V vs. Hg/HgO 
of (a) LF, (b) LF-0.1Ce, (c) LF-0.25Ce, and (d) LF-0.5Ce at scan rates of 10, 20, 30, 40, and 50 mV s-

1. (e) Comparison of Cdl values and BET-specific surface areas. 
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Figure 4.12 XRD patterns of LF-aft and LF-0.25Ce-aft loaded on carbon paper after 10 h’s 
chronopotentiometry test at 5 mA cm-2 in 0.1 M KOH electrolyte. 

Furthermore, the long-term durability of the electrocatalysts were evaluated by 

performing the chronopotentiometry test at 5 mA cm-2 (Figure 4.8g). After 10 h test, the bare 

LF shows an overpotential increasement of 0.11 V whereas LF-0.25Ce shows a relatively more 

stable curve with overpotential increasement of 0.06V, indicating that the OER stability of the 

electrocatalyst was also improved by building the LF-CeO2 hybrid. The samples after 

chronopotentiometry test (named as LF-aft and LF-0.25Ce-aft) still preserve the original 

LaFeO3 perovskite structure and the as indicated by the XRD patterns (Figure 4.12). Besides, 

the TEM images of LF-aft and LF-0.25Ce-aft shows that original morphology, and the well-

attached interface between LF and CeO2 were also retained (Figure 4.13). The HRTEM image 

of LF-aft (Figure 4.8h) shows clear lattice of LF in the bulk region and an amorphous surface 

layer evolved from the long-term OER condition, suggesting the lattice-oxygen-participated 

mechanism (LOM) of OER on LF.131,132  

 

Figure 4.13 TEM images of (a) LF-aft and (b) LF-0.25Ce-aft. (c) and (d): HRTEM images of LF-
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0.25Ce-aft. 

For the HRTEM image of LF-0.25Ce-aft (Figure 4.8i), the lattice fringes of CeO2 can be 

clearly identified whereas the LF lattice is difficult to identify. The result indicates that LF-

0.25Ce-aft has a higher degree of surface amorphization than LF-aft, which is also consistent 

with the increased oxygen vacancy of LF-0.25Ce compared to that of the bare LF as verified 

before in O 1s XPS (Figure 4.7e). Accordingly, we infer that the CeO2 decoration can activate 

the lattice oxygen of LF and thus enhance the LOM process towards a higher OER activity. 

Some other recent studies on perovskite oxide-based electrocatalysts also reported the similar 

mechanism as we observed here, namely activating the LOM process of metal oxides for OER 

activity promotion by building hybrids or increasing the concentration of oxygen vacancy.133 

Figure 4.14 shows the EIS spectra of the bare and hybrid samples. In the Nyquist plots 

(Figure 4.14a), the real axis diameter of the semicircle is an indicator of the catalyst-electrolyte 

interfacial charge transfer resistance. The hybrids exhibit increased interfacial charge transfer 

resistances as compared to the bare LF, and the resistances grow larger with the increasing Ce 

loading amount. This can be attributed to the poor electronic conductivity of CeO2.134 

Increasing the conductivity of CeO2 by some heteroatom doping might further improve the 

OER activity of the hybrid. In the Bode plots (Figure 4.14b), the peak frequency value reflects 

the time scale of the catalyst-electrolyte interfacial charge transfer.135,136 The hybrids LF-0.1Ce 

and LF-0.25Ce show higher peak frequencies than the bare LF, which is consistent with the 

OER activity variation trend, further confirming the improved OER kinetics induced by the 

hybrid effect. 
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Figure 4.14 Electrochemical impedance spectra of LF, LF-0.1Ce, LF-0.25Ce, and LF-0.5Ce at 0.7 V 
vs. Hg/HgO in 0.1 M KOH displayed as (a) Nyquist plots and (b) Bode plots. 

4.1.5 Conclusions 

In summary, we synthesized the hybrid electrocatalyst of LaFeO3/CeO2 and demonstrated 

an OER activity enhancement induced by the hybrid effect. A selective interfacial La diffusion 

from LaFeO3 to CeO2 occurs in the hybrid as evidenced by the ELLS spectra and elemental 

mapping. Moreover, the loss of La cations in LF lattice promotes the formation of high valent 

Fe species and oxygen vacancies according to the electro-neutrality principle, which further 

facilitate the OER electrocatalysis. This work proves that the interfacial elemental 

redistribution plays a critical role in tuning the chemical environment of the interface elements, 

which might provide guidance for the design and mechanism study of other hybrid 

electrocatalyst systems. 
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4.2 Regulating the Interfacial Electron Density of 

La0.8Sr0.2Mn0.5Co0.5O3/RuOx for Efficient and Low-Cost Bifunctional 

Oxygen Electrocatalysts 

4.2.1 Introduction 

The energy efficiency of rechargeable ZABs is greatly limited by the sluggish kinetics of 

the oxygen reduction reaction (ORR) and oxygen evolution reaction (OER) at the air cathode 

during the discharge and charge processes, respectively.1 Noble metals and their compounds, 

such as Pt for ORR, and IrO2/RuO2 for OER, are currently the best electrocatalysts; however, 

they are always active for one reaction and inert for the reverse one.92,137 Moreover, their high 

cost and low stability hinder their widespread use.138 To balance the activity and cost of 

electrocatalytic materials. researchers recently developed a strategy of combining noble metals 

and nonnoble metals to balance the activity and expense, and this strategy is attractive due to 

two main advantages. First, the cost of the electrocatalyst can be reduced significantly by 

reducing the dosage of noble metals. Second, the interaction between different metal ions can 

regulate the electronic structure of the material towards a higher electrocatalytic activity. For 

example, Shao’s group integrated Pt/C with a Sr(Co0.8Fe0.2)0.95P0.05O3−δ perovskite oxide by a 

facile ball milling method, realizing good bifunctional activity with a low ratio of Pt 83. Besides, 

doping is also a common method to combine noble metals with nonnoble metals. Nobel metal 

Ir was introduced into the B-site of perovskite structure to form SrIrO3 and SrZrxIr1-xO3, which 

achieved higher OER activity with lower Ir content than the benchmark IrO2 139,140. Similarly, 

a Ru-doped LaCoO3 perovskite was synthesized and applied as the electrocatalysts for the Zn-

air battery, which delivered decent bifunctional OER/ORR activity and battery performance 

141. However, doping is not a good enough method. Since the noble metals are distributed 

through the entire bulk material, the exposure and utilization of noble metal is relatively low. 

Regarding this problem, surface anchoring was reported as a better method to load low dosage 

noble metals on the surface of nonnoble metals. In this way, the nonnoble metal oxides could 
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act as a support for the noble metals, thus preventing the aggregation of active sites and 

improving the atom utilization of noble metals 142,143. Lv et al. deposited Pt nanoparticles on 

LiTiO2 surface by solvothermal reduction method, and the obtained material shows excellent 

ORR activity which is better than the benchmark Pt/C 144. The above works adequately 

demonstrate the superiority of the noble metal-nonnoble metal combining strategy. 

Among the nonnoble metal materials, perovskite oxides have attracted much research 

interests due to the relatively high ionic/electronic conductivity, abundant raw material, and 

high compositional flexibility, which offer large opportunities to regulate the electronic 

structure 16,145. Great advances have been made in recent years to exploit perovskite-based OER 

and ORR electrocatalyst 133. For noble metal materials, Ru is attractive due to its high intrinsic 

activity for OER and the cheapest price in the noble metal family 137. Therefore, anchoring Ru 

species on the surface of perovskite oxides is a promising way for electrocatalyst development. 

However, the report on the Ru species-anchored perovskite oxides is very limited, and it has 

not been applied for bifunctional oxygen electrocatalysis to the best of our knowledge. 

Herein, we designed a La0.8Sr0.2Mn0.5Co0.5O3 (LSMC) perovskite anchored with ultrafine 

RuOx as an efficient bifunctional OER/ORR electrocatalyst for Zn-air batteries. LSMC was 

chosen as the starting perovskite oxide according to Shao-Horn’s ORR/OER volcano and other 

previous reports on the A-site and B-site substitution for improved activity 146-148. The obtained 

LSMC-Ru had a low weight ratio of Ru (2.43 wt%) and a high surface exposure of Ru (metal 

atomic ratio 25.9 %), which realized the efficient utilization of the noble metal. Additionally, 

we observed a selective cation etching during the Ru-anchoring process, leading to a Mn-rich 

and Ru-rich surface of the LSMC-Ru. Moreover, the strong interaction between the anchored 

Ru species and the LSMC support effectively regulated the electronic structure of the 

electrocatalyst, resulting in the electron-rich Mn centers and the electron-deficient Ru centers, 

which can promote ORR and OER, respectively. As a result, the LSMC-Ru exhibited superior 

bifunctional electrocatalytic activity with a low ΔE of 0.74 V. The LSMC-Ru was further 

applied in an aqueous Zn-air battery, which delivered a peak power density of 159 mW cm-2 
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and a low charge-discharge potential gap of 0.58 V at 2 mA cm-2. Besides, we also engineered 

the structure of the air cathode to further improve the energy efficiency and long-term cycle 

stability, and the battery persisted round-trip energy efficiency of 60.6 % after 300 cycles. The 

strategy provided here could be extended to other systems for the fabrication of nonnoble 

metal-supported-noble metal electrocatalysts to achieve high activity and low expense. 

4.2.2 Material Synthesis and Characterization 

The LSMC perovskite powder was produced by a facile sol-gel method followed by high-

temperature annealing. Typically, 0.016 mol La(NO3)2, 0.004 mol Sr(NO3)2, 0.01 mol 

Mn(CH3COO)2, and 0.01 mol Co(NO3)2 were dissolved in in 20 mL H2O. 0.08 mol citric acid 

(CA), 0.04 mol ethylenediaminetetraacetic acid (EDTA), and 32 mL aqueous ammonia (25 

wt%) were dissolved in 10 mL H2O. The CA-EDTA solution was dropwise added into the 

metal nitrate solution to get a homogeneous mixture, which was heated under continuous 

stirring on a hot plate to form a pink transparent gel. The gel was then kept at 180 ℃ in the 

oven for 12 h to get the black foamlike precursor, followed by annealing the precursor in a 

furnace in the air at 800 ℃ for 5 h to get the LSMC black powders. 

 

Figure 4.15 Optical photographs of (a) the LSMC powders, (b) 1.5 mg mL-1 RuCl3 aqueous solution, 
and (c) the mixture of LSMC powder and RuCl3 aqueous solution after stirring for 3 h and resting for 
~10 min. 

117 mg LSMC powder was immersed into 10 mL RuCl3 aqueous solution with a 

concentration of 0.75, 1.5, and 3 mg mL-1 and ultrasonicated for 10 min, and then the mixture 
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was kept under magnetic stirring at room temperature for 3 h. The initial RuCl3 solution shows 

a homogenous dark brown color and a pH of 1~2. The acidic environment of RuCl3 solution 

would assist the partial leaching of cations from LSMC and thus promote Ru anchoring on the 

LSMC surface. After the 3 h stirring, the mixture turns to dark powder at the bottom, and the 

clear upper liquid presented a pH of 4~5. The change of solution color and pH value indicates 

the chemical reaction between RuCl3 and LSMC (Figure 4.15). The mixture was then vacuum 

filtered to collect the dark powder, which was washed with water, dried in the oven at 60 ℃, 

and further calcinated in the furnace at 200, 300, and 400 ℃ to get the final product of RuOx-

anchored LSMC. 

 

Figure 4.16 Optimization of the synthesis condition. LSV-ORR curves of (a) LSMC stirred with RuCl3 
solution with various concentrations and (b) LSMC-1.5 mg mL-1 Ru heated at various temperatures. 
LSV-OER curves of (a) LSMC stirred with RuCl3 solution with various concentrations and (b) LSMC-
1.5 mg mL-1 Ru heated at various temperatures. 

The synthesis condition of the Ru species anchored LSMC was varied by changing the 
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concentration of RuCl3 solution and the annealing temperature. The electrocatalytic activities 

of the materials prepared under various conditions are evaluated by the electrochemical linear 

scan voltammetry (LSV) tests to identify the optimal synthesis conditions (RuCl3 solution 

concentration and annealing temperature). It is seen that the optimal synthesis condition is 1.5 

mg mL-1 RuCl3 and 200 ℃ annealing (Figure 4.16). The LSMC-1.5 mg mL-1 Ru and LSMC-

1.5 mg mL-1 Ru-200 samples keep nearly the same X-ray diffraction (XRD) peaks with the 

bare LSMC, indicating that the crystal structure of the LSMC is preserved, and the surface Ru 

species has a rather low crystallinity (Figure 4.17). In comparison, the 300 and 400 ℃-

annealed samples display obvious peaks of crystalline RuO2, implying the aggregation of Ru 

species, which leads to the decreased electrocatalytic activity as compared to the 200 ℃-

annealed sample (Figure 4.16). Accordingly, the highest-performance sample of LSMC-1.5 

mg mL-1 Ru-200 is named as LSMC-Ru in the following discussion.  

 

Figure 4.17 XRD patterns of LSMC and LSMC-1.5 mg mL-1 Ru heated at various temperatures. 
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Table 4.1 Atomic ratio of metal elements in LSMC and LSMC-Ru powders obtained from ICP, 

EDX, and XPS.  
Sample 
Name 

Elements Weight 
ratio-ICP 

(wt%) 

Atomic 
Weight 

Atomic 
ratio-ICP 

(%) 

Atomic 
ratio-EDX 

(%) 

Atomic 
ratio-XPS 

(%) 

LSMC La 48.84 138.91 40.0 42.0 26.4 
Sr 7.74 87.62 10.0 8.8 23.0 
Mn 12.41 54.94 25.7 24.6 27.6 
Co 12.57 58.93 24.3 24.6 23.0 

LSMC-Ru La 43.73 138.91 38.5 40.8 18.8 
Sr 6.24 87.62 8.7 7.2 13.2 
Mn 12.25 54.94 27.2 24.7 31.7 
Co 10.95 58.93 22.7 22.3 10.4 
Ru 2.43 101.07 2.9 5.0 25.9 

 

Figure 4.18 Rietveld refined powder XRD patterns of the (a) LSMC and (b) LSMC-Ru. The change of 
atomic metal ratio of LSMC and LSMC-Ru detected by (c) ICP and (d) XPS. 
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The Rietveld XRD results (Figure 4.18a and 4.18b) show that the LSMC phase has a 

rhombohedral structure with an R-3h space group. The bare LSMC has lattice parameters of 

a=b=5.47523 Å, and c=13.26093 Å. In comparison, the LSMC phase in LSMC-Ru has a 

slightly expanded lattice with a=b=5.47531 Å, and c=13.26291 Å, which is ascribed to the 

cation leaching during the Ru species anchoring process. In addition, the very weak peaks of 

tetragonal RuO2 (110) at 27.9° and (101) at 35.1° can be identified in LSMC-Ru as labeled by 

the pink star in Figure 4.18b. Further characterizations are conducted to confirm the low 

dosage and high utilization of Ru. The mass ratio of the RuO2 phase is 1.1 wt% from XRD, 

corresponding to the elemental Ru mass ratio of 0.84 wt%. The value is lower than that obtained 

from the inductively coupled plasma (ICP) test (Ru 2.43 wt%) (Table 4.1). The results suggest 

that some atomic or amorphous Ru-O clusters are anchored on the LSMC surface in addition 

to the crystalline RuO2 detected by XRD. SEM images (Figure 4.19a and 4.19b) show that 

LSMC-Ru retains the original micromorphology of the bare LSMC. In the energy dispersive 

X-ray (EDX) spectra (Figure 4.19c and 4.19d), LSMC-Ru shows an obvious Ru signal in 

addition to the La, Sr, Mn Co composition inherited from LSMC, indicating the successful 

anchoring of Ru species on LSMC. 

From the quantified results of EDX (Figure 4.20) and ICP (Figure 4.18c, Table 4.1), 

LSMC shows metal atomic ratios close to the chemical formula of La0.8Sr0.2Co0.5Mn0.5O3. In 

comparison to the bare LSMC, LSMC-Ru shows decreased ratios in La, Sr, and Co but 

increased ratios of Mn and Ru (Figure 4.20, Figure 4.18c, and Table 4.1). Moreover, the ICP 

result of the filtered solution (the upper liquid in Figure 4.15c) of the Ru-anchoring process is 

presented in Table 4.2. Ru is not detectable in the filtered solution, indicating that Ru species 

is efficiently transferred from the solution phase to the solid phase during the Ru-anchoring 

process. Besides, the filtered solution shows relatively high contents of La (3.90 mmol L-1), Sr 

(1.76 mmol L-1), Co (3.72 mmol L-1), but rather low content of Mn (0.03 mmol L-1). Combining 

the above results, we conclude that La, Sr, and Co are selectively etched during the Ru 

anchoring process, whereas Mn is prone to be preserved. The quantified X-ray photoelectron 
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spectroscopy (XPS) results (Figure 4.18d) further confirm the selective cation leaching during 

the Ru-anchoring process, which leads to an Mn-rich and Ru-rich surface of LSMC-Ru. It 

should benefit the oxygen electrocatalysis since Mn is regarded as the ORR-active center 

whereas Ru is regarded as the OER-active center according to previous research 149-152. 

Furthermore, LSMC-Ru shows an entire Ru atomic ratio of 2.9 % (Figure 4.18c) and a surface 

Ru atomic ratio of 25.9 % (Figure 4.18d), which confirms the low dosage and high exposure 

(thus high utilization) of Ru on the surface. 

 

Figure 4.19 SEM images and the corresponding EDX spectra of (a) (c) LSMC and (b) (d) LSMC-Ru. 
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Figure 4.20 The atomic metal ratio of La, Sr, Mn, Co, and Ru in LSMC and LSMC-Ru samples detected 
by SEM-EDX. 

The TEM image of the bare LSMC shows a particle size of several hundred nanometers 

(Figure 4.21a) and a smooth surface (Figure 4.22a). In comparison to LSMC, LSMC-Ru 

shows the similar particle size (Figure 4.21b), but a relatively rougher surface with ultrafine 

dark dots that could be assigned to Ru-species (Figure 4.22b). The HRTEM image (Figure 

4.21c) clearly displays the lattice fringes with the d-spacing of 0.28 nm, which could be 

assigned to the (110) lattice plane of LSMC. In the HRTEM image of LSMC-Ru (Figure 4.22c), 

the lattice fringes with d-spacing of 0.19 nm corresponding to LSMC (024) plane and 0.25 nm 

corresponding to RuO2 (101) plane are identified, and RuO2 shows an ultrasmall size of about 

1.5 nm. The lattice fringe of LSMC-Ru is not as clear as that of the bare LSMC, which is due 

to the cation etching leading to the reduced crystallinity near the surface region. Figure 4.22d 

shows the STEM image of LSMC-Ru and the corresponding EDX-mapping images. La, Sr, 

Mn, and Co are homogeneously distributed on the bulk material, whereas the distribution of 

Ru is enriched on the surface. The EDX spectrum of the surface region (Figure 4.23) shows 

the dominant composition of Mn and Ru, which is consistent with the XPS quantification 

(Figure 4.18d). 

Table 4.2 ICP-obtained atomic ratio of metal elements in the filtered solution after the Ru 

anchoring process. 
Sample 
Name 

Elements Concentration (mg L-1) Atomic Weight Concentration 
(mmol L-1) 

Filtered 
solution of 
LSMC-Ru 

La 542.78  138.91 3.90 
Sr 154.42  87.62 1.76 
Mn 1.91  54.94 0.03 
Co 219.62  58.93 3.72 
Ru <0.02 101.07 - 
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Figure 4.21 The TEM image of (a) LSMC and (b) LSMC-Ru. (c) HRTEM image of LSMC. 
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Figure 4.22 TEM images of (a) the bare LSMC and (b) LSMC-Ru. (c) The HRTEM image of LSMC-
Ru. (d) STEM image and the corresponding EDX-mapping of LSMC-Ru. Spatially resolved EELS 
spectra of (e) Ru-M edge, (f) Mn-L edge, and (g) O-K edge of the regions labeled in (d). XPS spectra 
of (h) Ru 3p, (i) Mn 2p, and (j) O 1s of LSMC-Ru comparing with the single component LSMC and 
RuO2. 

 

Figure 4.23 The EDX spectrum of the near-surface region of the LSMC-Ru acquired in transmission 
electron microscope 

4.2.3 The Electronic Interaction Between RuOx and LSMC 

To get a further insight into the chemical environment of the LSMC-Ru heterostructure, 

electron energy loss spectra (EELS) (Figure 4.22e-g) and XPS spectra (Figure 4.22h-j) are 

analyzed. We focus on the spectra of Mn, Ru, and O, because they are the dominant 

composition on the material surface and thus are responsible for the electrocatalytic reactions. 

As labeled in Figure 4.22d, the EELS spectra of the bulk-LSMC (region A), interface-LSMC 

(region B), and RuOx (region C) are extracted. For Ru M-edge (Figure 4.22e), Ru signal is 

only observed in region C, and it disappears in region A and B, which is consistent with the 

EDX-mapping. For Mn-L edge (Figure 4.22f), the signal appears in region A and B but not in 

region C. Furthermore, region A shows a characteristic L3/L2 (ratio of integrated peak intensity) 

of 2.37, manifesting the Mn (III) valence state of the bulk-LSMC.153 In comparison, region B 

shows a higher L3/L2 of 2.89, and the L3 peak shifts to a lower energy loss value as compared 

to region A, indicating a mixed valence state of Mn (II/III).153,154 The lower Mn valence state 
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of interface-LSMC than that of bulk-LSMC demonstrates the interfacial electron transfer from 

RuOx to LSMC. For O-K edge (Figure 4.22g), the pre-peak (labeled by the grey square) 

appears in region A and B but disappears in region C, which implies the unsaturated oxygen 

coordination of Ru in RuOx.155  

 

Figure 4.24. XPS spectra of Co 2p of LSMC and LSMC-Ru 
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Figure 4.25 The model for DFT calculation. (a) LSMC with Mn as the adsorption site for oxygen 
intermediates. (b) RuO2 with Ru as the adsorption site for oxygen intermediates. LSMC-Ru 
heterostructure with (c) Mn and (d) Ru as the adsorption site for oxygen intermediates. 

For XPS spectra, the change of the electronic structure of the metal sites can be inferred 

from the binding energy shifts.83,84,156 The binding energy of Ru 3p3/2 (Figure 4.22h) in LSMC-

Ru shifts to a higher value (463.8 eV) as compared to that in the bare RuO2 (462.7 eV), 

suggesting the decreased local electron density of Ru. The identical binding energy of Co 2p3/2 

(780.0 eV) for the bare LSMC and LSMC-Ru (Figure 4.24) indicates that the Ru-decoration 

does not change the chemical environment of Co. In contrast, LSMC-Ru shows a lower binding 

energy of Mn 2p3/2 (641.6 eV) than the bare LSMC (642.0 eV)) (Figure 4.22i), suggesting the 
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increased local electron density of Mn. As a result, the electron-deficient Ru centers tend to 

accept electrons from the oxygen species in electrolyte and thus promote OER, and the 

electron-rich Mn centers tend to donate electrons to the oxygen species in electrolyte and thus 

promote ORR. The above analysis indicates that the strong interaction between the LSMC 

support and the surface anchored RuOx leads to a favorable electronic structure for the 

bifunctional ORR and OER electrocatalysis. Additionally, the O 1s spectra (Figure 4.22j) can 

be deconvoluted into three peaks representing the adsorbed oxygen (Oabs), lattice oxygen (OL), 

and oxygen vacancy (OV).109  LSMC-Ru shows more oxygen vacancies than the bare LSMC, 

which is a beneficial feature for oxygen electrocatalysis. 

To further verify the above analysis, density functional theory (DFT)-based theoretical 

calculations are conducted to gain in-depth understanding of the electronic interaction between 

RuOx and LSMC and its effect on the OER/ORR. The model (Figure 4.25) is constructed 

according to the experimentally-obtained crystal structure and atom ratio. The results of density 

of states (DOS) (Figure 4.26a) show that LSMC-Ru has continuous DOS around the Fermi 

level with zero bandgap, indicating the metallic characteristic of the heterostructure interface, 

which guarantees the fast electron transfer.157 Besides, the higher DOS of LSMC-Ru than that 

of the bare LSMC and RuO2 at Fermi level indicates the increased electron mobility of the 

heterostructure.158  
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Figure 4.26 DFT calculation. (a) Total DOS of LSMC, RuO2, and LSMC-Ru. (b)  PDOS of LSMC-Ru. 
(c) Differential charge density of LSMC-Ru. The red, grey, purple, green, light blue, and dark blue balls 
represent O, Ru, Mn, La, Sr, Co, respectively. The yellow and bule clouds represent electron 
accumulation and electron depletion, respectively. (d) Free Energy diagrams at 1.23 V. 

The projected DOS (PDOS) of Mn and Ru matches well (Figure 4.26b), which induces 

the strong electronic coupling.159 As a result, the electron density is redistributed at the 

heterostructure interface as shown by the differential charge density (Figure 4.26c). At the 

interface region, electron depletion around Ru and electron accumulation around the Mn-O 

bound is clearly observed, which is consistent with the experimental XPS and EELS analysis. 

Detailed Bader charge calculation indicates the 0.45 e- interfacial electron transfer from RuOx 

to LSMC for the heterostructure model. The Gibbs free energy diagrams (Figure 4.26d) show 

that this  heterostructure effectively lowers the reaction energy barrier. The Ru site and Mn site 

of LSMC-Ru show the highest OER and ORR activity, respectively. For OER, the 
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heterostructure significantly accelterates the rate-determining-step of O-O bond formation and 

stablizes *OOH species, resulting in a low enregy barrier of 0.39 eV. For ORR, the 

heterostructure greatly promotes the steps of O2 adsorption and *OH desorption, and thus leads 

to the low energy barrier of 0.53 eV. The DFT calculation validates the regulated interfacial 

electron density between LSMC and RuOx, and predicts the outstanding intrinsic OER/ORR 

activity of the LSMC-Ru heterostructure. 

4.2.4 Electrochemical Activity and Battery Performance 

The bifunctional oxygen electrocatalytic activity and stability of the synthesized materials 

are evaluated on rotating disk electrode (RDE). As indicated by the LSV curves of the ORR 

(Figure 4.27a), LSMC-Ru realizes high activity with a half-wave potential (EORR, 1/2) of 0.76 

V vs. RHE, which is a significant improvement compared with the bare LSMC (0.60 V vs. 

RHE) and RuO2 (0.55 V vs. RHE). The EORR, 1/2 of LSMC-Ru is 80 mV more negative than the 

commercial state-of-the-art 20 wt % Pt/C (0.84 V vs. RHE). Moreover, LSMC-Ru and Pt/C 

show the same limiting ORR current density of 5.2 mA cm-2. The electron transfer number 

calculated from the K-L equation is 4.02 for Pt/C and 3.84 for LSMC-Ru (Figure 4.28), 

implying that the four-electron reduction process is favored for the ORR. Meanwhile, the Tafel 

slope (Figure 4.27b) of LSMC-Ru has the lowest value of 56.0 mV dec-1 among all the tested 

samples (154.6 mV dec-1 for LSMC, 227.2 mV dec-1 for RuO2, and 78.5 mV dec-1 for Pt/C), 

which demonstrates the superior ORR kinetics of LSMC-Ru. Chronoamperometric 

measurement at 0.30 V vs. RHE (Figure 4.27c) shows that LSMC-Ru retains 92% of the initial 

ORR current density after the 16 h test, which is much more stable than Pt/C with only 75% 

retention. In the LSV curves of OER (Figure 4.27d), the potentials are recorded at a current 

density of 10 mA cm-2 (EOER, j=10) to evaluate the activity. LSMC-Ru delivers a much lower 

EOER, j=10 of 1.48 V vs. RHE as compared to the bare LSMC (1.7 V vs. RHE), and it also 

outperforms the benchmark RuO2 (1.57 V vs. RHE). 
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Figure 4.27 (a) LSV curves of ORR at the scan rate of 5 mV s-1 in O2 saturated 0.1 M KOH and (b) the 
corresponding Tafel plots. (c) Chronoamperometric response of ORR durability at 0.30 V vs. RHE. (d) 
LSV curves of OER at the scan rate of 5 mV s-1 in O2 saturated 0.1 M KOH and (e) the corresponding 
Tafel plots. (f) Chronopotentiometry response of OER durability at 2 mA cm-2. (g) Cyclic voltammetry 
curves at the scan rate of 5 mV s-1 in N2 saturated 0.1 M KOH. (h) The potential gap (ΔE) between OER 
(j=10 mA cm-2) and ORR half-wave potential. (i) A comparison of the OER and ORR bifunctional 
activity of LSMC-Ru in this work with other recently reported perovskite-based and Ru-based 
analogous electrocatalysts. 

To further evaluate the intrinsic activity of the materials, the specific activity (SA) at 

overpotential of 300 mV is calculated based on the electrochemically active surface area 

(ECSA) (Figure 4.29a-c) and Brunauer−Emmett−Teller (BET) specific area (Figure 4.30). 

LSMC-Ru shows higher SA (65.7 µA cm-2ECSA, 144.3 µA cm-2BET) than the bare LSMC (4.0 

µA cm-2ECSA, 6.5 µA cm-2BET), confirming the improved intrinsic activity resulting from the 
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formation of the heterostructure.  

 

Figure 4.28 LSV-ORR curves of (a) Pt/C and (c) LSMC-Ru at different rotating speed of RDE. 
Calculation of ORR electron transfer numbers of (b) Pt/C and (d) LSMC-Ru based on K-L equation.  

Besides, LSMC-Ru exhibits the lower Tafel slope (Figure 4.27e) of 87.3 mV dec-1 than 

the bare LSMC (112.8 mV dec-1) and RuO2 (117.2 mV dec-1), implying the accelerated OER 

kinetics induced by the electronic interaction between LSMC and the anchored RuOx. 

Electrochemical impedance spectra (EIS) (Figure 4.29d) show the decreased interfacial charge 

transfer resistance of LSMC-Ru compared with that of the bare LSMC, which also contributes 

to the superior electrochemical catalytic activity of LSMC-Ru. Furthermore, for the 

chronopotentiometry at 2 mA cm-2 (Figure 4.27f), LSMC-Ru shows a larger potential 

increasement (0.13 V) than the commercial RuO2 (0.08 V) after 7 h test. It suggests that the 

OER stability of LSMC-Ru is not good enough, which requires further improvement in future 

studies.  
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Figure 4.29 CV curves of (a) the bare LSMC and (b) LSMC-Ru at different scan rates within the non-
Faradic region. (c) The linear relation between the capacitive current and the scan rate for the 
determination of ECSA. (d) EIS of the bare LSMC and LSMC-Ru at 0.6 V vs. Hg/HgO. 

 

Figure 4.30 N2 adsorption-desorption isotherms of (a) the bare LSMC and (b) LSMC-Ru with the 
calculated BET specific surface areas in the corresponding graphs. 
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Furthermore, CV tests (Figure 4.27g) are carried out to scrutinize the surface redox 

feature of the electrocatalysts. The bare LSMC shows no obvious redox peaks, indicating the 

relatively redox-inert surface that corresponds to the low electrochemical activity. In 

comparison, LSMC-Ru exhibits characteristic oxidation peaks at 0.64, 0.87, 1.07 vs. RHE, 

corresponding to the pseudocapacitive behavior of Mn (II/III), Mn (III/IV), Mn (II/IV), 

respectively,160 which is consistent with the Mn-rich surface as evidenced by XPS (Figure 

4.18d). Moreover, the small peak just anodic to the OER onset could be assigned to the 

generation of high-valent Ru as the OER active sites.161,162 LSMC-Ru shows a lower peak 

potential at 1.28 V vs. RHE than the bare RuO2 (1.33 V vs. RHE), indicating the lower barrier 

to form OER active sites. The CV peak shift confirms that the electron-deficient feature of Ru 

sites on LSMC-Ru is the key of the outstanding OER activity, which is consistent with the 

previous characterizations (XPS and EELS) and DFT simulation. 

The potential gap between EORR, 1/2 and EOER, j=10 is calculated to assess the bifunctional 

oxygen electrocatalytic activity of materials (Figure 4.27h). LSMC-Ru shows a potential gap 

of 0.72 V, which is comparable to the benchmark couple Pt/C+RuO2 (0.73 V) and significantly 

lower than the bare LSMC (1.10 V). Additionally, EORR, 1/2 and EOER, j=10 of the LSMC-Ru and 

other recently reported perovskite-based and noble metal-based electrocatalysts are compared 

in Figure 4.27i, further highlighting the superior bifunctional oxygen electrocatalytic activity 

of LSMC-Ru in this work.149,158,163-166 

 

Figure 4.31 Open circuit potential of Zn-air batteries with Pt/C+RuO2 and LSMC-Ru as the 
electrocatalysts for air cathodes. 
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Figure 4.32 (a-d) Performance of aqueous ZABs using air cathodes with the back-contact steel mesh 
as shown in Figure S13. (a) Charge and discharge polarization curves, (b) discharge polarization curves 
(V-j) and power density curves (P-j), (c) rate capability test of discharge voltage at different current 
densities from 1 to 30 mA cm-2, and (d) cycle stability tested at 2 mA cm-2. (e) The schematic illustration 
of the front steel contact design for the air cathode. (f) Schematic illustration of the electron flow 
through the air cathode with the front-contacted steel as the parallel oxygen generator. A comparison of 
(g) the cycle stability and (h) energy efficiencies of the LSMC-Ru-assembled air cathodes with back 
and front steel contact. 

The LSMC-Ru bifunctional electrocatalyst is applied in an aqueous rechargeable ZAB. 

The air cathode is composed of three layers, including a carbon-supported electrocatalyst layer, 

a gas diffusion layer, and a steel mesh acting as the current collector. LSMC-Ru shows an open 

circuit potential (Figure 4.31) of 1.43 V, which is close to the benchmark couple of Pt/C+RuO2 

(1.45 V). LSMC-Ru shows slightly lower discharge voltage and charge voltage than 

Pt/C+RuO2 (Figure 4.32a), which is consistent with the OER/ORR activity tested on RDE 

(Figure 4.27h). Although the peak area power density (Figure 4.32b) of LSMC-Ru (159 mW 
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cm-2) is lower than the of Pt/C+RuO2 (206 mW cm-2), it is competitive to recently reported 

perovskite-based and Ru-based analogues (Table 4.3).83,104,108,141,149,167,168 Besides, the 

discharge profiles of the ZAB at different current densities from 1 to 30 mA cm-2 (Figure 4.32c) 

show the good rate capability and fast dynamic response upon the current setting up and down, 

implying the potential application in automobiles.169 The cycle stability of the ZAB is tested at 

2 mA cm-2 (Figure 4.32d). In the initial cycle, LSMC-Ru shows a charge-discharge voltage 

gap of 0.58 V, which is the same as that of Pt/C+RuO2 (Figure 4.33a). After 200 cycles (Figure 

4.33b), the voltage gap of LSMC-Ru increases to 1.05 V, and the increasement mainly comes 

from the charging voltage due to the decay of OER activity. It indicates that the insufficient 

OER stability of LSMC-Ru severely hinders the long-term cycle durability of the ZAB. 

Table 4.3 Performance comparison of the LSMC-Ru assembled Zn-air battery with recent 

reports 
Material Ej=10-

E1/2 
Peak power 
density (mW 

cm-2) 

Voltage gap Cycle durability Ref. 

LaNi0.85Mg0.15O3 
nanofiber 

0.99 45  0.92 V (10 mA cm-2) 110 h (10 mA cm-2) 167 

Gd0.1Ce0.9O2−δ/ 
(Pr0.5Ba0.5)CoO3

−δ 

0.94  207  0.82 V (10 mA cm-2) 200 h (10 mA cm-2) 104 

Sr(Co0.8Fe0.2)0.95

P0.05O3−δ /Pt/C 
0.73 122  0.77 V (5 mA cm-2) 80 h (5 mA cm-2) 83 

BSCF/MOF 0.83 - 0.83 V (5 mA cm-2) 300 h (5 mA cm-2) 168 
La0.5Sr0.5MnO3/

MnCo2O4/ 
Co3O4  

- 146.5  ~0.67 V (2 mA cm-2)  7.5 h (2 mA cm-2) 149 
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LaCo0.8Ru0.2O3 1.06 136 0.78 V (5 mA cm-2) 240 h (5 mA cm-2, 
refresh Zn and 

electrolyte for 4 times) 

141 

Co3O4-RuOx 0.71 150 0.52 V (2 mA cm-2) 250 h (2 mA cm-2) 
80 h (20 mA cm-2) 

108 

LSMC-Ru 0.72 159 0.58 V (2 mA cm-2) 100 h (2 mA cm-2) This work 
 

To overcome the drawback of the OER stability of LSMC-Ru and fully exploit the ORR 

performance, we further engineered the structure of the air cathode. As suggested by Wang et 

al., a nickel mesh in parallel with the air cathode could short the air cathode and afford the 

dominant OER current during the charging process, and thus avoid the oxidative degradation 

of the electrocatalyst layer 170. Accordingly, we optimized the air cathode structure by 

arranging the steel mesh in the front of the electrocatalyst layer (Figure 4.32e). Due to the 

lower resistance and higher hydrophilicity of the steel mesh as compared to the Nafion-rich 

and carbon-rich electrocatalyst layer, the OER current would tend to take place on the steel 

mesh more than in the electrocatalyst layer during the charging process. In this way, the steel 

mesh could simultaneously work as both the current collector and the oxygen generator to 

protect the electrocatalyst layer during the charging process (Figure 4.32f).  
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Figure 4.33 The galvanostatic discharge-charge curves of Pt/C+RuO2 and LSMC-Ru air cathodes with 
back steel contact at the (a) 1st cycle and (b) 200th cycle. (c) Discharge polarization curves of Pt/C+RuO2 
and LSMC-Ru air cathodes with front and back steel contact of the air cathodes. Inset: the optical 
photograph of the steel mesh with the grid number of 200. (d) The galvanostatic discharge-charge curves 
of LSMC-Ru air cathodes with back and front steel contacts at the 200th cycle. 

The 200-mesh steel has ~80 µm space between the steel wires (Figure 4.33c inset), which 

guarantees the sufficient contact between the electrolyte and the catalyst layer. The air 

electrode with back and front steel mesh displays consistent discharge polarization curves for 

both LSMC-Ru and Pt/C+RuO2 (Figure 4.33c), which indicates that the front steel contact 

design does not deteriorate the discharge performance of the battery. The galvanostatic charge-

discharge curves at 2 mA cm-2 (Figure 4.34) shows that the air electrodes with back and front 

steel deliver the same discharge voltage. For the charging process, the LSMC-Ru-front 

electrode shows a Fe oxidation behavior at the initial stage of the first cycle, and then persists 

steady charging voltage platform corresponding to OER in the following cycles (Figure 4.34). 

For the long-term cycle stability at 2 mA cm-2 (Figure 4.32g), the LSMC-Ru-back electrode 

shows continuously increased charging voltage to 2.22 V after 200 cycles, whereas the LSMC-

Ru-front electrode shows a relatively steady charging voltage of 1.95 V after 200 cycles 

(Figure 4.33d). The round-trip efficiency of LSMC-Ru-back decays to 55 % after 200 cycles, 

whereas LSMC-Ru-front preserves a much higher round-trip energy efficiency of 60.6 % after 

300 cycles (Figure 4.32h). Besides, the electrode of Pt/C+RuO2-front also shows increased 

cycle stability as compared to the electrode of Pt/C+RuO2-back (Figure 4.35). The results 

indicate that the front steel contact is an efficient strategy to improve the cycle life of the air 

electrode. 
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Figure 4.34 A comparison of the galvanostatic discharge-charge curves of the LSMC-Ru-assembled air 
cathodes with back and front steel contact in the initial two cycles. 

 

Figure 4.35 A comparison of (a) the cycle stability and (b) energy efficiencies of the Pt/C+RuO2- 
assembled air cathodes with back and front steel contact. 

4.2.5 Conclusions 

In summary, an ultrafine RuOx-anchored La0.8Sr0.2Mn0.5Co0.5O3 (LSMC-Ru) is fabricated 

by a facile two-step process of solution treatment followed by annealing. The obtained LSMC-

Ru realizes competitive cost and electrocatalytic activity by a low dosage (2.43 wt%) and high 

utilization of noble metal Ru. Superior bifunctional ORR and OER activity with a low potential 

gap of 0.72 V is achieved. The high activity can be attributed to the electron-rich Mn centers 

and electron-deficient Ru centers, which results from the selective cation leaching and the 

strong electronic interaction. The Zn-air battery using LSMC-Ru as the air electrode material 

delivers a high peak power density of 159 mW cm-2 and a charge-discharge potential gap of 

0.58 V at 2 mA cm-2. Furthermore, a front steel contact design is proposed to alleviate the 
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oxidative degradation of electrocatalyst layer in the air electrode, and it effectively elongates 

the cycle life of the ZAB, which persists a round-trip energy efficiency of 60.6 % after 300 

cycles. This work provides simple and effective strategies for the design of bifunctional oxygen 

electrocatalysts and air electrodes, which could inspire the future development of high-

performance and cost-effective metal-air batteries. 
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CHAPTER 5   Mechanistic Synergy Between Noble Metals and 

Nonnoble Metals During Oxygen Electrocatalysis 

5.1 Introduction 

The long-term durability of ZABs is critically limited by the oxidative corrosion of air 

electrodes during the charging process under high voltage, which mainly results from the 

sluggish kinetics of OER. Therefore, it is important to lower charging voltage by using highly 

active OER electrocatalyst, and thus to alleviate the oxidative degradation of the air electrodes 

and, elongating the lifespan of the rechargeable ZABs. The Ir-based materials has been widely 

developed for OER reactions due to the high intrinsic catalytic activity and superior long-term 

stability as compared to Ru-materials and other nonnoble metal oxides/hydroxides. However, 

the high cost of Ir greatly impedes the wide application in practical circumstances. Besides, 

Ir-sites are monofunctional only for OER catalysis and inert for ORR catalysis, which is not 

suitable for the air cathode which requires bifunctional OER/ORR activity. Therefore, 

anchoring single-atom Ir sites on an ORR-active nonnoble metal support should be a promising 

strategy to build a bifunctional OER/ORR electrocatalyst with high stability. The benchmark 

OER electrocatalysts (IrO2, RuO2) have noble metals and high costs, which impedes the 

practical application. Combining noble metals with nonnoble metals is an attractive strategy to 

balance the activity and cost. Researchers recently combined Ir and Ru species with nonnoble 

metal oxides and hydroxides by doping or surface anchoring to realize high activity with low 

noble metal dosage.171,172 For instance, Ir was doped into the perovskite structure to get 

SrZrxIr1-xO3, achieving the improved OER activity (1.47 V vs. RHE at 10 mA cm-2) with 

decreased Ir content (40 wt%) as compared to IrO2.139 Loading atomic Ir on NiO realized 1.445 

V vs. RHE at 10 mA cm-2 for OER with the low Ir content of 18 wt%.106,107 Lu et al. decorated 

ultrasmall RuOx clusters on Co3O4 with a Ru ratio of 4.4 wt%, which delivered OER 
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performance of 1.51 V vs. RHE at 10 mA cm-2.108 However, the standard of selecting the non-

precious metal substrate is unclear, and the mechanism behind the synergistic effects of 

hybridizing noble metals and non-noble supports remains elusive. An in-depth study is thus 

required to tackle those issues and provide guidance for rationally designing such hybrid 

catalysts.  

Previous studies on OER can be consulted to derive important clues for the synergy.173,174 

Since OER is a multielectron transfer process, multiple charges should be accumulated to drive 

the chemical bond formation.175 Shao-Horn’s group reveals that the OER activity scales with 

the charge storage capacity of the electrocatalysts, and thus they suggest that the accumulated 

charge corresponds to the generation of surface reaction sites.161,162 Moreover, the physical 

origin of the charge accumulation was studied, demonstrating that the high-valent metal centers 

and the deprotonated absorbates are responsible for the positive charge storage on the 

electrocatalyst surface, and it confirms the key role of positive charge accumulation on the 

OER activity.162,176,177 In addition to charge accumulation, a high reaction order with respect to 

the surface charge is also significant to drive the high-rate OER.178,179 The rate law equation 

J=k[Q]b (k stands for the reaction constant) describes the relationship between the reaction rate 

(J), the catalyst accumulated charge (Q), and the reaction order (b), and it has been successfully 

applied in interpreting photochemical OER processes.106,180-182 However,  few studies have ever 

applied the rate law equation to understand electrocatalytic OER systems. 

Inspired by the above findings, we carry out a mechanistic study based on the rate law 

equation, aiming to construct a guiding principle for designing noble metal-nonnoble metal 

hybrid OER electrocatalysts. Specifically, highly dispersed Ir species anchored on Co3O4 

(Ir@Co3O4) are chosen as a model catalyst due to the promising activity and stability.183 

Through detailed electrochemical analysis and theoretical calculation, we demonstrate that 

Co3O4 contributes to the high charge accumulation with the outstanding pseudocapacitive 

behavior, and Ir sites are responsible for the high reaction order due to the high intrinsic kinetics. 

In addition to reporting a high-performance OER electrocatalyst, this work contributes to 



 

88 
 

guiding the rational design of a large family of hybrid catalysts by combining intrinsically 

active noble metal sites with pseudocapacitive nonnoble metal supports. 

 

Figure 5.1 Digital photos of the CoCO3 powder, IrCl4 solution, stirring mixture, and the final Ir@Co3O4 
powder during the synthesis procedure.  

5.2 Material Synthesis 

Ir@Co3O4 is synthesized by a very simple stirring treatment of CoCO3 powder in IrCl4 

solution followed by low-temperature calcination (Figure 5.1), which is especially suitable for 

mass production. CoCO3 was used as the precursor of the supporting cobalt oxide of the Ir sites. 

0.1g CoCO3 powder was immersed into 1 mg mL-1 IrCl4 aqueous solution 10 mL, and sonicated 

for about 10 min, followed by continuous stirring at room temperature for 3 hours. The IrCl4 

aqueous solution provided a week acidic environment with pH value of about 4, which could 

assist the slight dissolving of Co2+ and anchoring of Ir sites. The mixture was filtered and dried 

to get the Ir@CoCO3 powder. Ir@CoCO3 was converted to Ir@Co3O4 through 3 h annealing 

in a N2-air mixed atmosphere with N2 flow of 50 sccm at 350 °C. As a control, bare CoCO3 

was annealed with the same condition to get the Co3O4 sample.  
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5.3 Chemical Identity of The Ir@Co3O4 

The X-ray diffraction (XRD) patterns (Figure 5.2) show that the Ir@Co3O4 preserves the 

crystal structure of spinel Co3O4. Relative to the pristine sample, the Ir decoration induced the 

left shift of the peaks, which evidences the elongated Co-O bonds due to electronic interaction 

between Ir sites and Co3O4. As shown in Figure 5.3a, the red-shifted peaks of the Raman 

spectrum in Ir@Co3O4 are also observed as compared to the bare Co3O4, corresponding to the 

XRD results. Besides, no XRD or Raman signals corresponding to IrO2 or Ir metals are 

observed in Ir@Co3O4, possibly due to their low mass loading and high dispersion.  

 

Figure 5.2 XRD patterns of CoCO3, Ir@CoCO3, Co3O4, Ir@Co3O4, and IrO2. 

The high-resolution transmission electron microscopy (HRTEM) image (Figure 5.3b) 

shows the small crystal size of Co3O4 around 10 nm, and the lattice fringes with d-spacing of 

0.244 nm corresponding to (311) plane and 0.285 nm corresponding to (220) plane can be 

clearly identified. In the high-angle annular dark-field scanning transmission electron 

microscopy (HAADF-STEM) image (Figure 5.3c), Ir species can be recognized as bright sub-

nanometer clusters, confirming atom-scale dispersion. The mass content of Ir is determined to 

be 1.4 wt% by inductively coupled plasma atomic emission spectrometry. The large-area 
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HAADF-STEM image (Figure 5.3d), X-ray energy dispersive (EDX) spectrum (Figure 5.4), 

and mapping images (Figure 5.3e-f) are collected, demonstrating that Ir sites are distributed 

on the entire Co3O4 support.  

 

Figure 5.3 (a) Raman spectra of bare Co3O4, Ir@Co3O4, and IrO2. (b) HRTEM image and (c) High-
resolution HADDF-STEM image of Ir@Co3O4. (d) Large-scale HADDF-STEM image and the 
corresponding EDX-mapping image of (e) Co and (f) Ir. (g) Soft XAS spectrum of O-K edge. (h) Soft 
XAS spectrum of Co-L3 edge. (i) XANES spectra of Ir-L3 edge. (j) FT-EXAFS spectra of Ir-L3 edge.  

Furthermore, soft X-ray absorption spectroscopy (XAS) and hard XAS [including X-ray 

absorption near-edge structure (XANES) and extended X-ray absorption fine structure 

(EXAFS)] are analyzed to reveal the electronic structure and local structure of materials.184 For 

soft XAS of O-K edge (Figure 5.3g), IrO2 shows the lowest pre-edge peak energy among three 

samples, corresponding to the highest metal-oxygen covalency among three samples. As 
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compared to the bare Co3O4, Ir@Co3O4 shows almost similar O-K edge spectra, indicating that 

the O electronic structure of Ir@Co3O4 is dominated by the Co3O4 component.  

 

Figure 5.4 EDX spectrum of Ir@Co3O4. 

  

Figure 5.5 XPS spectrum of (a) Co 2p and (b) Ir 4f. 

For soft XAS of Co L3 edge (Figure 5.3h), Ir@Co3O4 exhibits almost the same spectral 

feature as compared to the bare Co3O4, implying their similar Co electronic structures. Besides, 

for the XANES spectra of Ir-L3 edge (Figure 5.3i), the while line feature of Ir@Co3O4 is very 

close to that of Ir foil, suggesting the dominant metallic Ir in Ir@Co3O4 sample. This can be 

further verified by Fourier transformed (FT)-EXAFS spectra of Ir-L3 edge. As shown in Figure 

5.3j, Ir@Co3O4 shows a major Ir-Ir/Co shell peak, which is similar as the Ir foil. The above 

analysis of Co and Ir electronic states is consistent with the X-ray photoelectron spectra (XPS) 

results (Figure 5.5). Combining the electronic states and coordination environment of Ir and 

Co in our samples, we can conclude that the chemical nature of Ir species is metallic Ir clusters 
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anchored on Co3O4. 

5.4 Electrochemical Activity and Mechanism Study 

In the OER linear scan voltammetry (LSV) curves (Figure 5.6a), Ir@Co3O4 displays a 

low potential of 1.51 V vs. RHE at 10 mA cm-2 (Ej=10 mA cm-2), which is smaller than the bare 

Co3O4 (1.60 V vs. RHE) and IrO2 (1.56 V vs. RHE), demonstrating the superior OER activity 

of Ir@Co3O4. Furthermore, the mass activity (MA) is calculated at the overpotential (h) of 300 

mV (Figure 5.6b), and Ir@Co3O4 shows higher MA (32.2 A g-1) than the bare Co3O4 (MA=1.8 

A g-1,) and IrO2 (MA=11.8 A g-1).  

 

Figure 5.6 (a) OER-LSV curves of Co3O4, Ir@Co3O4, and IrO2. (b) The corresponding specific activity 
and mass activity of OER at the overpotential of 300 mV. (c) Chronopotentiometry response of OER 
durability of three samples on RDE at 10 mA cm-2 and (d) Ir@Co3O4 on carbon paper. 
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Figure 5.7 CV curves at the non-Faradic region of (a) Co3O4, (b) Ir@Co3O4, and (c) IrO2. (d) Linear 
relationship between the capacitive current and scan rate for the Cdl calculation. 

The electrochemically active surface area (ECSA) is evaluated by the double-layer 

capacitance (Cdl) tests (Figure 5.7). Cdl is calculated to be 34.9 mF cm-2 for Co3O4, 31.5 for 

Ir@Co3O4, and 28.3 mF cm-2 for IrO2. The ECSA-normalized specific activity (SA) at h=300 

mV is shown in Figure 5.6b. Ir@Co3O4 (SA=20.5 µA cm-2) offers higher specific activity than 

the bare Co3O4 (SA=1.0 µA cm-2) and IrO2 (SA=8.3 µA cm-2), demonstrating the effectiveness 

of the hybrid strategy. In the Nyquist plots of electrochemical impedance spectra (EIS) 

displayed in Figure 5.8, Ir@Co3O4 shows decreased interfacial charge transfer resistance in 

comparison to Co3O4 and IrO2, which can be attributed to the metallic nature of Ir cluster in 

Ir@Co3O4 as suggested by FT-EXAFS (Figure 5.3j). Ir@Co3O4 also shows a better stability 

than the bare Co3O4 and IrO2 (Figure 5.6c). The Ir@Co3O4/carbon paper electrode can be 

stably performed at 10 mA cm-2 for 120 h with a small potential increase of 0.067 V (Figure 

5.6d). The sample after chronopotentiometry test still preserves the original crystal structure of 
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spinel cobalt oxide (Figure 5.9), indicating good structural stability under the electrochemical 

condition.  

 

Figure 5.8 EIS-Nyquist plots at 1.53 V vs. RHE and the equivalent circuit for fitting 

 

Figure 5.9 XRD pattern of the Ir@Co3O4 coated on carbon paper after the stability test at 10 mA cm-2 
for 15 h. 

Thereafter, the charge accumulation property and the reaction order of the three samples 

are investigated to get the in-depth understanding of the synergy between Ir sites and Co3O4 

supports. In the cyclic voltammetry curves (Figure 5.10a), Co3O4 exhibits the featured redox 

peak of Co (II/III) and Co (III/IV), which is typical for the pseudocapacitive charge 

accumulation. In comparison to Co3O4, Ir@Co3O4 shows negatively shifted Co redox peaks, as 
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well as the suppressed cathodic peak concomitantly with the lowered onset potential of OER. 

The change of peak position and peak area indicates the smooth charge transfer from Co3O4 to 

Ir sites in the hybrid Ir@Co3O4.185,186  

 

Figure 5.10 (a) CV curves within the Co redox potential range at the scan rate of 5 mV s-1 in 0.1 M 
KOH. (b) Representative pulse voltammetry protocol showing the oxidative potential-OCP step and the 
corresponding pulse current response. (c) Q~E and J~E plots calculated from the pulse voltammetry 
form Figure S8. (d) Comparison of the pseudo capacitance and double layer capacitance. (e) Log (J) 
versus log (Q) and the linear fitting for the calculation of reaction order of Co3O4, Ir@Co3O4, and IrO2. 

Pulse voltammetry is used to quantify the accumulated positive charge on electrocatalysts. 

The electrocatalyst is initially set at the aimed positive potential and then abruptly switched to 

the open circuit potential (OCP) (Figure 5.10b, Figure 5.11a-c), and the cathodic transient 

current peak is integrated to determine the accumulated positive charge (Q). The relationship 

between Q, OER current density (J), and the applied potential (E) are summarized in Figure 

5.10c. Co3O4, Ir@Co3O4, and IrO2 exhibit very similar shapes of Q-E curves and J-E curves. 

All the curves show two distinct features in two potential regions, and the two regions can be 

distinguished by the OER onset potential. Before the onset potential, negligible OER current 

is observed, and the electrocatalysts display a capacitor-like behavior as indicated by the linear 

relation between the Q and E. After the onset potential, OER current starts to grow, whereas 
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the accumulated charge preserves a constant value with further increased positive applied 

potential. 

 

Figure 5.11 Pulse voltammetry protocol showing the pulse current response to the oxidative potential-
OCP step. (a) Co3O4, (b) Ir@Co3O4, and (c) IrO2.  

The observation demonstrates that the electrocatalysts should accumulate a critical 

number of positive charges to trigger the OER reaction. The charge storage capacity of the 

three electrocatalysts can be assessed from the slope of (∂Q/∂E) in the linear region, giving the 

capacitance value of 131 mF cm-2 for Co3O4, 83.1 mF cm-2 for Ir@Co3O4, and 29.2 mF cm-2 

for IrO2. Moreover, the double-layer capacitance (Cdl) (Figure 5.7) is subtracted from the 
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C(∂Q/∂E) to calculate the pseudocapacitive contribution (Cpseudo) of Co3O4 (96.1 mF cm-2), 

Ir@Co3O4 (51.6 mF cm-2), and IrO2 (0.9 mF cm-2). Accordingly, we conclude that the 

pseudocapacitive feature plays the dominant role in achieving the large charge accumulation 

capacity of electrocatalysts (Figure 5.10d).  

To scrutinize how the charge accumulation triggers the OER current, we carry out the rate 

law analysis (Figure 5.10e). The quantitative correlation between charge accumulation and the 

reaction rate of electrocatalytic OER can be described by the rate law equation, J=k[Q]b, where 

k is the rate constant, [Q] stands for the density of the accumulated positive charge, and b is 

the reaction order.178 The log(J)~log(Q) curves of the threes samples (Figure 5.10e) show 

linear features around OER onset potential. Accordingly, the b values are extracted from the 

fitted slopes of the log(J)~log(Q) curves. The reaction order grows higher with the increased Ir 

content following the tendency of IrO2 (b=3.18)>Ir@Co3O4 (b=2.88)>Co3O4 (b=1.17), 

validating that the Ir sites play the key role in achieving a high reaction order. Combining the 

above results, the insights of promoted OER by the hybrid strategy are clarified. The Co3O4 

support contributes to the large charge accumulation, and Ir sites boost the high reaction order, 

and the two features synergistically lead to the fast OER rate of Ir@Co3O4. 

Furthermore, we demonstrate that the high reaction order of Ir sites comes from the high 

intrinsic OER kinetics. Tafel slopes are displayed in Figure 5.12a. To eliminate the 

interruption of the capacitive current of Co redox on the Tafel slopes, the data points are 

acquired by chronoamperometry tests at a series of potential values (Figure 5.11d-f) instead 

of extracting from the LSV curves. Co3O4, Ir@Co3O4, and IrO2 show the Tafel slope of 126, 

73, and 69 mV dec-1, implying the intrinsic reaction kinetics in the order of 

IrO2>Ir@Co3O4>Co3O4. As a complementary evidence, the peak frequency of EIS-Bold plot 

(Figure 5.12b) is measured to reflect the time scale for interfacial charge transfer. The Bode 

plots deliver a tendency of IrO2 (1.26 Hz) > Ir@Co3O4 (1 Hz) > Co3O4 (0.25 Hz), agreeing 

well with the Tafel slopes.  
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Figure 5.12 (a) OER-Tafel slopes and (b) EIS-Bode plots at 1.53 V vs. RHE of Co3O4, Ir@Co3O4, and 
IrO2. (c) Structure of Ir@Co3O4 and the OER intermediates adsorbed on the Ir site. The blue, purple, 
red, white balls represent Ir, Co, O, and H atoms, respectively. (d) DOS of Co3O4 and Ir@Co3O4.  (e) 
Gibbs free-energy diagram for the OER four steps on the Co site of Co3O4, the Ir site of IrO2, the Co 
and Ir sites of Ir@Co3O4. 

Furthermore, the structure models (Figure 5.12c, Figure 5.13) for DFT calculation were 

constructed based on the characterization (Figure 5.3) and the conventional adsorbate 

evolution mechanism (AEM) of OER.29 The density of function (DOS) results (Figure 5.12d) 

show that Ir@Co3O4 has zero band gap, and it has higher DOS than the bare Co3O4 around the 

fermi level, indicating the metallic nature and the superior electron transport property of 

Ir@Co3O4.158 The Gibbs free-energy diagram (Figure 5.12e) shows the OER energy barrier in 

order of IrO2 (0.40 eV) < Ir site of Ir@Co3O4 (0.48 eV) < Co site of Ir@Co3O4 (0.61 eV) 

<Co3O4 (0.72 eV), which is consistent with the Tafel slopes and EIS-Bode plots, as well as the 
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previous reports clarifying the high intrinsic OER kinetics of Ir sites.187-189 The consistent 

tendency between the b value and the DFT-calculated energy barrier proves that the high 

reaction order of Ir sites is due to the high intrinsic OER kinetics. 

 

Figure 5.13 Model construction for the DFT calculation of Gibbs free energy of OER. Structure of the 
OER intermediates adsorbed on (a) the Co site of Co3O4, (b) the Ir site of IrO2, and (c) the Co site of 
Ir@Co3O4. The blue, purple, red, white balls represent Ir, Co, O, and H atoms, respectively. 

5.5 Application in Zn-Air Batteries 

After the strategy demonstration of the OER electrocatalyst design, we consider the device 

application of Ir@Co3O4. The unique advantage of high-rate OER can be utilized for the fast 

charging of ZABs, which is quite important for the practical application.190,191 Oxygen 

reduction reaction (ORR) activity is then assessed to guarantee the discharge performance of 

ZABs. Ir@Co3O4 delivers ORR half-wave potential (E1/2) of 0.75 V vs. RHE, which is 

significantly more active than the bare Co3O4 with E1/2=0.56 V vs. RHE (Figure 5.14a).  
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Figure 5.14 (a) ORR-LSV curves of Co3O4, Ir@Co3O4, and Pt/C. (b) ORR durability tested by 
chronoamperometry response of Ir@Co3O4 and Pt/C at 0.30 V vs. RHE. (c) Potential gaps of Co3O4, 
Ir@Co3O4, and Pt/C+IrO2 between E1/2 of ORR and Ej=10 of OER. Fast-charging performance test of of 
Ir@Co3O4 and Pt/C+IrO2 tested with a fixed areal capacity of 30 mAh cm-2/cycle at different charge 
densities from 10 to 40 mA cm-2 and fixed discharge current density of 10 mA cm-2: (d) galvanostatic 
V-t profiles and (e) the corresponding energy efficiency and charge/discharge time ratio. (f) Cycle 
stability of Ir@Co3O4 and Pt/C+IrO2 assembled ZABs tested at 10 mA cm-2 and 20 min/cycle and (g) 
the corresponding energy efficiency. (h) Cycle stability of the Ir@Co3O4 assembled ZAB at 20 mA cm-

2 and 3 h/cycle. (i) Comparison of the area energy and cycle life of the Ir@Co3O4-assembled ZAB with 
the literature reports. 
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The improved ORR activity of Ir@Co3O4 can be ascribed to the stronger O2 adsorption as 

reflected by the open circuit potential difference in O2 and N2 saturated electrolyte (Figure 

5.15a).192,193 The ORR electron transfer number is calculated to be 3.99 for Ir@Co3O4 and 4.02 

for the benchmark Pt/C, indicating the four-electron pathway (Figure 5.16). Moreover, 

Ir@Co3O4 persists a more stable ORR chronoamperometry response than Pt/C (Figure 5.14b), 

indicating the good long-term durability. The bifunctional activity is evaluated by the potential 

gap (DE) between Ej=10 of OER and E1/2 of ORR (Figure 5.14c). Ir@Co3O4 displays a DE of 

0.76 V, which is comparable to the benchmark Pt/C+IrO2 (0.72 V) and significantly lower than 

that of bare Co3O4 (1.04 V), showing the potential of application in rechargeable ZABs. The 

ZAB assembled using Ir@Co3O4 delivers the peak power density of 163 mW cm-2, which is 

close to Pt/C+IrO2 (194 mW cm-2) (Figure 5.15b).  

 

Figure 5.15. (a) Open circuit potential of Co3O4 and Ir@Co3O4 in N2 and O2 saturated 0.1 M KOH. (b) 
Charge and discharge polarization curves of Zn-air batteries assembled using Ir@Co3O4 and Pt/C+IrO2 
couple as the air electrode electrocatalysts. 

The fast-charging performance of ZABs is evaluated by galvanostatic charge/discharge 

test at a fixed areal capacity of 30 mAh cm-2/cycle (Figure 5.14d). Ir@Co3O4 displays charging 

potential of 1.95 V, 1.98 V, 2.02 V, and 2.04 V when charging at 10, 20, 30, and 40 mA cm-2, 

respectively, and it also shows a stably retained discharge voltage of 1.15 V at 10 mA cm-2 

after the whole fast-charging test of 54 h. In comparison, Pt/C+IrO2 couple shows much higher 

charging voltage of 2.00 and 2.06 at 10 and 20 mA cm-2. 
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Figure 5.16 (a) ORR-LSV curves at different rotating speed of RDE and (b) the correspond calculation 
of electron transfer number of Pt/C. (c) ORR-LSV curves at different rotating speed of RDE and (d) the 
correspond calculation of electron transfer number of Ir@Co3O4. 

More notably, Pt/C+IrO2 shows a rapid increasement of charging voltage from 2.14 V to 

2.41 V at the second cycle of 30 mA cm-2 charging, which leads to the serious oxidative 

degradation of air electrode, and thus resulting in the significantly decreased discharge voltage 

of 0.86 V at 10 mA cm-2 after the fast-charging performance test. Figure 5.14e shows the 

energy efficiencies of ZABs with fixed areal capacity of 30 mAh cm-2/cycle at different 

charging rate. When performed at the gradually increased charging rate with the charging 

time/discharging time from 1/1 to 1/4, Ir@Co3O4 delivers slightly decreased energy efficiency 

from 62% to 57%, whereas Pt/C+IrO2 exhibits dramatically decreased energy efficiency of 

from 64% to 35%. Moreover, the relatively low charging potential effectively alleviates the 
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oxidative corrosion of air electrodes, leading to the stable cycle profiles of Ir@Co3O4 for over 

720 cycles with sustained energy efficiency of 58% when performed at 10 mA cm-2 and 20 

min/cycle, which is significantly more stable than Pt/C+IrO2 with the energy efficiency 

decayed to 50 % in 300 cycles (Figure 5.14f and 5.14g). The ZAB is further cycled at 20 mA 

cm-2 and 3 h/cycle (Figure 5.14h) to approach the viable areal energy of about 35 mWh cm-2 

as recently suggested by Brandon et al.194 The Ir@Co3O4 assembled ZAB can be stably 

performed for 70 cycles (210 h) with the preserved areal energy of 31.2 mWh cm-2 and energy 

efficiency of 52.7% (Figure 5.17), which is comparable to the most recent high-level reports 

(Figure 5.14i).134 The above demonstrates that Ir@Co3O4 is a rather promising material for the 

fast charging and long stable ZABs. 

 

Figure 5.17 Areal energy and the energy efficiency of the Ir@Co3O4 assembled Zn-air battery during 
the cycle stability test at 20 mA cm-2 and 3 h/cycle. 

5.6 Conclusions 

In summary, by using Ir@Co3O4 as the model catalyst, we reveal the unique contributions 

nonnoble substrate and supported noble metals, clarifying the synergy mechanism in realizing 

high-rate OER. The Ir@Co3O4 has strong interfacial electronic coupling, efficient interfacial 

charge transfer, and it also realizes high utilization of the noble metal. Ir@Co3O4 displays the 
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low OER overpotential of 280 mV at 10 mA cm-2 with a low Ir loading of 1.4 wt%. An 

insightful rate law analysis and theoretical calculation validate that the Co3O4 is responsible 

for the abundant charge accumulation due to the pseudocapacitive feature, while Ir sites play 

the key role in achieving the high reaction order due to the high intrinsic kinetics. The synergy 

of the two features delivers the high OER rate and enables the potential application of 

Ir@Co3O4 as a high-performance OER catalyst as demonstrated by the ZABs. Specifically, 

Ir@Co3O4 achieved a low charging potential of 2.04 V at 40 mA cm-2 during ZAB application, 

and it can be stably operated for 210 h at 20 mA cm-2. This work reveals the different roles of 

noble metals and nonnoble metals and the synergy mechanism during OER electrocatalysis, 

highlighting the significance of pseudocapacitive property in selecting suitable nonnoble metal 

supports and providing guidance for future electrocatalyst development. 
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CHAPTER 6   An Air Electrode with Decoupled Charge-Discharge 

Sites and Abundant Triple Phase Boundary 

6.1 Introduction 

Rechargeable Zn-air battery attracts much research interests due to the high intrinsic 

safety, large theoretical energy density, and low cost. It is regarded as one of the most 

promising candidates for the next generation energy storage devices. However, the large 

potential gap between charge and discharge causes the low energy efficiency, which impedes 

the implementation of Zn-air batteries 195,196. The dominant potential loss is from the air 

electrodes according to previous studies 197,198. Although many efforts have been paid in the 

electrocatalyst development for the air electrode, few works have been done on the electrode 

structure design which is quite import for the battery performance 199-202. The discharge 

reaction of air electrodes, oxygen reduction reaction (ORR), is a triple-phase-participated 

reaction which occurs at the phase boundary between the liquid electrolyte, the solid electrode, 

and the gas phase O2 reactant 92,93,203. On the contrary, the charge reaction, oxygen evolution 

reaction (OER) occurs at the dual-phase boundary which favors the maximum contact between 

liquid and solid and fast desorption of gas phase O2 product 204,205. Hence, it is difficult to 

balance the hydrophobicity and hydrophilicity of the air electrode to simultaneously satisfy 

OER and ORR reactions 99,200,206. In the previous studies, the dominant method to control the 

hydrophobicity is to add the hydrophobic additives such as polytetrafluoroethylene (PTFE) 96. 

However, the low conductivity of PTFE highly impedes the electron transport. Besides, PTFE 

could also adhere to the catalytic materials and block the active sites 207. The two disadvantages 

greatly limit the discharge performance of Zn-air batteries. Therefore, developing a new 

strategy to adjust the hydrophobicity of air electrodes is quite important. Zhang’s group 

reported an asymmetric air electrode which has a hydrophilic side facing to the electrolyte and 
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a hydrophobic side facing to the air. This unique structure significantly enlarged the triple-

phase boundary from a conventional two-dimensional configuration to a three-dimensional 

region, and thus promoted the discharge performance of the air electrode. Cui’s group designed 

a breathing-mimicking electrocatalytic system to realize amplified triple-phase boundary lines 

and dual-direction gas pathways for the O2 evolution and consumption 58. Shao’s group 

developed a dual-layer structure of the air electrode which composed of a hydrophobic MnS 

layer and a hydrophilic Ni-Co-S layer, and it showed decreased charge voltage and increased 

discharge voltage in Zn-air batteries as compared to the single-layer structure 208.  

In addition to the large charge-discharge voltage gap, the short cycle life is another critical 

obstacle that hinders the practical use of rechargeable Zn-air batteries 168,209,210. The main 

reason of the degradation of the battery performance along cycling operation is the oxidative 

corrosion of the air electrode during the charging process 211,212. The high OER potential could 

gradually oxidize the electrocatalysts, porous conductive carbon, and the gas diffusion layer, 

leading to the flooding of air electrode and the loss of triple phase boundary 213,214. Regarding 

this problem, the three-electrode system was suggested to separate the charge and discharge 

reactions on two distinct electrodes, and thus the air electrode could be protected from the high 

OER potential 170,215,216. However, the three-electrode system adds to the complexity of the 

device configuration and increases the weight and volume of the battery which reduces the real 

energy density. Wang et al. designed a Janus structure of the air electrode with separate 

distribution of OER and ORR electrocatalysts on two faces of the substrate, which realized the 

separation of charge and discharge reactions on one electrode, and thus improved the cycle 

stability 217. However, the fabrication process of the Janus electrode required repeated coating 

and removing of polymers on the electrode, which is time consuming and may cause peeling 

of the active materials. Therefore, a facile method to fabricate an electrode with separate OER 

and ORR sites is still highly demanded. 

The above analysis indicates that proper hydrophilicity and separate OER-ORR sites are 

two pivotal characteristics for a high performance and stable air electrode, but it is challenging 
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to simultaneously regulate the two features. Herein, we designed a unique air electrode 

structure with adjustable hydrophilicity and microscale decoupled OER and ORR sites. We 

choose the conventional cheap materials of MnO2/C for ORR and FeOOH/Ni(OH)2 for OER 

as the platform to demonstrate the concept of novel air electrode structure. The decoupled air 

electrode was produced by pressing a sprayed MnO2/C layer with a FeOOH/Ni(OH)2 coated 

steel mesh, and thus the ORR and OER active materials could be alternatively arranged on the 

air electrode surface with a meshed structure. Additionally, the texture of the catalytic surface 

could be tuned by changing the mesh density, realizing a free control of the contact angle within 

a large range from 63 º to 133 º, enabling the optimization of hydrophobicity towards the 

maximum triple phase boundary. This work reports a facile method to simultaneously achieve 

decoupled OER and ORR sites and optimal hydrophobicity of the air electrode, which is 

inspiring for further development of high-performance and long-stable rechargeable Zn-air 

batteries. 

6.2 Material Synthesis and Electrode Fabrication 

6.2.1 Coating Ni(OH)2/FeOOH on stainless steel 

The fabrication process of the decoupled air electrode is illustrated in Scheme 1. A stain-

less steel mesh was immersed in a 0.1 g mL-1 FeCl3 solution and stirred in room temperature 

for 5 h. The acidic solution environment could assist partial surface oxidation of iron and nickel 

of the steel, leading to the formation of corresponding hydroxide 218,219. After rinsing and 

natural dying, the activated steel mesh (named as a-Steel) was obtained.  

6.2.2 Synthesis of MnO2 powder 

The MnO2 powder was synthesized by a facile sol-gel method. Typically, 0.01 mol 

Mn(CH3COOH)2 was dissolved in 20 mL H2O. 2.92 g ethylenediaminetetraacetic acid and 4.2 
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g citric acid were dissolved in 8 mL aqueous ammonia (25 wt%) and in 5 mL H2O, and then 

the solution was dropwise added into the Mn(CH3COOH)2 solution to get a transparent mixture. 

The above mixture was heated on a hot plate until a white gel was obtained. The gel was 

carbonized under 180 ℃ for 12 h in oven, and then annealed at 600 ℃ for 5 h. The annealed 

powder was treated by 0.5 M HNO3 for 4 h to partially etch the Mn-O motifs 220, and thus to 

decrease the particle size increase the surface area to get the final product of MnO2. 

6.2.3 Fabrication of The Decoupled and Conventional Air Electrodes 

 

Figure 6.1 Fabrication procedure of the decoupled air electrode and conventional air electrode.  

The fabrication process of the decouple and conventional air electrodes is schemed in 

Figure 6.1. The MnO2 powder was mixed with carbon support (XC 72) with a mass ratio of 

2:1, and then 60 µL Nafion and 1 mL ethanol were added into 15 mg the above mixed powder. 
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Ball-milling was then conducted for the mixture to get a homogenous ink. The ink was sprayed 

on the gas diffusion layer (GDL) with a MnO2 mass loading of 2 mg cm-2, after which the a-

Steel was integrated onto the MnO2/C/GDL layer by cold-press. The GDL was composed of 

two layers of carbon paper (SGL 36BB for the catalytic face and HCP020P for the air face). 

The a-Steel could simultaneously act as the current collector linking to the external circuit. 

As a control, the conventional air electrode was fabricated. The powder FeOOH/Ni(OH)2 

was prepared by immersing nickel/iron powder in in a 0.1 g mL-1 FeCl3 solution and stirred in 

room temperature for 5 h. The powder was then vacuum filtered and dried in oven. The 

unreacted metallic powder was separated from the hydroxide product by a magnet. 

FeOOH/Ni(OH)2, MnO2, and XC-72 powders were mixed with a mass ratio of 1 : 1: 1. on to 

the GDL with a mass loading of 2 mg cm-2 FeOOH/Ni(OH)2 + 2 mg cm-2 MnO2, after which 

an additional 400-mesh steel acting as the current collector was packed onto the other side of 

the GDL.  

6.3 Chemical Identity and Electrochemical Activity of Electrocatalysts 

Figure 6.2a shows the SEM image of the steel mesh, and the magnified SEM image 

(Figure 6.2b) shows the smooth surface of the steel wire. After the activation treatment, the a-

Steel sample with the preserved mesh structure and the rougher wire surface (Figure 6.2b) is 

obtained. The Raman spectra (Figure 6.2d) verify the mixed component of FeOOH (identified 

by the peak group at 219, 283, 397, 484, and 594 cm-1) and Ni(OH)2 (identified by the featured 

broad peak at 680 cm-1), both of which are typical OER-active electrocatalysts 221. The powder 

sample of FeOOH/Ni(OH)2 shows identical Raman signals as the a-Steel, which ensures the 

reasonable comparison between the conventional air electrode and decoupled air electrode. The 

ORR-active MnO2 powder shows the characteristic Raman shift at 636 cm-1 222. 
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Figure 6.2 (a) SEM images of the steel mesh, and the magnified SEM images of (b) the bare steel and 
(c) a-Steel. The scale bars in a, b, and c are 100 µm, 2 µm, and 2 µm, respectively. (d) Raman spectra 
of MnO2, FeOOH, FeOOH/Ni(OH)2 powders, Steel, and a-Steel. 

The ORR and OER activity and stability of the prepared materials are shown in Figure 

6.3. The LSV curves (Figure 6.3a) show that the limiting current density of MnO2 (5.2 mA 

cm-2) is the same to that of Pt/C. The half-wave potential (E1/2) of MnO2 (0.75 V) is 90 mV 

more negative than that of Pt/C (E1/2=0.84 V). Although Pt/C shows the benchmark activity for 

ORR, the long-term stability is limited as indicated by the current decay to 75% of the initial 

current in 20 h in the chronoamperometry test at 0.3 V vs. RHE (Figure 6.3b). In comparison, 

MnO2 shows much better ORR stability with a current retention of 84 % after 50 h (Figure 

6.3b). The OER-LSV curve (Figure 6.3c) of the powder FeOOH/Ni(OH)2 shows a potential 

of 1.58 V vs. RHE at 10 mA cm-2, which is close to that of the benchmark RuO2 (1.57 V vs. 

RHE). Moreover, the powder FeOOH/Ni(OH)2 shows a stable chronopotentiometry profile at 

10 mA cm-2 for 30 h with only a small potential increase of 0.04 V (Figure 6.3d), whereas 

RuO2 shows poor stability with large potential increase of 0.12 V in 0.7 h. The a-Steel shows 

consistently good OER activity with the powder FeOOH/Ni(OH)2 (Figure 6.3e), and it could 

be stably operated at 10 mA cm-2 for 200 h with a small potential increase of 0.04 V (Figure 

6.3f). The above test implies that the platform materials of MnO2 for ORR and 

FeOOH/Ni(OH)2 for OER have qualified activity and stability for the concept demonstration 

of our decoupled air electrode structure. 
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Figure 6.3 (a) ORR-LSV curves of powder samples tested on RDE and (b) ORR current densities 
recorded at 0.3 V vs. RHE under chronoamperometry mode. (c) OER-LSV curves of the powder 
samples tested on RDE and (d) corresponding long-term stability test of OER potentials at 10 mA cm-2 
under chronopotentiometry mode. (e) OER-LSV curves of Steel and a-Steel. (f) Chronopotentiometry 
OER potential response of a-Steel recorded at 10 mA cm-2.  

6.4 Characterization of The Decoupled Air Electrode 

The top-view SEM image of the decoupled air electrode (Figure 6.4a) shows the mesh 

morphology of a-Steel packed with the underlying spayed layer. The cross-sectional SEM 

image (Figure 6.4b) shows the electrode thickness of about 200 µm. The EDX spectrum 

(Figure 6.4c) is extracted to study the elemental composition, which shows obvious signals of 

Mn and C from the sprayed layer, as well as Fe, Ni, Cr from the a-Steel. The elemental mapping 

in Figure 6.4d clearly presents the spatially separated distribution of Ni/Fe (active for OER) 

and Mn/C (active for ORR), suggesting the successful design of the microscale decoupled OER 

and ORR sites at the air electrode. The cross-sectional SEM image was magnified in Figure 

6.4e and 3f, which clearly shows the alternative exposure of MnO2/C and a-Steel at the outmost 

surface. Besides, partial of the a-Steel was buried within the inner bulk of the MnO2/C layer 
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(Figure 6.4f), which could act as the cross-linked current collector to facilitate the electron 

transport. The EDX linear scan profiles are extracted to further confirm the material 

distribution at the decoupled air electrode. For the horizontal line, the signals of Mn/C and 

Fe/Ni exhibit staggered intensity with a unit period of 60 µm (Figure 6.4g), manifesting the 

separate exposure of MnO2/C and a-Steel. For the vertical line (Figure 6.4f), the intensity of 

Fe/Ni is sandwiched between intense Mn signals within 50 µm near the electrode surface, 

confirming the buried a-Steel within the MnO2/C layer. 

 

Figure 6.4 Characterization of the decoupled air electrode with 400 mesh a-steel. SEM images of (a) 
top view and (b) cross-section of the decoupled air electrode. (c) EDX spectrum and (d) EDX-mapping 
of Fe, Ni, Mn, and C of the decoupled air electrode. (e) (f) Magnified SEM image of the cross-section 
of the decoupled air electrode. (g) (h) EDX-linear scan of Fe, Ni, Mn, and C distribution along Line 1 
and Line 2 as labeled in (e). 



 

113 
 

6.5 Performance of Zn-Air Batteries 

6.5.1 Adjustable Hydrophobicity and The Impact on Battery Performance 

The discharge performance of the Zn-air battery is significantly influenced by the 

hydrophilicity of the air electrodes. By changing the mesh number of the a-Steel, the 

hydrophilicity of the catalytic face of the decoupled air electrode could be easily adjusted due 

to the variation of surface texture. The conventional air electrode shows a flat surface (Figure 

6.5a), whereas the decoupled air electrodes show rougher surface due to the mesh 

micromorphology (Figure 6.5b-c). The conventional air electrode exhibits the most 

hydrophobic surface with a contact angle of 133º (Figure 6.5e).  

 

Figure 6.5 Top-view SEM images of (a) conventional air electrode, and decoupled air electrode with 
(b) 100 mesh, (c) 200 mesh, and (d) 400 mesh a-Steel. Contact angle of the electrocatalyst-loaded face 
of (e) conventional air electrode, and decoupled air electrode with (f) 100 mesh, (g) 200 mesh, and (h) 
400 mesh a-Steel. (e) EDX spectrum and (d) EDX-mapping of Fe, Ni, Mn, and C of the decoupled air 
electrode. (i) Discharge profiles of the Zn-air battery using different air electrodes at varied current 
densities from 1 to 50 mA cm-2. (j) Summary of the correlation between contact angle of the catalytic 
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surface and the discharge voltage. 

In comparison, the decoupled air electrode shows increased hydrophilicity due to the 

hydrophilic FeOOH/Ni(OH)2 on a-Steel and the mesh-induced texture. Moreover, as the mesh 

density grows, the nano-scale roughness is increased, and the hydrophilicity increases 

consequently 223. As a result, the contact angle of D-100 mesh, D-200 mesh, and D-400 mesh 

decreases to 105 º, 85 º, and 63 º, respectively (Figure 6.5f-h). Furthermore, the discharge 

voltages of the conventional and decoupled air electrode are recorded (Figure 6.5i), and the 

relationship between the contact angle and the discharge voltage is summarized in Figure 6.5j. 

The volcano shape relation between the discharge voltage and the contact angle indicates that 

the moderate hydrophobicity should be optimal for constructing the longest triple-phase 

boundary and thus providing more reacting sites for ORR during the battery discharge.  

Table 6.1 EIS fitting results of the conventional air electrode and decoupled air electrodes with 

different mesh number. 
 Rs (W) Rct (W) 

Conventional 2.07 2.10 
D-100 mesh 1.83 1.01 
D-200 mesh 1.55 0.28 
D-400 mesh 1.47 0.27 

 

In addition to the discharge performance, the adjustable hydrophilicity also impacts the 

charge performance of Zn-air batteries (Figure 6.6). By increasing the hydrophilicity of the 

catalytic face, the air electrodes should provide more two-phase boundary for OER due to the 

improved electrode-electrolyte contact 224. To evaluate the two-phase boundary at the air 

electrodes for OER during battery charging, the ECSA is measured by the double layer 

capacitance at the electrode-electrolyte interface. The decoupled air electrodes show higher 

ECSA than the conventional air electrode, and the ECSA grows larger with the mesh number 

(Figure 6.6a-e). The higher hydrophilicity also leads to the decreased solution resistance 

(Figure 6.6f, Table 6.1). Moreover, the decoupled air electrodes show lower charge transfer 
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resistance than the conventional air electrode (Figure 6.6f, Table 6.1), demonstrating that the 

partially buried a-Steel inside the powder catalyst/carbon layer can assist the electron transport. 

The decoupled air electrodes also deliver lower charging voltage than the conventional one, 

and the charge voltage reduces with the mesh number (Figure 6.6g). It could be attributed to 

the increased hydrophilicity of the air electrodes and the resultant larger dual-phase boundary 

for OER 225,226. During the charging test from 1 mA cm-2 to 50 mA cm-2, concentrated OER 

bubbles lead to the powder catalysts/carbon peeling off from the conventional air electrode, 

and the peeled powder turns the electrolyte to back color as shown by the photo (Figure 6.6h). 

In contrast, for the decoupled air electrodes, the OER bubbles are produced from the a-Steel 

and partially bypass the powder catalysts/carbon layer, thus protecting the air electrode 

structure. Moreover, the decreased charging voltage alleviates the oxidative carbon corrosion, 

which can be verified by the electrolyte color change after the charging tests (Figure 6.6h) 108. 

 

Figure 6.6 The ECSA tests of (a) the conventional air electrode and the decoupled air electrode using 
a-Steel with (b) 100 mesh, (c) 200 mesh, (d) 400 mesh. (e) Capacitive current-scan rate relation and the 
Cdl calculation results. (f) EIS and the fitting plots of the Zn-air batteries with conventional and 
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decoupled air electrodes. (g) Charge profiles of the Zn-air battery using different air electrodes at varied 
current densities from 1 to 50 mA cm-2. (h) Photos of the Zn-air batteries after the charge profile tests 
in (g). 

6.5.2 Enhanced Cycling Stability  

 

Figure 6.7 Galvanostatic charge-discharge profiles of Zn-air batteries cycled at (a) 2mA cm-2 and (c) 
10 mA cm-2. Round-trip energy efficiencies of Zn-air batteries along cycling operation at (b) 2mA cm-2 
and (d) 10 mA cm-2. 

The D-400 sample is elected to represent the decoupled air electrode for further cycling 

test since it shows the highest ability to resist oxidative carbon corrosion (Figure 6.6h). The 

Zn-air batteries assembled using the conventional and decoupled air electrode are cycled with 

3 h discharge and 3 h charge periods. When they are performed at 2 mA cm-2 (Figure 6.7a), 

the conventional air electrode and decoupled air electrode show similar round-trip energy 

efficiency around 70 % at the initial cycle (Figure 6.7b). However, the conventional air 

electrode shows a quick performance decay after 16 cycles (96 h), whereas the decoupled air 

electrode keeps a relatively stable profile for 50 cycles (300 h) with a retained energy efficiency 

of 63.3 %. When operated at 10 mA cm-2 (Figure 6.7c), the conventional air electrode shows 

an initial voltage gap of 0.89 V with energy efficiency of 56.2%. In comparison, the decoupled 
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air electrode delivers a much better performance with initial voltage gap of 0.75 V and energy 

efficiency of 62.6%. In addition, the decoupled air electrode also shows good cycle stability at 

10 mA cm-2 for 40 cycles (240 h) and preserves a voltage gap of 0.92 V and energy efficiency 

of 54.2%, whereas the conventional air electrode shows rapid voltage gap increasement in only 

8 cycles (48 h) with retained energy efficiency of only 40% (Figure 6.7d). 

 

Figure 6.8 XPS spectra of (a) C 1s and (b) Zn 2p of the original GDL, the air faces of cycled 
conventional air electrode and cycled decoupled air electrode. (c) Contact angle of the of the original 
GDL and the air face of the cycled conventional air electrode and cycled decoupled air electrode.  

The cycled electrodes are further characterized for a deeper understanding of the 

advantages of the decoupled air electrode. Figure 6.8 shows the comparing results of the of 

the original GDL, the air face of the conventional air electrode after 16 cycles (96h) at 2 mA 

cm-2, and the air face of decoupled air electrode after 20 cycles (120 h) at 2 mA cm-2. The XPS 

spectrum C 1s (Figure 6.8a) is studied to explore the oxidative corrosion of air electrodes along 

cycling. The original GDL shows C-O and sp3 C species with the ratios of 31.1% and 68.9%, 

respectively. The cycled conventional air electrode shows greatly enhanced C-O of 80.1% 

indicating significant oxidative corrosion, whereas the cycled decoupled air electrode shows 
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slightly increased C-O ratio of 37.2% implying the rather low degree of the oxidative corrosion. 

Moreover, the XPS spectrum of Zn 2p (Figure 6.8b) is acquired to investigate the flooding of 

electrolyte through the air electrodes. The original GDL shows no signal of Zn. In contrast, the 

cycled conventional air electrode shows obvious Zn signal that indicates severe electrolyte 

flooding. In comparison, the cycled decoupled air electrode shows very weak Zn signal, 

implying that the electrolyte flooding is reduced. Furthermore, the evaluation of hydrophilicity 

of the air face of the air electrodes along cycling was scrutinized by the contact angle 

measurement (Figure 6.8c). The original GDL shows a hydrophobic air face with the contact 

angle of 135º, which guarantees the diffusion pathway of the O2 gas. The cycled conventional 

air electrode displays more hydrophilic air face with largely decreased contact angle of 97º, 

further manifesting the serious carbon corrosion 227, which could inhibit the gas diffusion. In 

comparison, the cycled decoupled air electrode still preserves a relatively hydrophobic air face 

with contact angle of 123º, indicating the maintained gas diffusion pathway along cycling. The 

above analysis demonstrates that the unique structure of decoupled air electrode could 

efficiently inhibit the oxidative corrosion of the air electrode, and thus prevents the electrolyte 

flooding and persists the gas diffusion pathway along cycling. Therefore, the decoupled air 

electrode shows promoted cycle stability as compared to the conventional one. 

6.6 Conclusions 

In summary, an air electrode with decoupled ORR-OER sites is fabricated by a facile 

method of pressing a hydrophilic OER-mesh and a hydrophobic ORR layer. The 

hydrophobicity of the catalytic surface could be adjusted by changing the texture of the steel 

mesh. The decoupled air electrode achieves the optimal discharge performance at the moderate 

contact angle of about 85 º, which is due to the balance of electrode contact with gas and liquid 

phase, and the resultant abundant triple-phase boundary for ORR reaction. Furthermore, the 

decoupled structure could separate the OER and ORR sites at microscale, which alleviates the 
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oxidative corrosion of carbon component of the air electrode during charging process, and thus 

enhances the cycle stability of Zn-air battery. This work provides a facile strategy to 

simultaneously engineer the abundance and distribution of reaction sites, which might be 

instructive for a wide range of electrochemical energy storage and conversion devices.  
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CHAPTER 7   Conclusions and Outlook 

7.1 Conclusions 

In this thesis, the air electrodes of rechargeable aqueous ZABs were studied from both 

material chemistry and engineering aspects. The electrocatalytic activity and the material 

stability of the OER and ORR catalysts, as well as the structure configuration of the air 

electrodes are all important to the energy efficiency and lifespan of the rechargeable ZABs. 

Through a comprehensive consideration on the material design, catalytic reaction mechanism, 

and the electrode configuration engineering, three efficient strategies were proposed for 

improving the air electrode performance. 

First, the interface engineering of the heterostructure electrocatalysts was carried out for 

OER and ORR. CeO2/LaFeO3 hybrid was constructed and applied for OER, which proved that 

the interfacial elemental diffusion played a key role in enhancing the electrocatalytic activity. 

Besides, the La0.8Sr0.2Mn0.5Co0.5O3/RuOx hybrid for bifunctional oxygen electrocatalysis was 

thoroughly investigated. The physical and chemical characterization and theoretical simulation 

demonstrated the strong electronic interaction between the two phases, which resulted in the 

electron-rich Mn centers and electron-deficient Ru centers as the active sites for ORR and OER, 

respectively. These works on interface engineering of heterostructure materials prove in-depth 

understanding of the activity enhancement mechanism, which could inspire the design of a 

large family of efficient heterostructure oxygen electrocatalysts. 

Second, a strategy of anchoring low-dosage noble metals on nonnoble metal supports was 

proposed, aiming to balance the cost and activity of the electrocatalysts. To provide general 

guidelines for selecting suitable nonnoble metals, the mechanistic synergy between noble 

metals and nonnoble metals during oxygen electrocatalysis was studied in detail. Taking the Ir 

cluster anchored Co3O4, as the platform, it was demonstrated that Ir sites were responsible for 
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the high reaction order due to the fast intrinsic kinetics, and Co sites played the critical role in 

collecting sufficient charges due to the pseudocapacitive behavior. The mechanism suggests 

that nonnoble metal oxides with large pseudo capacitance should be the idea supports in the 

noble metal-nonnoble metal hybrid systems, which could facilitate the high utilization of noble 

metals and development of electrocatalysts with high activity and low cost. High OER activity 

is achieved with a particularly low Ir loading of only ~1.4 wt%. The prepared Ir@Co3O4 

requires a low overpotential of 280 mV vs. RHE at 10 mA cm-2 in 0.1 M KOH and sustains a 

long stability of 120 h, outperforming the bare Co3O4 and benchmark IrO2. Furthermore, a 

rechargeable ZABs using Ir@Co3O4 as the air electrode enables a low charging potential of 

2.04 V at 40 mA cm-2 and can be stably cycled at 20 mA cm-2 for 210 h. 

Third, a smart structure of air electrodes was designed to realize microscale decoupled 

OER and ORR active sites. The unique configuration could separate the reaction sites for 

charge and discharge, and thus protect the ORR-active layer from the high charging potential. 

Therefore, the oxidative corrosion was alleviated, and the cycle life of the rechargeable ZAB 

was improved. Meanwhile, by simply change the mesh number of the OER layer, the 

hydrophilicity of the air electrode could be adjusted, assisting to realize the optimal contact 

angle towards the largest triple-phase boundary for a high discharge performance. The ZAB 

based on the decoupled air electrode exhibited a small initial voltage gap of 0.75 V at 10 mA 

cm-2, and it was stably cycled for 240 h. 

7.2 Outlook 

This thesis presents a comprehensive study on the air electrode development from the 

view of both material chemistry and electrode structure engineering, realizing the enhancement 

of energy efficiency and lifespan, and the decrease of cost. Nevertheless, there’s till large gap 

between the current research stage and the practical application of aqueous rechargeable ZABs. 

Future direction of this field is suggested as follow: 
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First, the hybrid strategy proposed here could be extended to other systems like carbon-

metal oxide, metal oxide-metal phosphide/sulfides/borides/nitrides. Although herein 

effectiveness of hybrid effect has been demonstrated using metal oxide-metal oxide system, 

the disadvantage of the relatively low electronic conductivity of metal oxides is still a problem 

impeding the further performance improvement. Therefore, it is suggested to utilize the hybrid 

effect to more conductive hybrid system to realize higher electrocatalytic activity of OER and 

ORR. 

Second, the mechanistic synergy of noble metal-nonnoble metal electrocatalysts could be 

referred to develop a large family of low cost and highly active bifunctional oxygen 

electrocatalysts. Based on the conclusion herein, highly pseudocapacitive metal oxide such as 

NiO, MnO2, and FeOOH should be promising as the supports for anchoring noble metal sites. 

In addition, combination of the carbon scaffold with large double layer capacitance and the 

pseudocapacitive metal oxides could be considered, and thus to get a supporting material with 

superior charge accumulation ability and to realize a high utilization of noble metals. 

Third, for prolonging the lifespan of rechargeable ZABs, although the decoupled structure 

proposed here has partially alleviated the oxidative corrosion and improved the cycle stability, 

the carbon carrion in strong alkaline environment could not be totally inhibited, and thus the 

cycle life is still limited to several hundred hours. Hence, to completely solve the oxidative 

corrosion problems of the air electrodes, more efforts should be paid in developing mild 

electrolyte with neutral or weak acidic reaction conditions. Moreover, the atmosphere CO2 

contamination is a significant impactor to the life span of the alkaline rechargeable ZABs. For 

the future development, the battery package should be refined to avoid the CO2 damage to the 

alkaline electrolyte and air electrode. 
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