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Highlights 

• 

A mathematical model of a hybrid Zn–Co/air battery is first developed. 

• 

The effects of discharge depth, reaction interface, and degradation are studied. 

• 

The work guides the design of interfaces and the selection of operating conditions. 

Abstract 

With the rapid expansion of the electric vehicle market, the demand for advanced energy storage 

technologies is increasing strongly. An alkaline hybrid zinc battery with cobalt oxide as the 

positive electrode material combines the advantages of the high working voltage of Zn–Co 

batteries and the excellent discharge capacity of Zn–air batteries simultaneously. However, the 

development of hybrid zinc batteries is limited by their low energy efficiency and poor cycling 

stability. To investigate the charge–discharge behaviors of hybrid zinc batteries, a mathematical 

model is established, coupling the mass transport inside the porous electrode with energy 

conversion. Then, the effects of discharge depth, reaction interfaces, and active material 

degradation on energy efficiency are investigated through numerical analysis. It is found that 

within a proper region, the higher ratio of two-phase and three-phase interfaces can lead to higher 

energy efficiency, and the increase of the two-phase interfaces is beneficial for improving energy 
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efficiency. While the effects of active material degradation on energy efficiency are significant, 

resulting in poor cycling stability. This work is favorable for the design of interfaces and the 

selection of operating conditions, and guides the performance improvement of hybrid zinc batteries. 
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Nomenclature 

a 

specific electroactive area (m2 m−3) 

c 

molar concentration (mol m−3) 

D 

diffusion coefficient (m2 s−1) 

E 

potential (V) 

F 

Faraday constant (96,485 C mol−1) 

I 

applied current density (A m−2) 
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inj 

transfer current density of reaction j (A m−2) 

ioj 

exchange current density of reaction j (A m−2) 

JkmΓ 

interfacial species transfer rate due to interface movement (mol m−3 s−1) 

Jkmd 

interfacial species transfer rate due to diffusion (mol m−3 s−1) 

j 

transfer current density (A m−2) 

k 

conductivity of liquid (S m−1) 

m 

mass fraction of each solid-phase species, active material loading (mg cm−2) 

M 

general chemical formula, molar density (mol m−3) 

MW 

molecular weight of species (kg mol−1) 

n 

number of transferred electron 

P 

pressure (Pa) 

Q 

source term 

R 

reaction rate, universal gas constant (8.314 J mol−1 K−1) 

T 

working temperature (K) 

t 

time (s) 

tk 

transference number of the electrolyte 

t−o 

transference number of OH− 

u 

velocity vector of gas mixture (m s−1) 

v 

stoichiometric coefficient 

w 

mass fraction of each gas-phase species 

x 

molar fraction of each gas-phase species 

X 

utilization ratio of the active material 

Y 

capacity ratio of the Zn-air region 
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Greek 

α 

charge transfer coefficient 

η 

overpotential (V) 

Φ 

electric potential (V) 

ε 

porosity 

ρ 

density (kg m−3) 

Γ 

phase transformation rate (V) 

κ 

permeability (m2) 

μ 

dynamic viscosity (Pa•s) 

σ 

conductivity of solid matrix (S m−1) 

ω 

energy density (W h kg−1) 

Superscripts and subscripts 

a 

anodic 

c 

cathodic 

D 

pertinent to diffusion 

e 

electrolyte phase 

eq 

equilibrium 

eff 

effective 

g 

gas phase 

i 

different species 

int 

initial value 

j 

reaction j 

k 

different species 

o 

initial value, reference value 
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ref 

reference 

s 

solid phase 

se 

solid-electrolyte interface 

z 

charge number 

1. Introduction 

The long-term dependence on conventional fossil fuels has led to serious energy crisis and 

environmental pollution. It is of great demand to look for energy-efficient and environmentally 

friendly energy storage and conversion systems [1], [2], [3], [4], [5]. Li-ion batteries are regarded 

as a compelling choice to meet these demands, which have been widely applied in electric/hybrid 

vehicles and other consumer electronics due to the excellent electrochemical 

properties [6], [7], [8], [9], [10]. However, barriers such as high cost and safety issues limit the 

large-scale applications [11]. 

Due to the advantages of low cost, excellent theoretical capacities, and high safety, zinc-based 

batteries with alkaline electrolytes are considered as alternatives to Li-ion batteries [12], [13], [14]. 

Until now, various kinds of zinc-based batteries have been rapidly developed, which can be 

classified into two categories based on the structure. One is a conventional Zn–M (M stands for 

transition metal oxide/hydroxide) battery with a closed structure, such as the Zn–Ag, Zn–Co, and 

Zn–Ni batteries [15], [16], [17], [18], [19], and the other is the Zn–air battery with a half-open 

system in which oxygen is absorbed from the surrounding atmosphere with taking up no mass or 

volume. Although conventional Zn–M batteries can deliver an excellent working voltage (e.g., 

≈1.8 V of Zn–Ni batteries) [20], the discharge capacities are restricted by the positive active 

materials and are lower than that of metallic zinc. As for the Zn–air batteries, although the 

theoretical capacity depends on metallic zinc (820 mAh g−1), the overpotential is usually large due 

to the sluggish reaction kinetics of oxygen reactions (ORR and OER) processes on the positive 

electrode, resulting in low energy efficiency (~55-65%), limited power densities, and poor rate 

capability [21], [22], [23], [24]. To addressed the above-mentioned issues, a novel hybrid zinc 

battery integrating the redox reactions of metal oxide/hydroxide in Zn-M batteries and the 

ORR/OER in Zn–air batteries at the cell level is proposed [25]. The positive active materials inside 

the Zn–M battery act as the bifunctional oxygen electrocatalysts for the Zn–air battery as well. 

Consequently, the hybrid battery combines the advantages of the high voltage of Zn–M batteries 
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and the remarkable discharge capacity of Zn–air batteries simultaneously [26]. For example, in Li 

and co-workers’ work, the hybrid Zn–Ni/air battery with NiO/Ni(OH)2 nanoflake as the 

active electrode material delivered a superior power density (2700 W kg−1) and a remarkable 

energy density (980 W h kg−1) [27]. Tan and coworkers proposed a hybrid zinc battery by using 

Co3O4 nanosheet-decorated carbon cloth as the active material, which showed a remarkable 

capacity of 792 mAh gZn−1 and a discharge voltage up to 1.85 V in the Zn–Co reaction 

region [28]. Li et al. presented a hybrid zinc battery constructed by the electrode of 

NiCo2O4 nanowire arrays, which delivered a decent working voltage of 1.7 V and outstanding 

cycle stability for over 5000 cycles [29]. All these works have promoted the development of hybrid 

zinc batteries. However, owing to the characteristics of two-stage reactions, several issues need to 

be clarified to further improve the performance: first, as the energy efficiency and energy density 

are determined by the two-stage reactions, the appropriate discharge depth should be investigated; 

second, since the two-stage reactions have different requirements on the reaction interfaces [25], 

the effects of different interfaces should be revealed; and third, the active material on the positive 

electrode is degraded gradually during cycling, while the effects on the long-term stability are still 

unknown. 

To the best of our knowledge, the reported works related to hybrid zinc batteries have focused on 

experimental investigations. If the above questions are studied by means of experiments, it is time-

consuming and laborious. On the other hand, some design parameters (e.g., reaction interfaces) 

are difficult to precisely control, resulting in the failure to obtain accurate results. Using 

mathematical models and numerical simulations can help to investigate the related problems 

effectively, which is crucial for performance improvement. So far, models of Zn–M batteries (e.g., 

Zn–Co battery [30]) and Zn–air batteries [31,32] have been developed, while the mathematical 

model of a hybrid zinc battery has not been reported yet. 

Herein, a one-dimensional model coupling mass transport and energy conversion is established to 

predict the charge–discharge performance of a hybrid Zn–Co/air battery with Co3O4 as the active 

material. After validation, the impacts of key factors on the energy efficiency are investigated, 

including the discharge depth, reaction interfaces, and active material degradation during cycling. 

Additionally, the optimization scheme is proposed for performance improvement. This work is the 

first one using the numerical method to investigate hybrid zinc batteries, which is expected to 

effectively promote the development of this technology. 

2. Model development 
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As illustrated in Fig. 1, a hybrid zinc battery is assembled using a zinc foil as the negative electrode, 

a Co3O4 nanosheet-decorated carbon cloth as the positive electrode, and an aqueous solution 

composed of 6 M potassium hydroxide (KOH) as the electrolyte [25]. The porous carbon cloth 

serves as a current collector and a gas diffusion layer through which oxygen can enter. 

The electrochemical reactions are demonstrated as: 

 
 

Fig. 1. Schematic diagram of a hybrid zinc battery using Co3O4 as the positive electrode 

material. 
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For the positive electrode, in addition to the oxygen electrocatalysis (Reaction III) in the Zn-air 

reaction region, the redox reactions of cobalt oxide/hydroxide occur in the Zn–Co reaction region 

(Reactions I and II). Thus, Co3O4 acts as not only the active material for the Zn–Co reaction but 

also the bifunctional oxygen electrocatalysts for the Zn–air reaction. For the negative electrode, 

zinc reacts with OH− anions to form [Zn(OH)4]
2− complex, and will be transformed into ZnO when 

the concentration reaches the saturation value. In this modeling work, we assumed the amount of 

electrolyte is high enough that [Zn(OH)4]
2− complex is dissolved. Based on this assumption, we 

can focus on the behaviors of the positive electrode of the hybrid zinc battery and neglect the 

effects of ZnO formation. For the sake of simplicity, we assumed that the mass convection inside 

the battery can be neglected, and the battery operates under an isothermal condition. A one-

dimensional (1D) isothermal model is constructed, including three domains: the negative electrode 

surface, the separator, and the positive porous electrode. 

2.1. Governing equations 

The electrochemical reactions are demonstrated as: 

 

where vj and Mj represent the stoichiometric coefficient and the general chemical formula for each 

species, zj and nj denote the charge number and the number of transferred electrons, respectively. 

At the electrode/electrolyte interface, the reaction rate of species can be defined as: 

 

where the electrochemical reaction rate is calculated by the Butler-Volmer equation [33]: 

 

where ioj denotes the exchange current density, M denotes the molar density, c and cref represent 

the concentrations of OH−ions at the reaction interface and in the reference state, separately. F, R, 

and T represent the Faraday's constant, universal gas constant, and working temperature, 
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respectively. αaj and αcj denote the anodic and cathodic charge transfer coefficients, which are 

determined by the following condition: 

 

and the overpotential η is defined as: 

 

where Φs is the solid electrode potentials and Φe is the liquid electrolyte potentials. Eeq denotes 

the equilibrium potential for each reaction. 

At the positive electrode, the total current is associated with Reactions I, II, and III. In consequence, 

the Butler-Volmer equations for each reaction are described as: 

 

 

At the negative electrode, only Reaction IV occurs, the Butler-Volmer equation is shown below: 

 

2.1.1. Conservation of mass 

The porosity change of the positive electrode can be determined by the mass balance shown below: 
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where MW, ρ, and a represent the molecular weight, the density, and the electroactive surface area, 

respectively. The right-hand side of the equation demonstrates the volumetric change of the 

positive electrode owing to the conversion of the active material CoO2 to CoOOH (Reaction I) and 

CoOOH to Co3O4 (Reaction II) during discharge. The terms are reversed during the charge process. 

Using a Zn foil as the negative electrode in the experiment, which is set as an electrode surface in 

the model without considering the porosity change. 

2.1.2. Conservation of species 

The equation for the conservation of species is described as: 

 

where tk represents the transference number of the electrolyte, the terms JΓ and Jd denote the 

interfacial transfers of species in the electrolyte owing to the interface movement and the 

microscopic diffusion, separately. The interfacial transport of species at the reaction interface is as 

follows: 

 

Through simplification, the conservation of species is described as: 

 

 

For the Zn-air reaction, the gases transport inside the positive electrode is expressed by the 

Maxwell–Stefan equation [34]: 

 

where Dik denotes the binary diffusion coefficient, w and x represent the mass fraction and molar 

fraction of each gas-phase species, respectively. ρg denotes the gas mixture density defined by: 
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where Ri denotes the reaction rate, and for oxygen is described as: 

 

The nitrogen can be approximately obtained from the mass balance equation: 

 

 

The permeation of the gas mixture in the porous electrode can be described by the Darcy's law 

as [35]: 

 

where u denotes the velocity vector of the gas mixture, Q is the source term, and u is calculated as: 

 

where μ represents the dynamic viscosity of the gas mixture, κ denotes the permeability. 

The total current density is calculated through the following relations: 

 

The effective diffusion coefficient DoffOH in Eq. 10 is determined by the Bruggeman 

relation [36]: 

 

The binary diffusivities Dik in Eq. 11 are obtained from the empirical correlation [34]: 

 

where Dik_0 and T0 represent the reference binary diffusivity and the reference temperature. 

2.1.3. Conservation of electrical charge 
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The micro-macroscopic equations for the charge conservation are demonstrated as follows: 

 

where Ism and Iem represent the interfacial current densities at the solid electrode and electrolyte 

interfaces, separately. Combining Eqs. 17a and 17b gives the following forms: 

 

Here, the effective conductivity (σeff) is modified based on the Bruggeman relation: 

 

where m denotes the mass fraction of each solid-phase species. Similarly, the effective electrolyte 

conductivity (keff) is defined as follows [36,37]: 

2.2. Boundary conditions 

At all outer boundaries in the electrolyte, the boundary conditions for potentials and concentrations 

are given as:(24)∂Φe∂n=∂c∂n=0 

 

 

In addition to the current collectors, is applied for the boundary condition for voltage 

in solid. At the zinc electrode, Φs=0 is applied for the reference voltage. As for the positive 

electrode current collector, is selected as the constant current condition (i=−iapp). 
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2.3. Model validation 

The parameter values applied in this work and the other initial conditions adopted from the 

literature are given in Table 1. Using the COMSOL Multiphysics software, the mathematical 

model was established with the modules of binary electrolyte battery, transfer of concentrated 

species, and Darcy's law. The research was carried out under transient conditions. The convergence 

was determined by the relative tolerance of 10−3. The cut-off voltages of discharge and charge 

processes were set to be 0.8 V and 2.2 V, respectively. Usually, the charge transfer coefficients 

are set as 0.5, while the values can be modulated to fit the experimental results, such as the anode 

transfer coefficient is set as 0.6 in the zinc-iron flow battery modeling [38] and 0.75 in the fuel cell 

modeling [34,39]. 

Table 1. Parameter values used in simulation. 

Parameter Symbol Value Unit Ref. 

Geometrical properties 

Thickness of the separator LSep 5 × 10−3 m 
 

Thickness of the positive electrode LPos 3.3 × 10−4 m 
 

Porosity of the separator εSep 0.5 - 
 

Porosity of the gas εgas 0.4 - 
 

Porosity of the positive electrode εPos 0.8 - 
 

Specific surface area of the negative electrode aNeg 6 × 106 m2 m−3 
 

Specific surface area of the two-phase interface atwo-p 3 × 107 m2 m−3 
 

Specific surface area of the three-phase 

interface 

athree-p 5 × 106 m2 m−3 
 

Active material loading m 3.06 mg 

cm−2 

[25] 

Electrolyte properties 

Initial electrolyte concentration cl,int 6000 mol m−3 [25] 

Reference electrolyte concentration cOH,ref 6000 mol m−3 [25] 

Diffusion coefficient of OH− DOH− 5.77 × 10−9 m2 s−1 [37] 

Diffusion coefficient of K+ DK+ 2.15 × 10−9 m2 s−1 [36] 

Density of the electrolyte ρ 1300 kg m−3 
 

Transport number t−o 0.38 - 
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Gas properties 

Ambient pressure Patm 1.0133 × 105 Pa 
 

Permeability of gas mixture κ 1 × 10−13 m2 
 

Dynamic viscosity of gas mixture μ 3 × 10−5 Pa•s 
 

Diffusion coefficient of gas mixture DO2N2 2.07 × 10−5 m2 s−1 
 

Inlet oxygen molar fraction xO2,in 0.21 - 
 

Reference pressure Pref 1.0133 × 105 Pa 
 

Kinetic parameter 

Exchange current density of reaction 1 io1 9 × 10−4 A m−2 
 

Exchange current density of reaction 2 io2 1 A m−2 
 

Exchange current density of reaction 3 io3 5 A m−2 
 

Exchange current density of reaction 4 io4 6 × 10−6 A m−2 
 

The anodic charge transfer coefficients of 

reaction 1 

αa1 0.5 - Assumed 

The cathode charge transfer coefficients of 

reaction 1 

αc1 0.5 - Assumed 

The anodic charge transfer coefficients of 

reaction 2 

αa2 0.5 - Assumed 

The cathode charge transfer coefficients of 

reaction 2 

αc2 0.5 - Assumed 

The anodic charge transfer coefficients of 

reaction 3 

αa3 0.5 - Assumed 

The cathode charge transfer coefficients of 

reaction 3 

αc3 0.5 - Assumed 

The anodic charge transfer coefficients of 

reaction 4 

αa4 0.875 - Assumed 

The cathode charge transfer coefficients of 

reaction 4 

αc4 0.125 - Assumed 

General parameter 

Density of Co3O4 ρCo3O4 6050 kg m−3 
 

Density of CoO2 ρCoO2 6450 kg m−3 
 

Density of CoOOH ρCoOOH 2900 kg m−3 
 

Molar mass of Potassium ion MK+ 39.1 g mol−1 
 



Molar mass of OH ion MOH- 17.0 g mol−1 
 

Molar mass of solvent MH20 18.0 g mol−1 
 

Molar mass of O2 MWO2 32.0 g mol−1 
 

Molar mass of N2 MWN2 28.0 g mol−1 
 

Molecular weight of Co3O4 MWCo3O4 240.79 g mol−1 
 

Molecular weight of CoO2 MWCoO2 90.93 g mol−1 
 

Molecular weight of CoOOH MWCoOOH 91.93 g mol−1 
 

Conductivity of Co3O4 σCo3O4 5 × 10−3 S m−1 
 

Conductivity of CoO2 σCoO2 2 × 10−2 S m−1 
 

Conductivity of CoOOH σCoOOH 8 × 10−3 S m−1 
 

Conductivity of Zn σZn 1.83 × 107 S m−1 
 

Conductivity of ZnO σZnO 1 S m−1 
 

Operating temperature T 300 K 
 

Number of transferred electrons of reaction 1 n1 1 - 
 

Number of transferred electrons of reaction 2 n2 1 - 
 

Number of transferred electrons of reaction 3 n3 2 - 
 

Number of transferred electrons of reaction 4 n4 4 - 
 

Equilibrium potential of reaction1 Eeq1 0.56 V [40] 

Equilibrium potential of reaction2 Eeq2 0.35 V [40] 

Equilibrium potential of reaction3 Eeq3 -1.45 V [40] 

Equilibrium potential of reaction4 Eeq4 0.401 V [24] 

Initial concentration of CoOOH cCoOOH,init 1 × 10−5 mol m−3 
 

Initial concentration of CoO2 cCoO2,init 60 mol m−3 
 

The discharge–charge curves of the hybrid zinc batteries are compared with the experimental data 

under the same working conditions at a current density of 1 mA cm−2. As illustrated in Fig. 2, a 

good agreement between the simulation results and the experimental data is demonstrated. The 

difference in the initial stage of charge and discharge process may come from the conductivity 

change of the positive electrode due to the activation in the actual working process. It is noting 

that the discharge voltage corresponding to the oxidation reaction of cobalt oxide lacks a plateau, 

and the reasons are as follows: the active materials are consumed continuously during the 

discharge process, which leads to the changes of electrical conductivity and reaction active area. 
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Consequently, the discharge voltage is continuously decreasing, which is consistent with 

experimental results [40]. From the validation results, the 1D isotherm model displays excellent 

accuracy and therefore can be applied for predicting the charge-discharge characteristics of a 

hybrid zinc battery. 

 
Fig. 2. Comparisons of the simulated voltage curves of a hybrid zinc battery with the 

experimental data from Ref. [25]. 

3. Results and discussion 

In this section, the effects of discharge depth, reaction interfaces, and active material 

degradation on energy efficiency are analyzed in detail based on the developed model. 

3.1. Effects of discharge depth 

Fig. 3a exhibits the discharge-charge curves of a hybrid zinc battery at the current densities of 1, 

2, and 4 mA cm−2. As the current density increases, the capacity of the Zn–Co region decreases, 

while the discharge-charge voltage gaps for both Zn–air and Zn–Co regions increase. At a high 

discharge rate, the polarization inside the battery is enhanced, resulting in the low Zn–Co capacity 

and discharge voltage. Fig. 3b exhibits the relationship between the energy efficiency and 

discharge depth at different current densities, from which the energy efficiency of the Zn–Co 

reaction is high and gradually decreases with an increase of the depth, and finally becomes stable 

with the progress of the Zn–air reaction. Meanwhile, the energy efficiency significantly decreases 

with an increase of the discharge rate. When the capacity reaches 0.8 mAh cm−2, the energy 
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efficiency is stable, which means that the effect of the Zn–Co reaction region becomes negligible. 

At this point, the energy efficiency is 68.88%, 62.92%, and 57.38% at the current density of 1, 2, 

and 4 mA cm−2, respectively. Fig. 3c exhibits the change of energy density with discharge depth 

at different current densities based on the weight of zinc and Co3O4. At a given discharge depth, 

the higher the current density, the lower the energy density. Besides, the energy density increases 

with the discharge capacity, while the increasing trend gradually slows down, and finally tends to 

a constant. Thus, the energy density contributed by the Zn–Co reaction region becomes limited 

under the circumstance of sufficient zinc and deep discharge. However, to avoid the failure of 

reaction boundaries inside the rechargeable Zn–air batteries, a fixed capacity is usually set for 

charge–discharge cycles [41]. At a given discharge depth, the Zn–Co reaction can greatly affect 

the charge-discharge voltages (e.g., when the ratio of Zn–Co reaction is high). To obtain optimal 

energy efficiency and energy density in practical applications, the discharge depth can be 

modulated by controlling the amount of zinc. 

 

Fig. 3. (a) Discharge–charge curves (b) The change of energy efficiency with the discharge 

depth (c) The change of energy density with the discharge depth at different current 
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densities. (d) The change of energy density with the capacity ratio of the Zn–air reaction at 

different utilization ratios of the active material. 

The selection of discharge depth mainly depends on the utilization ratio of the active materials and 

the capacity ratio of the Zn–air reaction. In this work, when the discharge capacity is 0.14 mAh 

cm−2 (the discharge capacity of Zn–Co and Zn–air reactions each contributes 50%), the superior 

energy efficiency (80.78%) can be obtained at the current density of 1 mA cm−2, while the energy 

density (65.78 W h kg−1) is relatively low. It is because the energy density contributed by the Zn–

Co reaction is extremely low due to the low utilization ratio (e.g., ~5%) [40]. The relationship 

between the energy density and the capacity ratio of the Zn-air reaction at different utilization 

ratios of the active material is indicated in Fig. 3d, from which the utilization ratio of the active 

material can greatly affect the energy density. When the utilization ratio of the active material is a 

constant, the energy density increases with the capacity ratio of the Zn-air reaction, whereas the 

energy efficiency decreases. The details are shown in the appendix. To sum up, the utilization ratio 

of active materials should be increased as high as possible. 

3.2. Effects of reaction interface 

The gas-involved electrochemical reactions (ORR and OER) in the Zn–air region take place at the 

solid–liquid–gas triple-phase interfaces, as shown in Fig. 1, which are of great importance for the 

battery performance, while the Zn–Co reactions occur at the solid–liquid two-phase interfaces. 

The difference in interface requirements between two-stage reactions in a hybrid zinc battery is an 

important factor affecting battery performance. To this end, we studied the ratio of two-phase and 

three-phase interfaces and the degradation of three-phase interfaces during cycling. The discharge 

depth with a capacity of 0.14 mAh cm−2 is set for discharge-charge cycles in which the Zn–air and 

Zn–Co reactions contribute equally. 

3.2.1. Two-phase and three-phase interfaces on energy efficiency 

To investigate the relationship between two-phase and three-phase interfaces, the ratio of these 

two kinds of interfaces is modulated while the total area of the interfaces is set to be 

constant. Fig. 4a exhibits the discharge–charge curves of a hybrid zinc battery under different 

ratios of two-phase and three-phase interfaces. With a decrease of the ratio of two-phase and three-

phase interfaces, the capacity of the Zn–Co region decreases but the discharge voltage of the Zn–

air region increases. This is because that the decrease of the two-phase interfaces results in the 
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shrinkage of active material concentration in the Zn–Co reaction, while increasing the three-phase 

interfaces can exposure more active sites for the ORR process, leading to the enhanced 

electrochemical reaction rate of the Zn–air reaction. While for the charge process, the OER can 

occur at the solid–liquid interface without the requirement of gaseous oxygen transport channels. 

To this end, the interface changes have a limited effect on the charge voltage of the Zn–air region, 

which is also consistent with the experimental results [25]. As illustrated in Fig. 4b, the energy 

efficiency of the hybrid battery decreases with a decreased ratio of two-phase and three-phase 

interfaces. Owing to the capacity loss of the Zn–Co region cannot be compromised by the voltage 

increase of the Zn–air region, the influence of the two-phase interfaces on the energy efficiency is 

greater than that of the three-phase interfaces at this given discharge depth. It is worth noting that 

with a great shrinkage of three-phase interfaces, the discharge voltage of the Zn–air region can be 

extremely low (e.g., <0.4 V) [28] owing to the absence of channels for gaseous oxygen transport. 

Thus, the ratio of two-phase and three-phase interfaces should be maintained in a proper region. 

When the discharge voltage of the Zn–air region ranges from 1.29 V to 1.37 V in the calculation 

case, the higher ratio of two-phase and three-phase interfaces can lead to higher energy efficiency. 

 

Fig. 4. (a) Discharge–charge curves under different ratios of two-phase and three-phase 

interfaces. (b) The change of energy efficiency with the ratio of reaction interfaces. 

3.2.2. Decay of three-phase interface on the performance 

The solubility of oxygen in the alkaline solution is low, which greatly impedes the accessibility of 

gas reactants. Thus, the hydrophobic additives like polytetrafluoroethylene (PTFE) are widely 

applied in the positive electrode of Zn–air batteries to build a gas transport channel, which can 
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improve the gas diffusion kinetics. However, the PTFE may be detached from the positive 

electrode and the gas transport channels would be flooded with electrolyte, resulting in the decay 

of three-phase interfaces during cycling [42]. Fig. 5a exhibits the discharge-charge curves of a 

hybrid zinc battery at different cycle numbers with the decay of three-phase interfaces of 20% after 

1000 cycles. The capacity of the Zn–Co region increases and the discharge voltage of the Zn–air 

region decreases with an increasing number of cycles, while the charge voltage of the Zn-air region 

increases slightly. As illustrated in Fig. 5b, the voltage curves of the decay rate of 50% after 1000 

cycles show the same trend, but the changes are more significant. As the cycle goes on, the three-

phase interfaces decay gradually, and two-phase interfaces increase, which means more active 

materials (Co3O4) contact with the electrolyte, resulting in a higher discharge capacity of the Zn–

Co region. However, the decrease of active sites of the Zn–air reaction leads to a further increase 

of charge–discharge voltage gaps. Fig. 5c and 5d demonstrates the change of the capacity of the 

Zn–Co region and the energy efficiency with the cycle, respectively. Both of them exhibit a 

linearly increasing relationship and the voltage loss of the Zn–air region can be compromised by 

the capacity increase of the Zn–Co region. What is noteworthy is that with significant shrinkage 

of three-phase interfaces, the discharge voltage of the Zn–air region can be pretty low (e.g., <0.4 

V) [28] owing to the absence of channels for gaseous oxygen transport. Thus, the decay of three-

phase interfaces should be within a proper region. When the discharge voltage of the Zn–air region 

ranges from 1.25 V to 1.29 V in the calculation case, the decay of the three-phase interfaces is 

beneficial to the improvement of energy efficiency. 
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Fig. 5. Discharge–charge curves of the 1st, 250th, 500th, 750th, 1000th cycle under the 

condition that the three-phase interfaces decay by (a) 20% (b) 50% after 1000 cycles. (c) 

The change of the capacity of the Zn–Co reaction during cycling. (d) The change of the 

energy efficiency during cycling. 

3.3. Effects of the decay of active materials 

Many factors can contribute to the degradation of active materials, such as the physical structure 

change (e.g., grain growth) and chemical/electrochemical decomposition (e.g., carbon corrosion) 

[43,44]. The degradation of active materials during cycling greatly affects the performance of the 

batteries. For example, the degradation of active materials leads to a decrease of reaction interfaces, 

which in turn leads to a decrease of the reaction rate. The effects of the degradation of active 

materials on the performance during cycling are investigated here by setting a fixed capacity of 

0.14 mAh cm−2. 
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Fig. 6a exhibits the discharge-charge curves of a hybrid zinc battery at different cycle numbers 

with the decay of active materials of 20% after 1000 cycles. Both the capacity of the Zn–Co region 

and the discharge voltage of the Zn–air region decrease with the increasing number of cycles, 

while the charge voltage increases slightly. As shown in Fig. 6b, the voltage curves of the decay 

rate of 50% after 1000 cycles indicate the same trend, but the changes are more significant. When 

the active materials decay, both the two-phase and three-phase interfaces decrease, so does the 

reaction rate. Fig. 6c and 6d demonstrates the change of the Zn–Co capacity and the energy 

efficiency with the cycle, respectively, from which the linearly decreasing relationship is exhibited. 

At the degradation of 50% after 1000 cycles, the energy efficiency reduces from 80.85 to 69.91, 

which is significant. In consequence, it is essential to suppress the degradation of active materials, 

such as using a binder-free electrode [45,46], dispersing nanoparticles over porous carbon 

host [47] or doping elemental into oxide support [48]. 

 

Fig. 6. Discharge–charge curves of the 1st, 250th, 500th, 750th, 1000th cycle under the 

condition that the active materials decay by (a) 20% (b) 50% after 1000 cycles. (c) The 
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change of the capacity of the Zn–Co reaction during cycling. (d) The change of the energy 

efficiency during cycling. 

4. Conclusions 

In summary, a one-dimensional isothermal model has been established to predict the charge–

discharge performance of an alkaline hybrid zinc battery. The simulation curves demonstrate 

excellent agreement with the experiment results, indicating the high accuracy of the model. Using 

this model, the impacts of discharge depth, reaction interfaces, and active material degradation on 

energy efficiency are analyzed in detail. The results indicate that the larger discharge rate can lead 

to lower energy efficiency and density. The energy efficiency decreases rapidly in the initial stage 

and gradually becomes stable. The energy density increases with the discharge capacity, while the 

increasing trend gradually slows down, and finally tends to a constant. When the three-phase 

interfaces are within a proper region, the higher ratio of two-phase and three-phase interfaces can 

lead to higher energy efficiency, and the increase of the two-phase interfaces is beneficial for 

improving energy efficiency. While the effects of the degradation of active material on energy 

efficiency are significant, resulting in poor cycling stability. The work is favorable for the design 

of interfaces and the selection of operating conditions, and guides the performance improvement 

of hybrid zinc batteries. Meanwhile, the conclusions obtained can also inspire the development of 

other hybrid batteries such as a hybrid Zn–Mn/air battery with a neutral electrolyte [49]. 

Declaration of Competing Interest 

None. 

Acknowledgments 

P. Tan thanks the funding support from Anhui Provincial Natural Science 

Foundation (2008085ME155), CAS Pioneer Hundred Talents Program (KJ2090130001), USTC 

Research Funds of the Double First-Class Initiative (YD2090002006), Joint Laboratory for USTC 

and Yanchang Petroleum (ES2090130110), and USTC Tang Scholar (KY2090000065). M. Ni 

thanks the funding support (Project Number: PolyU 152214/17E and PolyU 152064/18E) from 

Research Grant Council, University Grants Committee, Hong Kong SAR. 

Appendix. 

https://www.sciencedirect.com/topics/chemistry/material-degradation-process
https://www.sciencedirect.com/science/article/pii/S0013468621002577#bib0049
https://www.sciencedirect.com/science/article/pii/S0013468621002577#gs0001


Assuming that the active material loading is mCo3O4, the capacity of the Zn–air region accounts 

for the ratio of Y in the discharge capacity, the utilization ratio of the active material is X. From 

the discharge voltage curves, the average voltage of the Zn–Co region is set to be 1.6 V, and the 

average voltage of the Zn–air region is set to be 1.2 V. Thus, the energy density of these two 

reaction regions can be expressed as 

 

which is dependent on the utilization ratio of the active material and the capacity ratio of the Zn–

air reaction. 
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