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Abstract: Zinc-cobalt batteries with cobalt oxide (Co0z04) as the positive electrode material
are promising energy storage devices, due to their safety, remarkable energy densities, and
good cycle stability. To understand the discharge characteristics of an alkaline zinc-cobalt
battery for design optimization, a mathematical model of the discharge process is established
based on the single-domain method, which couples the species transport in the porous
electrodes with the electrochemical reactions. After model validation, the effects of different
design parameters on the discharge performance of zinc-cobalt batteries are investigated, and
the design strategies for the battery are proposed. It is found that a thin cathode with a large
porosity can lead to a high specific capacity, and a low loading with a large electroactive area
is beneficial for a high discharge voltage. The separator thickness has little effect on the

discharge performance of the battery. Using the electrolyte with a high concentration is
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favorable for the improvement of the output voltage. The results obtained from this work can
provide useful guidance for improving the discharge performance of aqueous zinc-cobalt
batteries.

Keywords: Zinc-cobalt battery; Aqueous electrolyte; Mathematical modeling; Numerical
analysis; Design optimization

1. Introduction

With the rapid development of electric vehicles and the continuing decline of traditional
fossil fuels, it is of great demand to explore advanced energy storage systems with high
energy densities and low costs [1-5]. Li-ion batteries, owing to their high energy efficiency,
long service life, and remarkable energy densities (theoretical value: ~400 Wh kg?), have
been widely used in daily life and are considered as one of the most promising energy storage
systems [6-9]. Nevertheless, some critical problems need to be solved for Li-ion batteries,
including high prices, insufficient capacities, and safety problems [10,11]. Hence, it is in great
need to explore new battery systems with high energy densities, low prices, and intrinsic
safety [12,13].

Rechargeable zinc-based batteries with aqueous electrolytes have allured much attention
owing to the low prices, high theoretical capacities, and intrinsically safety, which are
expected to be the alternatives for Li-ion batteries [14-16]. So far, a variety of zinc-based
batteries have been extensively studied, such as Zn-Mn [17-20], Zn-Ni [21-23], Zn-Ag
[24-27], and Zn-air batteries [28]. The configurations and reaction mechanisms of the former
three are similar and all of them are closed systems. Zn-air batteries are half-open systems

that deliver a remarkable energy density owning to that oxygen is directly absorbed from the



air instead of storing in the battery. However, the existing problems of Zn-based batteries are
also apparent. For example, the reversibility of Zn-Mn batteries during cycling needs to be
further improved, the cycle stability of Zn-Ni batteries is insufficient, and the price of Zn-Ag
batteries is quite high [24]. Due to the sluggish kinetics of oxygen reactions on the air
electrode, the discharge and charge voltage gaps of Zn-air batteries are usually large [28].

In addition to addressing the above-mentioned issues of rechargeable Zn-based batteries,
exploring positive electrode materials with high capacities to improve the energy densities is
also necessary. Cobalt oxide (Co30s4), as one kind of transition metal oxides, has been applied
as the positive electrode material in Zn-based batteries in recent years due to its excellent
theoretical capacity in alkaline electrolytes, which is up to 446 mAh g*. Wang et al. reported
an alkaline Zn-Co304 battery by using electrodeposited ultrathin porous Co3z04 nanosheets,
which demonstrated a high energy density of 241 Wh kg™, a high discharge voltage up to
1.78 V, and remarkable cycling stability (up to 2000 cycles with a high capacity retention of
80%) [29]. Using the electrode made up of CosO4 nanowire-assembled clusters, Tan and
coworkers reported a Zn-CosO4 battery that exhibited an energy density up to 239 Wh kg?,
and the capacity retention achieved 84.1% after 1000 cycles [30]. Ma et al. reported a Co®*
rich-Coz0s nanorod material to form a Zn-CosOs battery with greatly enhanced
electrochemical Kinetics. The battery could work well in a mild aqueous electrolyte,
delivering a high capacity of 205 mAh g, a high discharge voltage up to 2.2 V at 0.5 A g%,
and long cycling lifespan with a high capacity retention of 92% even after 5000 cycles [31].
Although the operating voltage of a mild zinc-cobalt battery is high, the existing problems are

also apparent. On the one hand, the stability of the zinc electrode in mild electrolytes is



restricted by the hydrogen evolution reaction, the dendrite growth, and the formation of
electrochemically inert zinc hydrate [32,33]. On the other hand, the theoretical capacity of
C0304 in mild electrolytes is much lower than that in alkaline electrolytes owing to the
two-electron transfer in mild electrolytes (Cos04 — CoO) instead of the four-electron transfer
in alkaline electrolytes (CosO4s — Co0032). To this end, the alkaline Zn-CosO4 battery is still
focused, although some crucial problems need to be solved [31].

It should be noted that most works on zinc-cobalt batteries focus on experimental tests.
Although experiments are important to determine the characteristics of the battery, the time is
long and the cost is high, and many design parameters are difficult to be determined
accurately. The establishment of mathematical models of the complex electrochemical and
transport behaviors inside the batteries can not only gain important insights into the
mechanisms but also provide a significant reference for the battery design, which is very
helpful to improve the battery performance [34].

In this work, we investigated the discharge performance of an alkaline zinc-cobalt
battery using mathematical modeling and numerical simulations. The main research contents
are as follows: a mathematical model is firstly established for coupling the species transport
with electrochemical reactions in the porous electrodes. After model validation, the influences
of design parameters on the battery performance are studied, including the electrode thickness,
porosity, electroactive area, and electrolyte concentration. The optimization scheme of the
battery design is also proposed.

2. Model development

As schematically shown in Fig. 1, a zinc-cobalt battery can be regarded as a porous,



multi-component and multi-phase media: the negative electrode is formed by
electrodepositing metallic zinc on the carbon fiber, the positive electrode is formed by
electrodepositing ultrathin porous CozO4 nanosheets on the Ni foam, both of which are porous
structures [29]. The substrates (carbon fiber and Ni foam) do not contribute to electrochemical
reactions and acts as current collectors. The separator is usually made of a combination of
nylon, cellophane, and cellulose and saturated with the electrolyte composed of concentrated
potassium hydroxide (KOH). The electrochemical reactions inside the battery can be
expressed as follows:

Positive electrode:

Co0,+H,0+ e ——>CoOOH +OH" ()
3CoO0OH + e ——Co,0, +OH +H,0 (1
Negative electrode:
Zn + 40H" ——[Zn(OH), T + 2e” (111
[Zn(OH), ¥ ——>ZnO+ 20H + H,0 (1V)
Total reaction:
2Zn+3Co0, ——Co0,0, +2Zn0O (V)

During discharge, Zn reacts with OH™ anions from the alkaline electrolyte to form
[Zn(OH)41%* complex, which is transformed into ZnO when the concentration reaches
saturation (Reaction 1V). At the same time, CoO: is turned into CozOs4 and OH™ by
removing oxygen and reacting with H.O from the electrolyte [35,36]. Since a battery system
is extremely complex with a variety of species transport and electrochemical reaction

processes, for simplicity, the assumptions made in this work are as follows:



(1) The mass convection in the battery is neglected, and only diffusion is considered;
(2) This model describes an isothermal process, and the temperature changes are neglected.

Thus, a one-dimensional isothermal model is developed, which includes three domains:
the positive porous electrode, the negative porous electrode, and the separator. With this
information, the battery performance can be evaluated and the battery design can be
optimized.
2.1 Governing equations

In general, the reactions can be expressed as:

> VM =ne 1)
i

in which v; is the stoichiometric coefficient, M; is a general chemical formula for each species,
z; is the charge number, and n; is the number of transferred electrons.

The rate of species generation at the electrode/electrolyte interface (indicated by se

subscript) can be determined as:

le = _Z[nv_JF inj J (2)

where the rate of generation/consumption is determined by the Butler-Volmer equation as

[37]:
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where ioj is the exchange current density, C and Cre are concentration of OH ions at the

electrode/electrolyte interface and the reference state, respectively. Mk is molar density of



species k. F is the Faraday's constant, R is the universal gas constant, and T is the battery

temperature. The anodic and cathodic charge transfer coefficients («,; and «) are usually
obtained from experimental tests with the following condition:
i tay =1 4)
And the overpotential 7 is defined as:
n=0 -0, -U; (5)
in which @, and ®, are potentials at the solid electrode and the liquid electrolyte,

respectively. U is the equilibrium potential of each reaction. All reactions occur at the

j.ref
electrode/electrolyte surface.

At the positive electrode, the total generated current is related to both Reactions I and I1.

Therefore, the Butler-Volmer equation should be obtained for each reaction as follows:
C.._ M _
i, =1, OH M cooon exp ( A,y F 1y, j _ Co0, exp ( a.,Fn, ] (6a)
COH’ ref M CoO, ref RT M Co0, ref RT

3
C M _
i, =iy, OH ( Cos0, jexp ( a,Fmy j _ ( M cooon J exp ( auFm J (6b)
COH ~ ref M CoOOH RT M COOOH ,ref RT

At the negative electrode, the Butler-Volmer equation can be simplified since there is

only one reaction:

4
C_ _
iy =1, oH Mz, exp ( 20,5F 115 j _| Cao exp ( 205F 17, j (6¢)
COH’ ref M Zn ref RT CZn,ref RT

In a multi-phase, multi-component system such as the porous electrodes, the

electrochemical processes are dominated by the conservation of mass, conservation of
chemical species, and conservation of electrical charge in each phase. Here, the

above-mentioned conservation laws are detailedly discussed.



2.1.1 Conservation of mass
Since cobalt oxides have different density, the porosity of the positive electrode changes
according to the electrochemical reactions. A mass balance can be used to determine the

porosity change of the positive electrode:

ot F

PcoooH Pco0,

og, 1 3MW,, MW, 0,0, .
{ COoOOH Co,0 JaC%OAInJ.

_ i ( MWCOOZ _ MWCOOOH

F J a(20304 in 2 (73.)

Pcoo, PcoooH

where MW denotes the molecular weight and a is the electroactive surface of the positive
electrode. The first term on the right-hand side of the above equation indicates the volumetric
change of the electrode due to the conversion of CoO, to CoOOH (Reaction 1) while the
second term indicates the volumetric change due to the conversion of CoOOH to Co0304
(Reaction I1).

A similar equation can be obtained for porosity change of the zinc electrode:

MW, .
0g, _ i{ _ MWo,0 jaann,s (7b)
6t 2 F pZn pZnO

2.1.2 Conservation of species

The micro-macroscopic model for the conservation of species is:

o(ecqy ot 4, qr\ :OH t,
Aoor) v (ot v o 07+ 97) 79[ L | ®

The terms J° and J" represent the interfacial transfers of species in electrolyte due to the
microscopic diffusion and the interface movement, respectively, and t, is the transference
number of the electrolyte. In the reaction interface, the interfacial transport of species

becomes:
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Simplify this equation for Zn-Cos04 batteries, the conservation of species takes the form:

a(gco”)=V-(D§f“VCOH>‘[tSF+1+V( : DJ (10)

ot F
The total current density can be found from the following relations:
For the positive electrode:
jOH = acOgo4 (inl + inz) (11a)
For the negative electrode:
i =ayi, (11b)

The effective diffusion coefficient appeared in Eq. 10 is related to its bulk value based on
Bruggeman relation:

Do = &°D" (12)
2.1.3 Conservation of electrical charge

The averaged micro-macroscopic equation for the conservation of charge is expressed as:

For the solid phase:

V(v )+ 1, =0 m#s (13a)
For the electrolyte phase:
V- ("'V®, )+ V- (k5'VINCoy )+ Y 1, =0 m=e (13b)

m

where Ism and lem are the interfacial current density at the interface between phase m and solid
and electrolyte phases, respectively. Combining Eqgs. 11a and 11b gives the following forms:
V-(c"Va,)- ™ =0 (14a)

and



V-(k"V®,)+ V- (k3 InCyy )+ " =0 (14b)

ff

Here the effective electric conductivity, o , are corrected using the Bruggeman relation:

o™ = Z:O'kml'5 (15)
k
where m is the mass fraction of each species in the solid phase. In the same manner, the
effective ionic conductivity («*™), is calculated using the following equation:

2
eff _ EcF

K= (D +D,,,- ) Con (16)

2.2 Boundary conditions
The boundary conditions at all outer boundaries for concentration and potential in the
electrolyte are:

@ = o0, =0 a7
on  on

The boundary condition for the potential in solid is a;DS =0 except for current
n

collectors. At the negative current collector, @, =0 is chosen as the reference for voltage. At

the positive current collector, 8;133 :—% is applied for the constant current condition
n o

(i=—i )
3. Numerical Results
3.1 Numerical conditions

The initial conditions are specified for the separator and electrode thicknesses, the
specific surface area, the porosity, and the electrolyte concentration. The values applied in this
mathematical model are summarized in Table 1.

A finite element method was used to discretize the above boundary conditions and
conservation equations. The reaction processes and the transport equations varied with time.

In the case of the relative tolerance was less than 1073, the solution was thought to be
10



converged. The discharge voltage was obtained according to Eq. 14 in each time step and the
cut-off voltage is 1.4 V. Comparing the simulated results with experimental data, the
calculation was performed based on the discharge current densities of 3, 5, 8, and 10 A g},
respectively.
3.2 Model validation

To verify the developed model, the discharge curves of a zinc-cobalt battery at different
current densities are compared with the experimental results from Wang’s work [29] under the
same operating conditions. Fig. 2 is the comparison of the simulation results and the
experimental data, from which the trends of discharge voltages are consistent. Among them,
the calculated results show good agreement with the experimental data under small current
densities (3 and 5 A g1). Especially, at 3 A g*, the maximum error is only 20 mV. With an
increase of the current density, the error between calculations and experiments increases, and
the maximum error is 0.12 V. The reasons are analyzed as follows: the present model only
considers diffusion of species but convection can be non-negligible at high current densities
due to high electrochemical reaction rate. Besides, this model describes the isotherm process
without considering the temperature change, but the temperature rise could be significant at
high current densities. We also verified the model by comparing the experimental results from
Tan’s work in which the negative electrode is a Zn foil [30]. Some adjustments are made to
the model and some parameters with changed values are listed in Table S1 in Supporting
Information. Fig. S1 shows the 1D model geometry of this zinc-cobalt battery. As shown in
Fig. S2, the modeling results show good agreement with the experiment data. To sum up, the
one-dimensional isotherm model demonstrates good accuracy and thus can be used to analyze
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the design optimization for the improvement of battery performance.
4. Effect of design parameters

In the electrode design, the electrode thickness, electroactive area, porosity, and active
material loading are significant parameters that affect discharge performance. For a given
electrode material, the energy density of the battery can be affected by changing the electrode
thickness, the electrode porosity, the active material loading. At the same time, the electrolyte
concentration also has a certain influence on performance. Based on the above-established
one-dimensional isothermal model of a zinc-cobalt battery, the above influencing factors are
analyzed in detail.
4.1 Effect of positive electrode thickness

Although the electrode thickness is a significant design parameter that affects the
discharge performance of the battery, the detailed quantitative experimental results related to
the electrode thickness are relatively few. To this end, we studied the influence of thickness
for the design of high-performance electrodes. As the loading of the active material can
greatly affect the electrochemical performance, with the thickness changes, two scenarios are
considered, including the loading keeps constant and the loading varies with the thickness
proportionally.
4.1.1 Thickness and active material loading vary proportionally

When thickness and active material loading vary proportionally, the parameters
associated with the change are listed in Table 2.

Fig. 3a exhibits the comparison of discharge curves of electrodes with different
thicknesses and loadings at a current density of 5 A g. Due to the active material loading

12



changes with the thickness proportionally, the electrode porosity, electroactive area, and initial
concentration of CoO> do not change. When the electrode thickness increases from 0.1 cm to
0.2 cm, the diffusion distance becomes longer and the concentration polarization intensifies.
Thus, the battery with a thicker electrode has higher internal resistance, and its output
capacity is lower than that of the battery with a thinner electrode. The initial potential of
discharge reaction decreases from 1.86 V to 1.82 V. With an increase of the electrode
thickness, the diffusion distance of ions becomes longer, which restricts the diffusion and
leads to insufficient utilization of active material. Meanwhile, with an increase of the
electrode thickness, the resistance of electron transfer also increases, making it difficult to
carry out the reaction away from the current collector, resulting in a capacity loss. The
changes of ion diffusion and electron transport resistance with varying thickness are shown in
Fig. S3a, which can verify the above-mentioned discussion.
4.1.2 Active material loading is constant and thickness varies

The porosity of the electrode is bound to change when the active material loading is
constant but the thickness changes. When selecting electrode materials, electrode porosity is
important since it can directly affect the transport of electrolyte inside the electrode, and also
affect the active areas for reaction and conductivity. When the active material loading is
constant and the thickness changes, the process of the parameter calculation is demonstrated
in the Supporting Information, and the results are listed in Table 3.

Fig. 3b exhibits the comparison of discharge curves of electrodes with different
thicknesses at a current density of 5 A g*. With an increase of the electrode thickness, the
initial potential of discharge reaction increases from 1.82 V to 1.86 V due to the increase of

13



porosity and electroactive area. And, the capacity loss may come from the limitation of ion
diffusion and the increase of electron transport resistance in the electrode. When the electrode
thickness increases from 0.1 cm to 0.2 cm, the diffusion distance of ions becomes longer,
which restricts the diffusion and leads to insufficient utilization of electrolyte ions. Meanwhile,
the resistance of electron transfer also increases. Thus, the ion diffusion and electron transport
resistance are important factors affecting the discharge performance of the battery.

By comparing Figs. 3a and 3b, it can be found that the specific capacity of the two both
increases when the electrode thickness decreases, however, the discharge voltage shows
different behaviors: it decreases when the active material loading and the electrode thickness
increase proportionally, but increases when the loading keeps constant as the latter case has
larger electroactive area and porosity.

4.2 Effect of active material loading

For the positive electrode with a given thickness, the active material loading will change
the electrode porosity and electroactive area. Herein, the impact of active material loading is
investigated. The process of the parameter calculation is demonstrated in the Supporting
Information, and the results are listed in Table 4.

Fig. 4 exhibits the comparison of discharge curves of the electrodes with different
loadings at a current density of 5 A g. When the active material loading increases, the initial
discharge potential decreases from 1.93 V to 1.78 V due to the decrease of the electroactive
area and porosity. In consequence, the utilization ratio of the active material decreases, which
leads to a decrease of the capacity. Fig. S3b indicates that the larger the active material
loading, the higher the electron and ion transport resistance. Thus, a low loading is preferred

14



to achieve a high specific capacity. It is worth noting that a high capacity is needed for
practical applications, to achieve which increasing the active material loading is a general
method. Therefore, an optimal loading should be selected to balance the specific and practical
capacities.
4.3 Effect of separator thickness

Fig. 5 exhibits the comparison of discharge curves of different separator thicknesses at a
current density of 5 A g*. As the thickness of the separator increases, the resistance of
electrolyte ion transport increases. In consequence, the discharge voltage and the battery
capacity decrease, but the change range is slight. This result turns out that the thickness of the
separator has hardly impact on the discharge performance of the battery at some range. It is
worth noting that zinc dendrite may grow during the charge process, which may reach the
positive electrode and cause the internal short-circuit. To this end, the thickness can affect not
only the package of the battery but also the operation safety, and thus should be well designed
considering other impacts.
4.4 Effect of electrolyte concentration

In the aqueous electrolyte battery, the concentration of electrolyte influences the ionic

conductivity, which further influences the rate performance of a battery. To make aqueous
electrolyte-based batteries economically viable, the electrolytes with good ionic conductivity
are needed to enhance ion transport for reducing the ionic polarization. Therefore, it is
necessary to study the relationship among electrolyte concentration, ionic conductivity, and
ionic diffusion coefficient. Gilliam et al. have established an empirical correlation for the
KOH solution in the 0-12 M concentration range at 0-100 °C [38]:
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xk=A(M)+B(M?)+C(M-T)+D(M/T)+E(M*)+F(M?*.T?) (18)
where x is electrolyte conductivity, M is the molar concentration of KOH solution (mol L),
and the values for constant A to F are -2.041, -0.0028, 0.005332, 207.2, 0.001043, and
-0.0000003, respectively. Xiao et al. studied the relationship between conductivity and ionic
diffusion coefficient with the following equation [39]:
x=DcF?/ RT (19)
where D is the ionic diffusion coefficient, c is electrolyte concentration. Based on the above
relationship, the corresponding electrolyte conductivity and ion diffusion coefficient can be
obtained when the electrolyte concentration changes, as listed in Table 5.

Fig. 6 exhibits the comparison of discharge curves of different electrolyte concentrations
at a current density of 5 A g*. The discharge potential increases due to the increase of the
electrolyte concentration, and the initial potential increases from 1.83 V to 1.84 V. As the
concentration increases, on the one hand, the conductivity increases; on the other hand, the
viscosity increases as well, which decreases the diffusion coefficient. Under the present
circumstance, the increase of conductivity seems to compensate for the decrease of the
diffusion coefficient, leading to an increase of the discharge potential. However, the battery
capacity is almost unchanged. Thus, using the electrolyte with a high concentration is
beneficial for the improvement of the output voltage.

We also studied the effects of different design parameters on the discharge performance
at another current density of 8 A g. As the results shown in Figs. S4-S7, even at different

current densities the conclusion is consistent.
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5. Conclusions

In this work, we have made a theoretical investigation of the discharge behavior of an
alkaline zinc-cobalt battery. A mathematical model has been established based on a
single-domain method. The simulated discharge voltage curves with a cut-off voltage of 1.4 VV
agree well with the experimental results. Based on this mathematical model, the impacts of
active material loading, electrode thickness, separator thickness, and electrolyte concentration
on the operation performance have been investigated in detail. The specific capacity increases
when the electrode thickness decreases owing to the decreased transport route for electrolyte
ions. However, the discharge voltage shows different behaviors: it decreases when the loading
and the electrode thickness increase proportionally, but increases when the loading keeps
constant. For a given electrode thickness, both the specific capacity and the discharge voltage
decrease when the active material loading increases. The separator thickness has little effect
on the discharge performance of the zinc-cobalt battery. While the discharge voltage increases
slightly when the electrolyte concentration increases. Hence, choosing proper electrode
thickness, active material loading, and electrolyte concentration is crucial to obtain a higher
discharge voltage and a larger capacity. Owing to the similar configurations and reaction
mechanisms of alkaline zinc-based batteries such as Zn-AgO and Zn-Ni batteries, the present
mathematical method can be transferable by adjusting the corresponding parameters, and the
conclusion on the battery and electrode design can also be extended. While considering
zinc-air and hybrid zinc batteries [40] which are half-open systems with the adsorption of
oxygen from ambient air, new models need to be developed to offering design guidance,
which is our next research topic.
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Nomenclature

a specific electroactive area (m? m™)

Ax boundary of phase k (m)

B body force (N m™)

Ck molar concentration of phase k (mol m)

CoH molar concentration of OH (mol m™)

D diffusion coefficient (m?s™?)

Da dispersion coefficient (m? s1)

E° overall potential of a cell (V)

F Faraday constant (96,485 C mol™)

I applied current density (A m)

ﬂ current density vector in phase k (A m?)

Inj transfer current density of reaction j (A m?)
loj exchange current density of reaction j (A m?)
Jd interfacial species transfer rate due to diffusion (mol m=s?)

Ji interfacial species transfer rate due to interface movement (mol m=s?)
J transfer current density (A m2)

k conductivity of liquid (S m™)

I diffusion length (m)

M molar density (mol m)

MW molecular weight of species (kg mol™?)

Nk molar species flux in phase k (mol m?s?)

N number of transfered electron

Pk pressure of phase k (Pa)

18



R Universal gas constant (8.314 J mol K1)
r the rate of generation of species at interface
T temperature (K)

t time

t° transference number of OH with respect to the solvent velocity
U; open-circuit overpotential for reaction j (V)
Vi volume of phase k (m®)

\7k velocity vector of phase k (m s?)

Wk velocity of boundary of phase k (m s?)

X distance along cell sandwich width (m)

z charge number

Greek

aj The anodic transfer coefficient for reaction j
0 The cathodic transfer coefficient for reaction j
e porosity

I'km phase transformation rate j (V)

px density of phase k (kg m™)

o conductivity of solid matrix (S m™)

v stoichiometric coefficient

Tk stress tensor of phase k (Pa)

) electric potential (V)

Superscripts and subscripts

avg average
D pertinent to diffusion
e electrolyte phase
eff effective, corrected for tortuosity
0 initial value, reference value
j reaction j
ref reference
S solid phase
se solid-electrolyte interface
tot total
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Figure captions

Fig. 1 Schematic diagram of a zinc-cobalt battery

Fig. 2 Comparisons of the simulated discharge curves and experimental results from Ref. [29]
at different current densities.

Fig. 3 Discharge curves when (a) the thickness and the active material loading vary
proportionally; (b) the active material loading is constant and the thickness changes.

Fig. 4 Discharge curve when the thickness is certain and the active material loading varies.
Fig. 5 Discharge curves of different separator thicknesses.

Fig. 6 Discharge curves at different electrolyte concentrations.
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Table captions

Table 1 Parameters used in simulation

Table 2 The parameters for the positive electrode with the active material loading changing
with the thickness

Table 3 The parameters for the positive electrode with a given active material loading

Table 4 The parameters for the positive electrode with a given thickness

Table 5 The conductivity and ion diffusion coefficients at different concentrations
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Table 1 Parameters used in simulation

Parameter Symbol Value Unit Ref.
Geometrical properties
Thickness of the separator Lsep 2x10*
Thickness of the anode Lano 3x10™
Thickness of the cathode Lcat 15x10°°
Porosity of the separator £Sep 0.5 -
Porosity of the anode €Ano 0.4 -
Porosity of the cathode £cat 0.8 -
Specific surface area of the anode aano 1.0 x 10° m?m3
Specific surface area of the cathode acat 2.2x10° m?m3
Active material load m 2 mg cm2 [29]
Electrolyte properties
Initial electrolyte concentration Clint 1000 mol m3 [29]
Reference electrolyte concentration CoH ref 1000 mol m3 [29]
Diffusion coefficient of OH- D, 5.77 x 10°° m? st [39]
Diffusion coefficient of K* D, 2.15x107° m?s?t [34]
Density of the electrolyte P 1500 kgm™
Transport number t° 0.38 -
Kinetic parameter
Exchange current density of reaction 1 01 1x107? Am?
Exchange current density of reaction 2 02 3x10°3 Am?
Exchange current density of reaction 3 03 5x 102 Am?
The anodic charge transfer coefficients of

Oy 0.5 -S Assumed
reaction 1
The cathode charge transfer coefficients

a, 0.5 - Assumed
of reaction 1
The anodic charge transfer coefficients of

a,, 0.4 - Assumed
reaction 2
The cathode charge transfer coefficients

a,, 0.6 - Assumed
of reaction 2
The anodic charge transfer coefficients of

Q,, 0.6 - Assumed

reaction 3
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The cathode charge transfer coefficients

_ a, 0.4 - Assumed
of reaction 3
General parameter
Density of Co304 Peo, 6,050 kgm3
Density of CoO, Peoo, 6,450 kgm3
Density of CoOOH Pooon 2,900 kgm3
Density of Zn Pz 7,140 kgm™
Density of ZnO P 5,606 kgm3
Molar mass of Potassium ion Mk+ 39.1 g mol™
Molar mass of OH ion Mo- 17.0 g mol™
Molar mass of solvent Mo 18.0 g mol
Molecular weight of Cos04 MW o304 240.79 g mol™
Molecular weight of CoO, MW coo2 90.93 g mol™
Molecular weight of CoOOOH MW coooH 91.93 g mol™
Molecular weight of Zn MWz, 65.41 g mol?
Molecular weight of ZnO MWzno 81.41 g mol?
Conductivity of Co304 6Co304 0.15 Smt
Conductivity of CoO> 6Co02 2 Smt
Conductivity of CoOOOH GCoO0H 3 Smt
Conductivity of Zn ozn 1.83 x 10’ Smt
Conductivity of ZnO 6zn0 1 Smt
Operating temperature T 300 K
Number of transferred electrons of
reactionl " . .
Number of transferred electrons of
reaction2 k& . ]
Number of transferred electrons of
reaction3 " ? .
Equilibrium potential of reactionl eqt 0.37 \Y/ [29]
Equilibrium potential of reactionl eq2 0.464 \Y/ [29]
Equilibrium potential of reactionl eq3 -1.38 \Y/ [29]
Initial concentration of zinc Caninit 5,000 mol m™
Initial concentration of CoOOH Ceo00H jinit 1x10° mol m™
Initial concentration of CoO2 Ceo0, init 60 mol m*
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Table 2 The parameters for the positive electrode with the active material loading changing

with the thickness

Electrode Active material . Concentration of .
) ) Porosity Electroactive area
thickness loading Co0>
cm?cm
(cm) (mg cm?) (mol m) ( )
0.10 1.33 0.8 60 2.20x10°
0.15 2.00 0.8 60 2.20x10°
0.20 2.67 0.8 60 2.20x10°

Table 3 The parameters for the positive electrode with a given active material loading

Electrode Active material . Concentration .
. . Porosity Electroactive area
thickness loading of CoO;
cm? cm®
(cm) (mg cm?) (mol m) ( )
0.10 2 0.7989 90 1.47 x10°
0.15 2 0.8000 60 2.20x10°
0.20 2 0.80055 45 2.93x10°
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Table 4 The parameters for the positive electrode with a given thickness

El_ectrode Active n?aterial Porosity Concentration of Electroactive area
thickness loading Co0O>
(cm) (mg cm) (mol m3) (cm cm')
0.15 1 0.8011 30 4.40x10°
0.15 2 0.8000 60 2.20x10°
0.15 3 0.7989 90 1.47x10°

Table 5 The conductivity and ion diffusion coefficients at different concentrations

Electrolyte concentration Conductivity L . -
1 Diffusion coefficient (m- s™)
(mol L) (Scm™)
0.5 0.1146 6.14x10°°
1.0 0.2153 5.77x10°°
4.0 0.5700 3.82x10°°
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