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e The three-phase reaction interfaces
expand from 2D plane to 3D zone.
e The power density increases by using

novel structure.
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o A peak power density of 120 mW-cm™
for zinc-air battery is achieved.

e Performance decay of air cathodes isn’t
obvious after continuous discharging.
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ARTICLE INFO ABSTRACT
Keywords: Zinc-air batteries are considered as potential energy conversion systems. One of the main issues of zinc-air
Zinc-air batteries batteries is the low actual power density. However, the three-phase reaction interfaces are limited in 2D plane

Air cathodes

Structural design

Three-phase reaction interfaces
Hydrophobicity adjustment

of conventional air cathodes, which limits the electrochemical kinetics and the commercialization of zinc-air
batteries. Here, a novel structural design of air cathodes with multi current collectors and gradient hydropho-
bicity to improve the discharge power for zinc-air batteries is proposed. Based on non-noble metal catalysts, the
three-phase reaction interfaces expand from 2D plane to 3D zone by the novel structural design, increasing the
power density of the battery. The gradient distribution of hydrophobicity in the air cathode can be obtained in
one step through the soaking-drying process. When the soaking-drying process reaches twice, the optimal per-
formance is achieved due to the balance of hydrophilicity and hydrophobicity. The peak power density of 120
mW-cm 2 is achieved in the zinc-air battery with MnO, as catalysts. After continuously discharging at 20
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mA-cm 2 exceed 9 h, the electrochemical performance can be restored by replacing with a new metal anode and
keeping the initial air cathode. This work illustrates that the novel structural design of air cathodes can effec-
tively improve the power density of zinc-air batteries, which is beneficial to the application of zinc-air batteries
in the fields of energy storage and conversion.

1. Introduction

With the increase of both fossil energy consumption and environ-
mental pollution, more environment-friendly energy conversion systems
are called for to satisfy the demand for industrial production and daily
life [1,2]. Due to the high theoretical specific energy, safety, environ-
mental friendliness, and low cost, metal-air batteries have drawn much
research interests in recent years [3,4], whose anode material is usually
lithium, zinc, or other metals that can be produced efficiently in the
developed metallurgical and manufactural industry. When air is used as
the cathode material in the battery system, an additional auxiliary gas
storage tank is unnecessary [5-7]. The electrolyte between anode and
cathode can be used not only to transport and store charged particles but
also to recover anode materials through metal ions. Compared to lithium
and aluminum, zinc is more affluent in nature, lower in cost, and more
moderate in chemical activities [8]. These characteristics enable zinc-air
batteries to utilize aqueous solutions as the electrolytes directly, which
not only makes the reaction process safer but also avoids the con-
sumption of the metal due to severe corrosion reaction in the solution.
Therefore, zinc-air batteries are considered as potential energy conver-
sion systems especially as backup energy, power system and wearable
devices [9-11].
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At present, the main problems of zinc-air batteries are low specific
energy, low power density, and short cycle life [12-14], which are
closely related to the air cathode. In order to solve these problems, the
air cathode need to meet the following conditions: (1) effectively cata-
lyze chemical reactions [15-17]; (2) build smooth mass transfer chan-
nels [18,19]; (3) form fast charge transfer channels [20,21]; (4)
maintain the stability of catalysis, mass transfer and charge transfer
performance [4,22]; (5) lower the production cost [8,23]. In order to
meet these conditions, the conventional structure of air cathodes has
been widely reported [20,24]. However, based on the conventional air
cathodes, it is difficult to improve the output power of zinc-air batteries,
which needs to synthesize catalysts with large specific surface area and
high catalytic kinetics. The conventional structure of air cathodes con-
sists of a current collector, a hydrophobic diffusion layer and a catalytic
layer (Fig. 1a). The catalytic layer is tightly coated on the surface of the
current collector, and the three-phase reaction interfaces is formed on its
active area, which is a two-dimensional (2D) plane. When the superficial
area of the air cathode is fixed, the expansion of the three-phase reaction
interfaces depends on the catalyst with large amount of micro pores and
large specific surface area (Fig. 1b). The expansion of the catalyst surface
area increases its contact with electrolyte and air, and the existence of
porous structure is conducive to the balance of liquid and gas phase,

(d)

Fig 1. Comparison of different air cathode structures. The schematic diagram of (a) the structure of conventional air cathodes, (b) three-phase reaction interfaces, (c)
the novel structure of air cathodes with multi current collectors and (d) the corresponding SEM image.
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which helps to form the three-phase reaction interfaces. In addition, the
catalytic activity of the catalyst has a significant impact. There are re-
ports [25-27] on catalysts focusing on the efficiency of oxygen reduction
and oxygen evolution, good conductivity, low cost and so on. However,
the development of catalysts based on the conventional structure usually
requires complex preparation process to obtain catalysts with special
composition and structure. The fundamental reason is that the three-
phase reaction interfaces is formed in the 2D plane of the catalytic
layer in the conventional air cathodes, which is difficult to increase
further. Therefore, a novel structural design of air cathodes is needed to
avoid the complex and expensive catalyst preparation for low-cost and
high-power output zinc-air batteries that is suitable for commercial
applications.

The optimization of air cathodes mainly focuses on the hydropho-
bicity adjustment based on the conventional structure in existing re-
searches. Hydrophobicity can directly determine the relative dominance
of electrolyte and air, so it affects the formation of the three-phase re-
action interfaces and determines the mass transfer rate during the oxy-
gen reduction reaction (ORR) process. The construction of the three-
phase reaction interfaces is related to the hydrophobicity of air cath-
odes [11,25,26]. When the electrolyte and air balance each other, the
three-phase reaction interfaces is easier to form [28]. The regulation of
hydrophobicity can be achieved by controlling the distribution of hy-
drophobic materials. Shen et al. [29] soaked carbon papers with
different concentrations of poly(tetrafluoroethylene) (PTFE) emulsion
(10%, 20%, 30%, 40%) and then calcined at high temperature. The
hydrophobicity of treated carbon papers was enhanced in turn, which
was used as the air cathode of lithium-air batteries together with the
same catalysts. In the same specific capacity range, it was found that the
discharge voltage of lithium-air batteries corresponding to the 30%
PTFE emulsion was the highest. In addition, the hydrophobicity can be
adjusted by changing the treatment times. Ni et al. [30] directly grow
Co304 nanosheets on nickel foam. After soaking in the same concen-
tration of PTFE emulsion for 1, 2, and 4 times separately, the hydro-
phobicity of the nickel foam increased sequentially. The assembled zinc-
air / zinc-Co304 hybrid batteries with air cathodes, which was treated
for two times in the PTFE emulsion, showed the highest discharge
voltage and power density. The air cathode with in-situ growth catalysts
should be moderately hydrophobic. The adjustment of hydrophobicity
can be assisted by carbon materials. Wang et al. [31] prepared nickel
foam directly growing MnO2 nanosheets. The air cathodes were ob-
tained by the hydrothermal reaction in an emulsion containing different
concentrations of PTFE and carbon nanotube (CNT). Zinc-air batteries
equipped with air cathode containing CNT had lower load transfer
impedance and higher discharge voltage.

It has been proved that it is effective to adjust the hydrophobicity for
constructing the three-phase reaction interfaces and optimizing the mass
transfer in air cathodes. However, it is limited to increase the discharge
power density of zinc-air batteries only by optimizing the hydropho-
bicity in the conventional air cathodes. Therefore, it is urgent to develop
a novel structure which can expand the area of the three-phase reaction
interfaces efficiently and easily, and then improve the power output of
zinc air batteries.

Herein, a novel air cathode structural design is proposed and verified
to improve the power density of zinc-air batteries. The novel structural
design includes multi current collectors with in-situ growth catalysts,
gradient distribution hydrophobic materials (PTFE), and a gas diffusion
layer on the outside (Fig. 1c, d). The novel structure expands the three-
phase reaction interfaces from 2D plane to three-dimensional (3D) zone.
Based on the existing cheap catalysts instead of complex and expensive
catalysts, the complex synthesis process can be eliminated and the
output power of zinc-air batteries can be effectively increased. In the
validation experiments, MnO, nanosheets were directly grown on nickel
foam as catalysts and current collectors by a one-step hydrothermal
reaction. By keeping the upper and lower positions of nickel foam un-
changed during the subsequent soaking-drying process, the gradient
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distribution of hydrophobic materials in the air cathode is easily
controlled. With MnOy, as the catalysts, the peak power density of zinc-
air batteries can reach 120 mW-cm™2 by using this novel air cathode
structrue. In this paper, the effect of hydrophobicity and the number of
current collectors on the performance of air cathodes is evaluated.
Through adopting appropriate parameters, the power density of zinc-air
batteries is significantly increased.

2. Experimental

2.1. Synthesis of MnO2 nanosheets in-situ grown on nickel foam (MnOy/
NiF)

All chemical reagents were of analytical purity and utilized without
any further purification. The MnOy/NiF was fabricated by a hydro-
thermal reaction, as previously reported [32]. Briefly, the nickel foam
(15 mm x 40 mm, 3-mm thickness, Shenzhen Lifeixin Environmental
Protection Co., Ltd) was soaked in 3 M HCI (Beijing Chemical Factory),
followed by ultrasonic treatment of 10 min to remove the surface oxide
layer. Then rinsed them with deionized water three times. Place one
piece of nickel foam at the bottom of a 50-mL Teflon-lined autoclave
containing a homogenous solution of KMnOy4 (0.2 g, Beijing Tongguang
Fine Chemical Co., Ltd.) in 20 mL of deionized water. After reaction at
180 °C for 8 h, the substrates coated with MnO; nanosheets were
removed and immersed in ethanol and deionized water (volume ratio
1:4) for 12 h, and finally washed with deionized water under ultrasound
for 20 mins to remove physisorbed and loosely attached MnOs, followed
by drying at 60 °C overnight. The loading of MnO5 was calculated to be
approximately 0.2 mg cm 2.

2.2. Fabrication of MnOy/NiF air cathode

The air cathodes were fabricated by a soaking-drying process and
two hot-pressing processes. During a hot-pressing process, different
number of MnOy/NiF (1-5 pieces) were overlapped each other and
pressed three times under a pressure of 30 MPa by the hot press
(Shenzhen Xotech Technology Co., Ltd., TH-XC605-HC200) with the
surface temperature at 80 °C. Different thickness (0.3 mm, 0.6 mm, 0.9
mm, 1.2 mm, 1.5 mm) was obtained. To furnish a hydrophobic surface
that facilitates oxygen diffusion, the MnO,/NiF were coated with PTFE
by a 1 min soaking in PTFE emulsion (5 wt%, Shanghai Hesen Electric
Co., Ltd) and drying at 60 °C for 20 min, which is a typical soaking-
drying process. To change the surface hydrophobicity, different
soaking-drying times (from O to 3 times) were applied. Then, the sam-
ples were annealed at 300 °C in the air for 1 h at a heating rate of
5 °C-min"". Finally, the MnOy/NiF electrodes were coated with a gas
diffusion layer (QuantumSphere Inc.) followed by another hot-pressing
process under the same conditions. The resultant samples were denoted
as MnOy/NiF x y-PTFE-y. x represents the number of MnO,/NiF piece,
and y represents the soaking-drying treatment times.

2.3. Materials characterization

The morphological investigation was performed using scanning
electron microscopy (SEM, Merlin, Carl Zeiss, Germany) at 5 kV accel-
erating voltage. The chemical compositions of the electrodes were
determined by energy-dispersive X-ray spectroscopy (EDS, Merlin, Carl
Zeiss, Germany) at an accelerating voltage of 15 kV, and X-ray diffrac-
tion (XRD, Bruker D8 Advance, Bruker, Germany) was adopted to
analyze the crystal structure of the catalysts with continuous scanning in
the diffraction angle range (26) of 10-80° with Cu Ka source working at
40 keV. X-ray photoelectron spectroscopy (XPS) was performed on an
ESCALAB 250Xi (Thermo Fisher, England) using Al Ka radiation as the
radiation source. All the binding energies are referenced to the Cls peak
at 284.8 eV. The hydrophobicity of different electrode surfaces was
characterized by a contact angle measurement system (Attention Theta
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Lite).
2.4. Assembly and test of zinc-air batteries

The zinc-air battery was composed of the as-prepared air cathode, a
polished zinc foil (0.2 mm, Qizhou Gaogang Diaopu Optical Co., Ltd.) as
the anode, and 6 M KOH (Modern Oriental Technology Development
Co., Ltd) 4+ 0.2 M ZnO (Tianjin Zhiyuan Chemical Reagent Co., Ltd.) as
the electrolyte. The geometric area of the cathode exposed to air was
approximately 1 cm?, and the same area of the catalyst layer was
exposed to the electrolyte. The battery voltage at the current step of 1
mA s was recorded to get the polarization curves. Constant current
discharge measurements were conducted to evaluate the discharge
performance. The electrochemical workstation (VersaSTAT 3F, Prince-
ton Applied Research) was utilized for the measurements. The power
density of zinc air battery is calculated by the following formula:

battery voltage x battery current
active surface area

power density =

3. Results and discussion
3.1. Morphology, crystal structure, and chemical composition

In order to verify the advantages of the novel air cathode structural
design, MnO, was selected as the electrocatalyst. MnO3 has many crystal
structures. Among them, 8-MnO, showed excellent ORR catalytic ac-
tivity [33]. In addition, 5-MnO; can be obtained by a simple one-step
hydrothermal reaction without additional pH adjustment [34]. There-
fore, 5-MnO, grown on nickel foam is a reasonable choice. SEM images
and EDS elemental mappings are shown in Fig. 2. The pristine nickel
foam (Fig. 2a) indicates a porous structure composed of nickel skeleton
with macropores. After the hydrothermal reaction, the vertical MnOy
nanosheets on nickel foam (Fig. 2b) are observed. The inset in Fig. 2b
presents magnified SEM images of MnO,/NiF, further revealing its mi-
crostructures. The hierarchical macroporosity of the pristine nickel foam
is still observed with MnO; nanosheets thoroughly and generally
distributing on the nickel skeleton structure. The length of the
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nanosheets typically varies between 0.5 pm and 1 pm. The crystal
nanosheets are composed of mesopores, which are favorable for mass
transport. The so-called MnO5 nanosheets are two-dimensional mate-
rials, and it can wholly and uniformly cover the three-dimensional net of
foamed nickel. This structure provides good transport characteristics for
the electrode in the process of Oy diffusion. It promotes the transport of
ions in the chemical reaction [24], which is conducive to the realization
of high catalytic active site utilization and the increase of catalytic ac-
tivity area. The MnOs on the nickel foam contains Ni, Mn, and O as the
main chemical elements according to the EDS analysis (Fig. 2¢). A clear
nickel foam structure can be observed from EDS images of Mn, O and Ni
elements. This shows that these elements have a relatively homogeneous
distribution throughout the entire region. After the soaking-drying
process, the back of MnOy/NiF is covered with PTFE (Fig. 2d), which
will be beneficial to improve the hydrophobicity. With PTFE covering,
the macropores of MnOy/NiF are retained at the backside throughout
the layer. The backside is attacked with gas diffusion layer (GDL) to
provide amass transport property for the diffusion of O, and facilitated
ion diffusion during the catalytic process.

The XRD patterns from 10° to 80° of nickel foam and MnOy/NiF are
presented in Fig. 3a. For both samples, the intense peaks of nickel can be
clearly observed. Diffraction peaks were detected for MnO; at 14.1°,
22.4°,29.5°, 38.7°and 45.0°, which could be separately assigned to the
(001), (002), (200), (—111) and (—112) planes of the birnessite-type
manganese oxide nanosheets (JCPDS 80-1098). The characteristic peak
of 8-MnO-, is lower than that of Ni because the loading of catalysts is very
small (0.2 mg~cm’2). In addition, no other characteristic peaks were
clearly observed. This indicates that the main component of the crystal is
8-MnO,. This result confirms the successful synthesis of the reported
structure for 8-MnO; on nickel foam [32]. XPS was employed to analyze
the chemical states of Mn and O on the electrode surface. Fig. 3b elu-
cidates the identical XPS spectra of MnOy/NiF. The presence of man-
ganese oxide is evidenced by manganese Mn 2p peaks and oxygen O 1s
peaks [35]. As illustrated in Fig. 3c, the Mn 2p region consists of a
spin—orbit doublet of Mn 2p; /2 and Mn 2p3,» with the binding energy of
653.8 eV and 642.2 eV, respectively. Mn 2p;,» and Mn 2ps,2 can be
deconvoluted at 654.6, 653.7, 643.2, and 642.2 eV, which are attributed

Fig 2. SEM images of (a) Ni foam and (b) MnO,/NiF. (c) The EDS elemental mappings of the corresponding elemental. (d) SEM image of MnO,/NiF covered

with PTFE.
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Fig 3. (a) XRD patterns of nickel foam and MnO,/NiF; (b) Surface scanning XPS spectra of MnO,/NiF; (c) Mn 2p and (d) Ols core level XPS spectra with decon-

voluted peaks for MnO,/NiF.

to the presence of Mn*" and Mn®* oxide phases, respectively. For the
deconvoluted results of Mn2p in XPS, the proportions of Mn®* and Mn**
are calculated by the following formula respectively.

Snint
P(Mn™*) = —————x 100
( " ) Snins+ 4 Sy * %
o Shnt+
P(Mn*") = x 100%

n Snhind+ + Syint+

where Syys: and Sy, represents the contribution from Mn®* and Mn**,
respectively. And the amount of Mn*" and Mn>* oxide phases is deter-
mined to be 74.4% and 25.6%, respectively. The results indicate the
dominated oxidation state of the mixed-valence manganese oxides is
tetravalent [36]. The presence of Mn> leads to rich oxygen defects in
the materials, which can make better electrocatalytic performance [37].
The existence of manganese oxide phases is also reflected in the Ols
spectra shown in Fig. 3d. The two sharp peaks at 530.1 and 531.6 eV are
attributed to the oxygen atoms bound to Mn atoms represented by
Mn—O—DMn of the tetravalent oxide and Mn—O—H bond of a hydrox-
ide, respectively. The broad peak at 532.9 eV is corresponding to
H—O—H bond of residual water. The average oxidation state of Mn is
calculated as follows[31,38]

4 X (Smn—0-Mn — Smn—0-t1) + 3 X SMn—0-Mn

Mn State =
SMn—O—Mn

where Syn—o-mn represents the contribution from both MnOOH and
MnO,, whereas Swy,—o-n stands for the contribution from hydroxyl
groups.

According to the intensities of the Mn—O—Mn and Mn—O—H
components, quantitative calculations illustrate that the average
oxidation state of Mn is 3.78, which is consistent with the deconvoluted
results of Mn2p.

3.2. Effect of surface hydrophobicity on battery performance

For the air cathode, not only the catalytic active materials loading
but also the surface hydrophobicity is the critical factor for the discharge
performance of zinc-air batteries. For the oxygen reduction reaction in
the zinc-air battery, the hydrophobicity is needed for increasing the
three-phase reaction interfaces. The object of the soaking-drying process
of MnOy/NiF with PTFE emulsion is to increase its hydrophobicity. As
previously reported [39,40], a gradient distribution of hydrophobic
materials throughout the air cathodes is conducive to three-phase re-
action interfaces constructed formation, which requires multiple
waterproof treatments to obtain gradient hydrophobicity. But the
preparation process is time-consuming, complicated, and will make the
catalytic layer thicker, and lead to sizeable internal resistance and
catalyst falling off.

The soaking-drying method in this work can easily achieve the
gradient distribution of hydrophobic materials. When dropping 3 mL
deionized water (DIW) drops on the front and backside of an electrode
after waterproof treatment (MnOy x 2/NiF-PTFE-1), respectively, the
different contact angles of the two surfaces is observed. The DIW drops
on the front side of the electrode cannot be maintained (Fig. 4a), which
elucidates there is barely any PTFE on this side. The backside of the
electrode represents a high hydrophobicity (Fig. 4b), on which the DIW
drops can polymerize into beads, which illucstrates that gradient hy-
drophobicity can be achieved on two sides of the same electrode though
one waterproof treatment. The gradient distribution of hydrophobic
materials on both sides of the air cathode results in different hydro-
phobicity of the two surfaces. Hydrophilic surfaces are used to provide
access to aqueous electrolytes. Hydrophobic surfaces are designed to
provide a barrier to prevent electrolyte penetration and to facilitate the
rapid diffusion of oxygen from the atmosphere to catalytic sites.
Therefore, the gradient hydrophobicity of air electrode is helpful to slow
down the loss of water evaporation or resist flooding under extreme
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Fig 4. The surface hydrophobicity of a (a) downward facing surface and a (b) upward facing surface after a 3 mL deionized water drop onto the surface. Contact
angles of DIW droplets on the backside of different MnO,/NiF surfaces. (c) The pristine electrode (MnO4/NiF x 2-PTFE-0). (d-f) The electrodes with different PTFE
loadings: (d) MnOy/NiF x 2-PTFE-1, (e) MnOy/NiF x 2-PTFE-2, and (f) MnO,/NiF x 2-PTFE-3.

conditions [40,41].

In addition, the non-uniform distribution of hydrophobic materials
on both sides of the air cathode is conducive to efficient oxygen trans-
port, thus promoting the formation of three-phase reaction interface
[39,42]. To investigate the effect of PTFE on the hydrophobicity, we
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measured the contact angles of DIW drops on the backside of different
MnOy/NiF surfaces. For the pristine electrode without waterproof
treatment (MnOy/NiF x 2-PTFE-0), the DIW drops are quickly absorbed
into the macropores of the pieces (Fig. 4c), demonstrating the high hy-
drophilicity. After waterproof treatment with PTFE, including one

0 15 30 45 60 75
Current Density (mA-cm?)

Fig 5. The electrochemical performance of zinc-air batteries assembled by air cathodes of MnO,/NiF x 2 with different hydrophobicity. (a) Open-circuit voltage
curve. (b) Electrochemical impedance spectroscopy recorded at a constant discharge potential of 1 V. The profiles of (c) Galvano dynamic discharge voltage and (b)

corresponding power densities.



L. Pan et al.

soaking-drying process (MnOy/NiF x 2-PTFE-1), the contact angle in-
creases to 113.9° on average (Fig. 4d). When expanding the treatment of
the soaking-drying process to two (MnOsy/NiF x 2-PTFE-2) or three
times (MnO2/NiF x 2-PTFE-3), the contact angles are up to 120.7° and
129.0° in average (Fig. 4e, f), which indicates that the PTFE loading can
improve the hydrophobicity of the backside of the electrode. It is
noteworthy that the front side of the electrode maintains hydrophilicity
because PTFE mainly deposits on the other side during waterproof
treatment. Hence, the gradient hydrophobicity in different degrees is
achieved [30].

The electrochemical performance of the air cathodes with hydro-
phobicity in different hydrophobicity is shown in Fig. 5. The open circuit
voltages (Fig. 5a) of different electrodes are significant heterogeneity.
The electrode without waterproof treatment (MnOy/NiF x 2-PTFE-0)
illustrates a stable open circuit voltage at about 1.62 V, which is closer to
the typical open circuit voltage of zinc manganese battery at 1.5-1.8 V
[43-45]. There is no PTFE loading on the electrode, so it is difficult for
O, to transfer through GDL and into the catalytic layer. The electro-
chemical system with zinc and manganese oxide immersed in the elec-
trolyte is near zinc manganese battery. Increasing PTFE loading on the
electrode by one time soaking-drying process (MnO2/NiF x 2-PTFE-1),
the result illustrates at 1.48 V, which is close to the reported zinc-air
batteries [46]. When the soaking-drying process reaches twice or more
(MnOy/NiF x 2-PTFE-2, MnOy/NiF x 2-PTFE-3), the open circuit volt-
ages are almost the same at around 1.40 V, which are the typical open
circuit voltage in zinc-air batteries [14,47,48], indicating that a suffi-
cient PTFE loading can ensure the electrochemical system a stable zinc-
air battery, avoiding the formation of zinc-manganese battery or zinc
hybrid battery. In addition to electrochemical properties, electro-
chemical impedance spectroscopy (EIS) analysis results (Fig. 5b) eluci-
date that surface hydrophobicity with a suitable composition of PTFE
significantly reduces the impedance of mass and charge transfer.

The Nyquist plots consist of two semicircles. One in high frequency is
for kinetic control process, and the other in low frequency is for mass
transfer control. The EIS data are fitted using an electrical equivalent
circuit model of which the circuit description code is Rs((RctQ1) (RmtQ2)),
as shown in Fig. 5b. The details are shown in Table 1. To qualitatively
analyze, the air cathode with high PTFE loading illustrates lower elec-
trolyte, contact, and solid-electrolyte interface resistances but higher
mass transfer resistances. Meanwhile, opposite characteristics can be
revealed in air cathodes with low PTFE loading, which means that a
suitable composition of PTFE (MnO2/NiF x 2-PTFE-2) can achieve the
balance of mass transfer and charge transfer. In the discharge voltage
polarization and power density curves (Fig. 5¢, 5d), it is also found.

When the current density increases to 4.29 mA-cm 2, the voltage
quickly drops below 0.5 V for the pristine electrode, which is consistent
with the former reports that the power density of zinc manganese bat-
teries is lower than that of zinc-air batteries. The peak power density of
the batteries with different electrodes (MnO5/NiF x 2-PTFE-0, MnOy/
NiF x 2-PTFE-1 and MnO,/NiF x 2-PTFE-2) reach 4.0 mW-Cm’z, 17.0
mW-cm ™2, and 40.0 mW-cm ™2, respectively. When the soaking-drying
process reaches twice or more, the battery has the open circuit voltage

Table 1
Values of equivalent circuit elements based on EIS analysis of MnO,/NiF elec-
trodes with different PTFE loading.

Element Rg Ret Rt Q; (S'sn) Q2
(Q-cm?) (Q-cm?) (Q-em?) (S-sn)

MnOy/NiF x 2-  1.30 1.53 62.2 2.93 x 0.0152
PTFE-0 1073

MnOy/NiF x 2-  2.62 1.83 41.8 8.87 x 0.0190
PTFE-1 1074

MnOy/NiF x 2-  1.07 1.50 19.5 6.85 x 0.0149
PTFE-2 107

MnOy/NiF x 2-  4.09 3.11 43.3 0.0135 0.0329
PTFE-3
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of the zinc-air battery reported in the general report. However, the
power output of zinc-air batteries will be negatively affected by the
excessive load of PTFE. Compared with the optimal MnOy/NiF x 2-
PTFE-2, the discharge voltage (Fig. 5¢) and power density (Fig. 5d) of
MnOy/NiF x 2-PTFE-3 with increasing hydrophobicity gradually
decreased. There are two main reasons for the rapid decline of power
output performance with high hydrophobicity of the air cathode. On the
one hand, the increased hydrophobicity of the air cathode limits the
transfer of electrolyte that can enter the catalytic layer, and the gas—solid
interfaces become predominant in the three-phase reaction interfaces.
On the other hand, the air cathode with high hydrophobicity is loaded
with too much non-conductive PTFE, and the excess PTFE will cover the
pores of the catalyst layer and nickel framework, and the effective area
of catalyst exposed in the three-phase reaction interfaces is reduced. The
highest discharge voltage and power density plateau pertain to a
moderately hydrophobic electrode with the optimum PTFE loading
when the soaking-drying process reaches twice, which is similar to the
reported results [29,30]. Therefore, the moderate PTFE loading can not
only keep the balance between the hydrophobicity and hydrophilicity in
the novel structure, but also reduce mass transfer and charge transfer
impedance to make high power density for zinc-air batteries.

3.3. Effect of multi current collectors on battery performance

In the air cathode, the direct growth catalysts on current collectors
avoid the active materials falling off and increasing the internal resis-
tance during charge and discharge cycling. For low-cost transition metal
oxides, an increase in the amount of catalyst to increase the reaction rate
on the cathode side is generally allowed. However, even without
considering the high cost of catalysts, it is difficult to enhance electro-
catalytic kinetics by growing more catalysts on a single current collector,
making the catalytic layer thicker. The impedance of electron transfer is
higher in the thicker catalytic layer. Furthermore, the macropores be-
tween the current collector framework will be blocked by catalysts,
making the transport of electrolyte and air unsmooth, which is disas-
trous for constructing three-phase reaction interfaces.

To avoid the above problems and increase the deposition of catalysts,
we propose a novel air cathode structure with multiple current collec-
tors. It is predicted that the increase in the number of current collectors
will not only expand the catalytic reaction area but also control the
growth of internal electrode resistance and the loss of catalysts.

The effect of multi current collectors are revealed by discrepant
performance between air cathodes with different amount of MnO4/NiF.
The open circuit voltages are around 1.38-1.43 V (Fig. 6a) because their
soaking-drying process reaches twice,. They are all stable electro-
chemical systems of zinc-air batteries. The significant reduction of
impedance using multi current collectors to substitute for a single cur-
rent collector (Fig. 6b). With increasing the number of current collectors
from 1 to 5, the ohmic resistance, mass transfer resistance, and charge
transfer resistance all decrease rapidly (Table.2). Because the catalyst
deposited later grows directly on the nickel foam, it will not cause an
immensely negative effect on the transfer of electrons and oxygen. Also,
adopting a novel air cathode structure can improve the discharge
voltage and increase the discharge power density (Fig. 6¢, d). When the
electrode contains one piece of MnO4/NiF, the voltage of the zinc-air
battery drops below 0.4 V at the current density of 23.5 mA-cm ™2
After doubling the MnOy/NiF pieces, the current density rises to 49.9
mA-cm 2 at the same voltage. Furthermore, the battery with 5 pieces of
MnO,/NiF can work under 246 mA-cm ™2, 0.38 V in which other samples
cease to be effective, revealing that multi current collectors all promote
the discharge current output. Similarly, the reply incremental power
densities are shown in Fig. 6d. When the number of MnO,/NiF pieces is
further increased to 6, the peak power density of zinc air battery is only
99 mW-cm 2 (Fig. 6d). It is considered that the thickness of air cathode
is too large, which results in the increase of mass transfer impedance
(Fig. 6b, Table.2). The oxygen passing through the microchannel to the
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Fig 6. The electrochemical performance of zinc-air batteries assembled by air cathodes of MnO,/NiF with different amounts of current collectors. (a) Open-circuit
voltage curve. (b) Electrochemical impedance spectroscopy recorded at a constant discharge potential of 1 V. The profiles of (c) Galvano dynamic discharge voltage

and (b) corresponding power density.

Table 2
Values of equivalent circuit elements based on EIS analysis of MnO,/NiF elec-
trodes with different number of current collectors.

Element Rs Ret Runt Q; (S'sn) Q2 (S'sn)
(Q-cm?) (Q-cm?) (Q-cm?)
MnO,/NiF x 1-  0.316 9.23 431 3.62 x 4.72 x
PTFE-2 1072 1072
MnOy/NiF x 2-  1.07 1.50 19.5 6.85 x 0.0149
PTFE-2 1074

MnOy/NiF x 3-  0.802 1.41 11.4 2.09 x 0.0169
PTFE-2 1072

MnOy/NiF x 4-  0.574 2.20 8.33 0.0457 0.0238
PTFE-2

MnO,/NiF x 5-  1.02 0.834 2.54 0.0230 0.111
PTFE-2

MnO,/NiF x 6-  0.419 0.830 4.63 0.0120 0.120
PTFE-2

inside of the cell encounters greater resistance, which makes the for-
mation of three-phase reaction interface difficult, and some catalysts are
not effectively utilized.

With the increase in the number of MnO,/NiF in the air cathode, the
peak power density of the zinc-air battery is approximately linearly
magnified (Fig. 7a). When the number of a collector is five, the peak
power density reaches 114.3 mW-cm ™2, The thickness of the air cathode
is increased to 1.5 mm by five collectors. Further thickening of the
cathode will lead to an increase of internal impedance, so this is
considered to be a better acceptable limit. Based on the novel structure
of the air cathode prepared by the in-situ growth of catalyst on current
collectors, the problem of large impedance caused by catalyst deposition
can be alleviated.

In the previous experiment, the air cathode (MnO2/NiF x 5-PTFE-2)
with moderate PTFE loading and 5 pieces of current collectors is

considered to achieve the highest discharge voltage and power in the
zinc-air battery. As shown in Fig. 7b, we further study the continuous
working performance under a constant discharge current density at 20
mA-cm 2 with this air cathode. In the first 5 h, the battery keeps a
discharge voltage of about 1.08 V, of which the power density is around
21.6 mW-cm 2. The discharge voltage of the battery continues to drop
after 5 h of continuous discharge. Another 1 h later, the discharge
voltage drops below 1.00 V. When the battery operates continuously for
9.5 h without replacing any active materials, the battery voltage is lower
than 0.05 V. This indicates that the battery has completely degraded. It
does not ascribe to the failure of the air cathode but the consumption of
anode materials. We disassembled the battery and found that the
effective area of zinc foil had been completely consumed (Fig. 7c).
Replaced the consumed sample with a new zinc foil as the anode, keep
the original air cathode as a cathode, other components and battery
structure unchanged, and tested again. The results elucidate that the
scanning curves of voltage and power density of the new battery are
almost identical with those of the initial battery. The peak power density
of zinc-air battery equipped with the same air cathode is maintained at
110-120 mW-cm 2, as shown in Fig. 7d, which means that the decrease
of the effective reaction area of anode is the reason of the continuous
voltage decay after long-term discharge. The air cathode has no
apparent change. After changing the anode material, the battery can
recover its original discharge capacity.

It is worth noting that although the power density and specific power
of zinc air battery are important performance evaluation indexes, there
are obvious differences between them [14,49,50]. The power density is
the ratio of the battery power to the air cathode active surface. The
specific power is the ratio of the battery power to the overall mass. The
overall quality of the battery is affected by the overall structure design,
anode materials and other comprehensive factors. In order to evaluate
the effect of air cathode structure design, it is appropriate to use power
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Fig 7. The electrochemical performance of zinc-air batteries assembled by air cathodes of MnO,/NiF x 5-PTFE-2. (a) The fitting curve of the number of current
collectors and peak power density. (b) The voltage curve of continuous discharging at 20 mA-cm~2. (c) The active region of the zinc foil has been completely
consumed. (d) Discharge voltage and power density curve before and after anode replacement.

density as the key performance evaluation index. Using MnO; as cata-
lyst, the novel air cathode structural design can significantly improve
the power density of zinc air battery compared with conventional
structure as reported (Table.3). This means that the output power of zinc
air battery can be improved through the new structural design with a
low catalysts loading.

4. Conclusions

For the issues of air cathode structure, a novel structural design with

multiple current collectors is proposed. The feasibility of this novel
structure for increasing the discharge power density of zinc-air batteries
is verified. By adjusting the surface hydrophobicity, changing the
number of current collectors, and replacing the anode material, the
following conclusions can be drawn.

(1) The hydrophobic gradient distribution through air cathodes can
be obtained quickly by the soaking-drying process. When the
soaking-drying process reaches twice, the zinc-air battery can

Table 3
Comparison of electrochemistry performance of zinc-air batteries with air cathodes in reported conventional structure and novel structure.
Catalysts ~ Anode Catalysts Loading Electrolyte Peak Power Density Power Density Per Catalysts Loading Reference
(mg»cm’z) (mW-cm™2) (mW-mg’l)

MnOy Zinc plate (4.5 g) 40 (with carbon) 6 M KOH 38.5 7.13 [51]

«-MnOy Zinc foil 6.25 (with carbon) 6 M KOH 61.5 9.84 [52]

o-MnO4y Zinc foil 10 6 M KOH 176 17.6 [53]
0.2 M ZnO

MnO, Zinc plate 4 6 M KOH 95.7 23.9 [31]

MnO, Zinc plate ~1 6 M KOH 48 48 [54]
20 gL' Zn
(AC),

MnO, Zinc plate 3 6 M KOH 151 50.3 [55]
0.2 M Zn(AC),

MnO, Zinc plate (~0.5 2 6 M KOH 105 52.5 [56]

mm)

o-MnOy Zinc plate ~2 6 M KOH 166 83 [46]
0.2 M Zn(AC),

«-MnOy Zinc plate ~1.25 (with carbon) 6 M KOH 116 92.8 [57]
0.15 M ZnO

8-MnO, Zinc plate (~0.2 1 6 M KOH 120 120 This Work

mm) 0.2 M ZnO
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balance mass transfer and charge transfer impedance and achieve
the highest discharge power density.

Using the proposed air cathode structure, the peak power density
of zinc-air batteries approximately linearly increases by directly
assembling more current collectors in the air cathode. The zinc-
air battery with 5 pieces of MnO,/NiF represents a peak power
density of 120 mW-cm 2.

After continuous discharging for more than 9 h, the performance
of the air cathode does not decline obviously. The discharge
voltage and power density of the zinc-air battery can be restored
to the performance before discharge after replacing a new anode
with the same material.

(2)

3

-

In addition, based on the results of this paper, the new air cathode
structure can be used in combination with other catalysts and metal-air
batteries, so as to expand the three-phase reaction interface into three-
dimensional space and achieve higher voltage and power. This will
promote the commercial application of zinc air battery, especially in the
fields of backup energy, power system and wearable devices.
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