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1.1 Introduction

With the rapid development of society, people’s dependence on energy sources
is increased continually in terms of daily life and transportation [1]. Up to now,
nonrenewable energies, such as fossil energy (oil, natural gas, and coal) and nuclear
energy, account for 80% of energy consumption, thus inevitably causing serious
environmental pollution (green-house gas, SO,, and NO,.) and rapid consumption
of reserve resources [2]. Therefore, it is urgent to develop renewable clean energy,
including solar energy, tidal energy, wind energy, and hydropower, to substitute for
traditional fossil energy in power grid [3, 4]. Generally, this renewable energy is
regarded as intermittent energy, which is highly dependent on resource conditions,
such as season, climate, and region; so, we should pay more attention to efficient
energy storage and conversion technology to achieve continuous energy output.
Among the numerous energy storage and conversion devices, electrochemical
storage and conversion systems, such as Li-ion/nickel-metal hydride (NIMH)/
lead-acid battery, Li-sulfur battery, and metal-air battery, show the advantages
of high-energy-conversion efficiency and high-energy density [5]. Devices using
Li-ion/NIMH/lead—-acid batteries as power sources can be seen everywhere in
daily life, including mobile phones, laptops, unmanned aerial vehicles, wireless
headphones, and even electronic vehicles. Given the great impact of Li-ion batteries
on the whole society, the 2019 Nobel Prize in chemistry was awarded to three pio-
neers, including John B Goodenough, M. Stanley Whittingham, and Akira Yoshino,
owing to their great achievement in rechargeable Li-ion batteries [6]. Although
Li-ion battery has achieved great success, the low-energy-storage density, high cost,
limited reserves of lithium, and insufficient safety for the usage of volatile organic
electrolyte remain the biggest headaches in the field of electric vehicles or other
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Figure 1.1 The gravimetric and volumetric energy density of various types of secondary
batteries. Source: Lee et al. [11]/Reproduced with permission of Royal Society of Chemistry.

portable devices [7, 8]. Therefore, it is imperative to develop other rechargeable
batteries with safety, high-specific-energy density, and cost-efficient, such as
Li-sulfur battery, metal-air battery, and solid-state Li-metal battery. Among these
batteries, metal-air battery is regarded as the next-generation energy-storage system
owing to the low cost and high-energy density, while Li-sulfur battery and solid-state
Li-metal battery just exhibit the advantage of high-energy density [9, 10]. As shown
in Figure 1.1, the gravimetric and volumetric energy density of metal-air batteries,
including lithium (Li), zinc (Zn), aluminum (Al), and iron (Fe), are significantly
higher than other conventional rechargeable batteries [11, 12]. Although Li-air bat-
tery shows the highest theoretical energy density of 3458 Wh kg™, unfortunately, the
volatilization of organic electrolyte and instability of lithium metal, when exposed to
oxygen or water, were encountered for Li-air battery with open system, thus causing
poor cycle stability [13]. For Fe-air and Al-air batteries, its actual specific energy
and energy density are considerably lower than the theoretical value owing to large
polarization voltage, its rechargeability is relatively poor in alkaline conditions,
and rapid self-discharge through hydrogen-evolution reaction is encountered in
alkaline conditions [14, 15]. In contrast, Zn-air battery shows obvious advantages
for practical application [16], including (i) actual energy density reaching up to
500-600 Whkg™! (theoretical energy density of 1086 Whkg™!), which is twofold
of advanced lithium-ion batteries; (ii) the discharge platform is extremely stable,
which could achieve stable output voltage; (iii) the battery with aqueous electrolyte
is safe and environment-friendly; (iv) the cost of Zn-air batteries was decreased by
using the zinc metal which is abundant reserves and low cost [16]. Up to now, Zn-air
battery has been successfully applied to hearing aid, urban sightseeing vehicles, and
postal vehicles. To accelerate and standardize the application of Zn-air batteries in
electric vehicles, the Ministry of Industry and Information Technology of China has
also approved the “The industry standard of Zn-air battery for electric vehicles”
(GB/T 18333.2-2015).
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The first battery with zinc metal as the anode was developed by Volta in 1796 [17].
In the early nineteenth century, the zinc metal and MnO, were applied as the
anode and cathode for zinc-manganese dry battery, respectively, with the shape
of beaker, while the hybrid NH,Cl and ZnCl, were served as the electrolyte [18].
Based on this, Maiche developed the first primary model of Zn-air battery in 1878
by replacing the MnO, with platinum-loaded porous carbon, indicating the first
appearance of zinc-air battery [19]. Owing to the usage of weak acid NH,ClI aque-
ous solution as electrolyte, the output-discharge current density for this primary
zinc-air battery is just 0.3 mA cm~2. Few years later, a Walker-Wilkins battery with
first reported gas-diffusion layer consisting of porous carbon black was further
designed [20]. In the Walker-Wilkins battery, aqueous potassium hydroxide and
nickel were employed as electrolyte and current collectors of the gas-diffusion layer,
respectively. At that time, the atmospheric oxygen was identified as the reactant
for oxygen-reduction reaction (ORR). In 1932, Heise and Schumadcher redesign a
waterproof porous carbon as the air cathode and a NaOH aqueous solution with
20% concentration as the electrolyte [21]. As a result, this Zn-air battery could
achieve high-discharge current density of 10 mA cm~2, which marks its practical
commercial applications in many fields, including railway signaling equipment and
lighthouse. Since the 1970s, the primary coin-type Zn-air battery with low-power
density is widely applied in hearing aids, revealing the Zn-air battery entered into
our daily life [22]. With rapid development of high-efficient gas-diffusion layer,
Zn-air batteries have made great progress in discharge current density reaching up
to 1000 mA cm~2 in pure oxygen atmosphere, while the electrode thickness was just
0.12-0.5mm [23]. The high-power density of Zn-air batteries shows application
prospects in the field of electric vehicles.

When operating in air atmosphere, the alkaline electrolyte would react with
CO, to form the solid K,CO;, which could block the gas-diffusion layer [24].
Different from alkaline electrolyte, neutral solution with NH,Cl as the solute could
avoid the direct reaction between alkaline and CO, in air to form the carbonates.
Until 1973, Jindra et al. found that 5M NH,Cl aqueous solution could serve as a
quasi-neutral electrolyte to achieve sufficient buffering capacity for primary Zn-air
battery [25]. However, the ionic conductivity of neutral electrolyte is relatively
poor, thus the Zn-air battery with neutral electrolyte shows low-power density.
Alkaline electrolytes (e.g. KOH, NaOH, and LiOH aqueous solutions), which
are widely applied in commercial primary Zn-air batteries, are the essential
component to achieve high-energy density and power density owing to their
high ionic conductivity and high catalytic activity of ORR [26]. For example,
the KOH aqueous solution with mass concentration of 35% shows high ionic
conductivity of 0.55Scm™! and low viscosity of 2.2339 mPas at 25 °C, which could
provide excellent electrochemical kinetics and mass transfer for Zn-air battery
[27]. More importantly, the catalytic activities of ORR and oxygen-evolution
reaction (OER) in alkaline electrolytes is evidently better than that in neutral
electrolytes.
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Above researches about pristine Zn-air batteries just focus on the discharge
performance. From 1997 onwards, rechargeable Zn-air batteries with alkaline
electrolytes came into sight by researchers [28]. Commonly, 6 M KOH mixed with
0.2M ZnCl,/Zn(CH,COO0), was widely applied as the electrolyte for rechargeable
Zn-air batteries [12]. In 2000s, the flexible rechargeable Zn-air batteries with
polymer electrolytes consisting of polymer and KOH were proposed to satisfy the
demands for flexible electronics [29]. The researches on polymer with the ability to
bind water have been intensely explored to achieve long lifespan [30]. Recently, a
large number of researches about bifunctional electrocatalysts involving both the
ORR and OER, including single-atom catalysts, carbon materials, perovskite oxide,
spinel oxide, and transition-metal compounds, have been proposed for reducing
the potential gap between charge and discharge of Zn-air batteries, thus achieving
high-energy efficiency [31-33]. With the emergence of high-efficient bifunctional
oxygen electrocatalysts, the commercialization process of rechargeable Zn-air
batteries has been accelerated. The timeline of the development of Zn-air batteries
is shown in Figure 1.2.

Up to now, the rechargeable Zn-air batteries have made great progress in the
field of electric vehicles. The Electric Fuel company in Israel developed a mechan-
ically rechargeable Zn-air battery for electric buses, showing an energy density
of 200 Whkg=!, which is reaching up to the advanced Li-ion batteries at present
[34, 35]. In addition, the Mercedes Benz cars with mechanically rechargeable
Zn-air batteries could be able to drive up to 425km on one charge [36]. The key
technology for mechanical rechargeable Zn-air battery is the recovery of zinc anode
after deep discharge. To overcome the issues of zinc replacement, a zinc paste
circulating Zn-air battery with specific energy density of 228 Wh kg~! was designed
by Metallic Power Inc., while the spent zinc paste was reduced to fresh zinc paste
outside the battery [37]. Other companies, including EOS Energy Storage, ZincNyx
Energy Solutions, and Fluidic Energy, also contributed to the development of
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Figure 1.2 Timeline of the development of Zn-air batteries.
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Zn-air batteries in practical applications [38]. In addition to electric vehicles, the
Zn-air battery could also be applied in wearable devices, unmanned aerial vehicles,
communication base stations, electric bicycles, etc.

1.3 Structure and Principle of Zn-Air Batteries

Generally, Zn-air battery is regarded as an alkaline fuel cell, which is composed of
three main components—air electrode as cathode involving catalytic active layer
and gas-diffusion layer, zinc metal as the anode, and porous separator immersed
with alkaline electrolytes, such as 6 M KOH mixed with 0.2 M ZnCl,/Zn(CH, COO0),
aqueous solution [39, 40]. In detail, a porous separator is also provided to build a
physical barrier between cathode and anode to avoid short circuits, while the elec-
trolyte acts as the medium for the transmission of OH~ between anode and cathode
[41]. In addition, the gas-diffusion layer is applied to improve the transfer rate of oxy-
gen to catalysts surface, while the catalytic active layer could facilitate the reaction
rate between oxygen and OH™ [42]. During electrochemical discharge process, the
reduction of oxygen molecules to OH™ occurs by ORR, while reversible OER occurs
during OER process [43]. For zinc anode, which served as the counter electrode, the
spontaneous chemical reaction between zinc and OH™ occurs to produce ZnO dur-
ing discharge process, while the ZnO is decomposed to zinc and OH~ during charge
process [43]. In general, zinc metal is regarded as the main active species to achieve
electric energy output for pristine Zn-air battery, also called Zn-air fuel cell. For the
air electrodes with different catalysts, there are three types of Zn-air batteries mod-
els, including pristine Zn-air batteries, two-electrode rechargeable Zn-air batteries,
and three-electrode rechargeable Zn-air batteries [44], as shown in Figure 1.3. The
sandwich structure of cathode/separator/anode for these three typical batteries are
same, while the component of catalytic active layer in air cathode is different.

For pristine Zn-air battery, only ORR occurs on air electrode (Figure 1.3a) [45].
The ORR in alkaline electrolyte is a complex reaction process with multielectron-
involved elementary reactions. During the ORR process, molecular oxygen,
adsorbed on catalysts surface via the bidentate configuration, is reduced to OH~
through a 4-electron pathway (see Eq. (1.1)) [46]. Otherwise, molecular oxygen,
adsorbed on catalysts surface via the end-on one oxygen atom coordination mode, is
reduced to HO,~ through a 2-electron pathway (see Eq. (1.2)) [47]. In general,
the 2-electron oxygen-reduction pathway, which is usually applied to produce
the hydrogen peroxide (H,O,), is regarded as the side reaction for 4-electron
oxygen-reduction pathway. The 2-electron pathway may cause tremendous energy
loss and inferior discharge durability for Zn-air batteries [48]. Therefore, it is
desirable to develop ORR catalysts with 4-electron pathway regarding the activity
and stability. When evaluating ORR performance, the electron-transfer number
also needs to be calculated with the exception of limiting current and half-wave
potential [49]. From the 4-electron ORR equation, the consumption of H,O and
production of OH~ occur for the electrolyte, thus causing the increase of local
pH values on cathode surface. The equilibrium potential of 4-electron ORR is
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1.3 Structure and Principle of Zn-Air Batteries

calculated to 0.405V vs. reversible hydrogen electrode (RHE) based on the redox
pair 0,/0% [50].
Cathode reaction:

ORR by 4-electron pathway: O, + 2H,0 + 4e~ — 40H™; E° = 0.405 V vs. RHE
1.1)
ORR by 2-electron pathway: O, + H,O + 2e~ — HO,” + OH™ 1.2)

During discharge process, the zinc metal first loses two electrons to form the
Zn**, which is further combined with OH~ to form the soluble Zn(OH),*~ (see
Egs. (1.3) and (1.4)). Finally, the formed Zn(OH),* is decomposed into H,O,
OH™, and insoluble ZnO at supersaturated Zn(OH),?~ concentrations on anode
surface (see Eq. (1.5)) [51]. When a load is connected to the battery, the generated
electron on anode side transfers to air cathode through external circuit, and the
4-electron ORR on air cathode further occurs. From the anode overall reaction
equation (see Eq. (1.6)), the consumption of OH~ and production of H,O occur
for the electrolyte [51]. Combined with above cathode reaction, the OH~ would
spontaneously transfer from cathode to anode surface during discharge process
to overcome the concentration polarization. Therefore, alkaline electrolyte with
high ionic conductivity is chosen as the commercial electrolyte. In addition, the
distance between cathode and anode is also an important parameter for discharge
performance [52]. Based on the redox pair Zn/Zn?*, the equilibrium potential of
anode reaction is calculated to be —1.25V vs. RHE [53].
Anode reaction:

Zn — Zn** 4 2e” (1.3)
Zn** + 40H™ — Zn(OH),*~ (1.4)
Zn(OH),*~ - ZnO + H,0 + 20H" (1.5)

Anode overall reaction: Zn +20H™ — ZnO + H,0 + 2¢ ;E° = —1.25Vvs. RHE
(1.6)

Combining the anode and cathode reaction, the theoretical open-circuit voltage of
Zn-air battery should be 1.65V, where E? = E° 4 4o~E°1node- Generally, the actual
open-circuit voltage of Zn-air battery is just 1.4-1.5 V owing to the existence of polar-
ization potential under working conditions [54]. The overall discharge reactions
of Zn-air battery is actually the reaction between zinc and oxygen to generate the
ZnO (see Eq. (1.7)). In other words, there is just consumption of zinc metal during
discharge process. If sufficient zinc metal is provided and the durability of ORR cata-
lysts is excellent, the pristine Zn-air battery could continuously discharge for a long
term [55]. Therefore, the mechanical replacement of zinc metal after deep-discharge
process with fresh zinc metal could achieve the rechargeability of pristine Zn-air bat-
tery. This mechanically rechargeable Zn-air battery has been proved to be a desirable
choice for application in electric vehicles [56, 57], and this is discussed in detail later.

Overall reactions: 2Zn + O, — 2ZnO; E? = 1.65V 1.7)
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For electrochemically rechargeable Zn-air battery, there are two configurations
involving two-electrode (Figure 1.3b) and three-electrode (Figure 1.3c) [58].
Generally, two-electrode rechargeable Zn-air battery shows similar configuration
to the pristine Zn-air battery. For two-electrode rechargeable Zn-air battery, its
catalytic active layer in air cathode mainly consists of bifunctional ORR/OER
electrocatalyst, while that of just ORR electrocatalyst for pristine Zn-air battery
[59]. Therefore, screening the bifunctional electrocatalysts with both high-efficient
ORR and OER activities is necessary for these rechargeable batteries. To assess the
bifunctional activity, the potential gap (AE) between half-wave potential of ORR
and overpotential of OER at 10 mA cm~2 is proposed, which is an important param-
eter for evaluating the bifunctional electrocatalysts [60-62]. In general, lower AE
value implies higher bifunctional activity [49]. The anodic and cathodic reactions
during discharge process are same as that of pristine Zn-air battery mentioned
above. During charge process, the OH™ is converted to O, on air cathode and the
surface ZnO is subsequently reduced to zinc metal on anode. Similarly, the OH~
produced on anode side transfers to cathode side to make up its consumption of
OH™. The generated O, is finally transmitted outside through the gas diffusion layer
to accomplish the whole discharge/charge process [63]. Unfortunately, the uneven
deposition of soluble Zn(OH),?~ on zinc anode is observed during charge process,
thus inevitably causing the growth of zinc dendrite [64]. In addition to the stability
of bifunctional electrocatalyst, zinc dendrite is also a key factor for the cycle life
of Zn-air battery [65]. The discussion about the adverse impact of zinc dendrite in
Section 1.5.3 is continued.

In general, it is hard to design a bifunctional electrocatalyst with both excellent
ORR and OER activities owing to the completely reversible reaction process [55].
The high-efficient ORR or OER catalysts have been developed intensely in the
past few years [66, 67]. Although the bifunctional catalysts could be achieved by
physical mixing of ORR catalysts with OER catalysts, the random stack of two type
of catalysts would affect the actual discharge/charge performance [55]. In addition,
numerous ORR catalysts, such as carbon materials, may be decomposed during OER
process with high-charging potential [63, 68]. For example, the Zn-air battery with
heteroatom-doped carbon materials exhibited excellent discharge performance,
including high-power density and high-discharge voltage; however, the power
density and discharge voltage are rapidly decreased after first charge process owing
to the decomposition of low-crystalline carbon catalyst under high-charge voltage
[69]. In addition, the electrolyte turned from clear to yellowish-brown, revealing the
electrochemical degradation of carbon-based catalysts [63, 68]. The three-electrode
Zn-air battery consisting of air-discharge electrode, air-charge electrode, and
zinc anode is proposed to overcome above issues for two-electrode Zn-air battery
(Figure 1.3c) [15]. When assembling the three-electrode Zn-air battery, the ORR
catalysts and OER catalysts are dropped on gas-diffusion layer to obtain two air
electrodes, respectively [70]. Then the two air electrodes form a sandwich structure
with zinc metal, while two separators are also inserted between two cathodes and
one anode. The air electrode with ORR catalysts and OER catalysts are served as
the cathode during discharge and charge process, respectively, and the principle of
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discharge and charge for three-electrode Zn-air battery is same as the two-electrode
Zn-air battery. During the charge process, the air electrode with ORR catalysts is
inoperative, thus avoiding the adverse impact on subsequent discharge performance
after charging operation [44]. Although three-electrode Zn-air battery is superior to
the two-electrode battery in cycling performance, the tedious configuration would
increase the overall weight and volume of Zn-air batteries, which is unfavorable for
the gravimetric and volumetric energy density.

As revealed by the overall reactions of Zn-air battery, zinc anode is the main
active species to achieve the electric energy output. In many commercial zinc-based
dry cells, the gelled mixture of zinc pellets in range of 50-200 mesh is served as the
anode [71]. The size of zinc pellets has been proved to be a key factor for Zn-air
battery in view of inter-particle contact and reaction activity [72]. In principle,
high surface area of zinc pellets means better electrochemical activity. However,
the small zinc pellets with high surface energy are easily corroded by the alkaline
electrolyte, thus causing serious self-discharge [72]. Dai et al. revealed that the zinc
particles with grain size of above 200 mesh show the highest rate capacity owing to
the low internal electrical resistance in anode pack [17]. Meanwhile, Metallic Power
Inc. reported an electrolytic technique to prepare small dense zinc pellets with size
of 0.5-0.6 mm for mechanically rechargeable Zn-air battery, while the spent zinc
pellets could be electrochemically reduced to fresh one for further discharge cycles
on-site [73]. The zinc pellets are dispersed on alkaline electrolyte to form the liquid
electric fuel, which is pumped into the anode side of cell. Moreover, the morphology
of zinc metal is also an important influence factor for the discharge energy density
of Zn-air batteries [74-76]. For example, the Zn-air battery with fibrous form of
zinc shows higher discharge capacity and voltage than commercial zinc particles
[77]. For the usage of these zinc powder in Zn-air batteries, the zinc particles or
zinc fibers are processed into the rod and plate to form zinc anode for pristine or
rechargeable cylindrical and prismatic Zn-air batteries, as shown in Figure 1.4
[77]. This zinc anode always exhibits abundant pore structure for the permeation of
alkaline electrolyte, thus achieving fast-discharge reaction. For rechargeable Zn-air
battery, after converting the zinc metal to ZnO under desirable depth of discharge

(a)

Figure 1.4 The digital photographs of (a) rod form and (b) plate form zinc anode for
zinc-air batteries. Source: Zhang [77]/Reproduced with permission of Elsevier.
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(DOD), electrochemically reducing the ZnO to fresh zinc electrode is an efficient
strategy to realize the rechargeability of Zn-air battery [78].

Aqueous electrolytes, especially alkaline electrolytes, have been widely applied
in commercial Zn-air batteries [79]. The alkaline electrolytes show high conduc-
tivity, high catalytic activity for both air cathode and zinc anode, and excellent
low-temperature activity than neutral electrolyte. The alkaline concentration is an
important parameter for Zn-air battery to determine the ionic conductivity [80].
When the alkaline concentration is relatively low, the poor reaction activity and
high ion-transfer impedance of electrolyte would be observed, while high-alkaline
concentration would also block the ion-transport rate owing to high viscosity of
electrolyte [81]. Therefore, there exists optimal alkaline concentration to achieve the
highest ionic conductivity. More importantly, KOH electrolyte shows higher ionic
conductivity, lower viscosity, and higher oxygen-diffusion coefficients than NaOH
and LiOH electrolytes, which have been widely applied in Zn-based batteries [82].
As shown in Figure 1.5a, the 30 wt% KOH electrolyte (about 7 M) shows the highest
conductivity of 0.64Scm™ at room temperature, and the conductivity increases
with the temperature [56, 83]. Fortunately, the 30 wt% KOH electrolyte also achieves
fairly high conductivity of 0.22Scm~! when the temperature decreases to —15°C,
revealing that the Zn-air battery with alkaline electrolyte could operate in a wide
temperature range. In addition to aqueous electrolytes, polymer electrolytes, which

(@) 16f —— _'_;‘5(’;0 (b) 470
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Figure 1.5 (a) The conductivity of alkaline electrolyte under different KOH concentrations
and temperatures, Source: See and White [83]/Reproduced with permission of Elsevier.,

(b) the conductivity of gel polymer electrolyte under different KOH concentrations. Source:
Zhang et al. [84]/Reproduced with permission of Elsevier., and the (c) cross section and

(d) top-view images of nonwoven separator for Zn-air battery. Source: Kritzer and Cook
[85]/Reproduced with permission of IOP Publishing.
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are formed by conducting salts and polymers, are designed to eliminate the air
cathode flooding for aqueous batteries. In general, the conducting salts is mainly
KOH and polymers consists of polyvinyl alcohol (PVA) [86], poly(acrylic acid)
(PAA) [87], poly(ethylene glycol) (PEG) [88], polyacrylamide (PAM) [89], and
polyacrylate [87]. The ionic conductivity mechanism of polymer is the ionic motion
in the chain segment, therefore, constructing the amorphous phase in the polymer
above the glass transition temperature (T,) is beneficial for the ionic conductivity
of polymer electrolyte [90]. In addition, PAA-based polymer electrolyte with 35 wt%
KOH exhibits high conductivity of 0.46Scm™! at room temperature (Figure 1.5b)
[84], which is even comparable to the aqueous electrolytes. As reported, the polymer
electrolyte is a desirable choice for flexible Zn-air batteries owing to its superior
flexibility and mechanical strength [79].

The separator, as an electrochemically inactive component in Zn-air battery, is
applied to physically isolate the cathode and anode. In general, separator is a critical
component for Zn-air battery, which should satisfy the criteria of low ionic and high
electrical resistance to allow fast ion transfer between cathode and anode [91, 92].
Moreover, separator should have low-contact angle with aqueous electrolytes, high
chemical stability toward the corrosion and oxidation of electrolytes, and high
mechanical strength to resist the zinc dendrite attack [13, 92]. Only the separator
meeting above requirements can effectively improve the performance of Zn-air
battery, including high security, high-discharge capacity, and long-term durability.
Nonwoven polymers, such as polypropylene (PP), polyethylene (PE), polyamide
(PA), and PVA, have been widely applied as the separator for traditional aqueous
alkaline Zn-air batteries [85]. These nonwoven separators always show high poros-
ity of 75%, which could achieve high electrolyte retention and low ionic resistance
[85]. At present, laminated nonwoven separators, such as Celgard 5550, with a
trilayer structure (PP/PE/PP) as shown in Figure 1.5c,d, while PP and PE layers
are respectively applied to maintain the integrity of separator and shut down the
battery when thermal runaway, is typically used in commercial coin type of Zn-air
batteries [85]. When battery is short circuited, the PE layer would melt under high
temperature and further closes the pores to shut down the battery, thus realizing
safe operation. Given that the separator is an inactive component for Zn-air battery,
its thickness and weight should be exactly controlled when applied for commercial
application.

Owing to the low solubility of oxygen in the aqueous electrolyte, the active oxygen
mainly diffuses in through the gas-diffusion layer during discharge process, and
transfers out through the gas-diffusion layer during charge process to achieve the
oxygen exchange between catalyst surface and external atmosphere, not the liquid
electrolyte [93]. The charge and discharge reactions mainly occur at the three-phase
interface between electrolyte, electrode, and oxygen (Figure 1.6) [39, 43, 94].
During discharge process, the oxygen is first diffused to catalysts surface to form
the O,* and further reduced to OH" at the catalysts surface, and then, the OH™ is
desorbed from the catalysts surface and diffused to electrolyte, while the electrons
required for surface reaction from O,* to OH" are provided by external conductive
skeleton [94, 95]. Therefore, porous carbon black is needed in catalytic active layer
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Discharge process Charge process
Oxygen reduction reaction Oxygen evolution reaction

Figure 1.6 Schematic illustration of three-phase interface reaction for discharge and
charge process.

considering the electron transfer and oxygen diffusion. The charge process is
opposite to the discharge process, in detail, the OH™~ absorbed from electrolyte is
converted to oxygen through the OER catalysts and the oxygen is diffused outside
through the gas-diffusion layer, while the generated electron is transferred from
catalysts surface to zinc anode through external conductive skeleton [96]. The distri-
bution of electrolyte and oxygen inside the air cathode determines the transmission
distance of reactant and internal resistance, and the area of three-phase inter-
faces directly determines the active catalytic areas for ORR and OER inside the air
cathode. Therefore, the formation of abundant efficient three-phase interfaces inside
the air electrode is beneficial for the overall utilization rate of the electrocatalyst, thus
improving the charge/discharge performance. If the three-phase interface is dam-
aged, the discharge performance would seriously be decreased owing to trace oxygen
in electrolyte is not sufficient to maintain the reaction [40, 97]; in addition, the
generated oxygen could not be diffused outside and adhered to on catalysts surface,
which isolates the catalysts from direct contact with the electrolyte, thus decreasing
the charge performance owing to the catalytic active site is covered [96]. Therefore,
maintaining the stability of the three-phase interface during charge/discharge
process has also a direct impact on the cycle stability of Zn-air battery.

Based on above discussion about three-phase interface, the structural design of
high-efficient air electrode, which accounts for the transfer of oxygen gas, has a
great influence on its charge/discharge performance. In general, the hydrophobic
air electrode is applied for Zn-air battery to build three-phase transfer interface,
as shown in Figure 1.7 [20]. There is a hydrophobic region in air electrode for gas
diffusion, and this porous region could serve as the carrier to store the oxygen gas
[98]. Owing to the hydrophobic features of the porous carrier, electrolyte cannot fill
the unpressurized gas chamber. At present, porous carbon, including carbon fiber,
carbon-woven cloth, nonwoven fabric, activated carbon, and acetylene black, and
polytetrafluoroethylene (PTFE) are first mixed, and further rolled and hot-pressed
into a gas-diffusion layer, in which porous carbon provides gas chamber and PTFE
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Figure 1.7 Schematic diagram of
air electrode. Source: Harting

et al. [20]/Reproduced with
permission of Walter de Gruyter
GmbH.

Electrolyte

Reaction only
here

Catalyst

Current
collector

guarantees the hydrophobicity [99, 100]. The gas resistance is proposed to evaluate
the performance of gas-diffusion layer owing to the oxygen being the critical active
species during discharge process [101]. Generally, low gas resistance means fast
oxygen-transfer rate during discharge process, which could ensure high-discharge
rate performance. In addition, the mechanical strength of gas-diffusion layer should
be considered owing to the repeated charge and discharge operations that could
damage its inner structure [102]. For the catalytic active layer, the catalysts are
hydrophilic to form the electrolyte film on catalysts surface, while the film serves as
the depletion layer to achieve the OH™ exchange between catalysts and electrolytes
[103]. The core of catalytic active layer is the bifunctional electrocatalyst, which
could determine the overall performance of Zn-air battery [16]. In addition, the
current collector, such as metal foam and mesh, is introduced between gas-diffusion
layer and catalytic active layer to ensure the efficient transfer rate of electrons
to or from external circuit [104]. A zigzag structure between the contact faces
of gas-diffusion layer and catalytic active layer is formed to achieve continuous
transmission network. At the contact interface, the high-efficient air electrode
must meet the condition that there is a large amount of gas within the chamber,
and building an interconnected channel between the thin electrolyte film and gas
chamber is necessary [104]. Therefore, the air electrode must be a thin porous
electrode with different hydrophobicity on both sides, in which the hydrophobic
side should possess sufficient air holes for the transfer of oxygen to catalysts surface
and the hydrophilic side should build enough electrolyte permeation channel for
the species exchange between electrolyte and catalysts.

The emergence of miniaturized electronic devices, such as hearing aids, urges
researchers to develop long-lasting energy supply. Zn-air batteries with high-energy
density, low cost, and stable output voltage show obvious advantages in these elec-
tronic devices [105]. Up to now, the coin type of pristine Zn-air battery has been
successfully applied as the power supply for hearing aids. As shown in Figure 1.8,
coin type of batteries generally consists of the following components—air cathode,
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Figure 1.8 Schematic diagram of the coin type of Zn-air battery. Source: Harting
et al. [20]/Reproduced with permission of Walter de Gruyter GmbH.

zinc anode, separator, electrolyte, insulating ring, and packaging shell. As previously
described, air cathode is composed of catalytic active layer, gas-diffusion layer, and
current collector [20]. In this coin type of battery, the waterproof layer (Teflon foil)
serves as the gas-diffusion layer to prevent the electrolyte leakage. It is noteworthy
that the volume and mass of air cathode could be ignored, while the zinc anode is the
main component for this commercial battery owing to the zinc metal being the only
consumptive active species, which also determines the discharge capacity of Zn-air
battery. In addition, zinc powder rather than zinc foil is used as the anode owing to
its large contact area with electrolyte. This type of Zn-air battery just discharges for
along time under low-current density, thus it can only be used in miniaturized elec-
tronic devices. To prevent battery aging, the air hole is always sealed by tape, and the
tape needs to be removed before use. If the sealing tape is removed, the coin type of
battery must be discharged until complete consumption of zinc anode owing to the
adverse influence of CO, in atmosphere, and the detailed information is discussed
in section of 1.5.2.

For electrochemically rechargeable Zn-air battery, the commercialization process
has been impeded by the large charging overpotential owing to the inferior catalytic
activities for OER electrocatalysts, and its energy efficiency is generally lower
than 65% as laboratory reported [31]. In general, low-energy efficiency means
low-energy utilization, while the side reactions, such as water electrolysis, would
be occurred. Therefore, the high-efficient bifunctional electrocatalysts need further
exploration to promote the commercial electrochemically rechargeable Zn-air
battery. As previously mentioned, the mechanically rechargeable Zn-air battery
is a desirable choice for electric vehicles [106]. Electric Fuel Ltd. has developed a
mechanically rechargeable Zn-air battery for electric vehicles from the targets of
price, safety, performance, and quick refueling [107]. As shown in Figure 1.9a, a
static replaceable anode cassette containing the slurry of zinc particles is covered
by isomorphic separator envelope and further embedded into a current collection
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Figure 1.9 (a) Schematic diagram of mechanically rechargeable Zn-air battery by Electric
Fuel Ltd. Source: Goldstein et al. [107]/Reproduced with permission of Elsevier.

(b) the battery module containing 47 individual Zn-air batteries. Source: Goldstein

et al. [107]/Reproduced with permission of Elsevier.

frame which is modified with high-efficient oxygen-reduction catalysts flanked on
two sides, while the gap between catalyst layer and anode cassette was filled with
potassium hydroxide solution [107]. As discussed above, zinc metal serves as the
only electric fuel during discharge process, while exchanging spent electric fuel
after deep discharge with fresh electric fuel could achieve charging performance of
Zn-air battery, and this process is called refuel or mechanically recharge. Within
the anode cassettes, zinc particle with high surface area and high-tapped density is
tightly compacted onto a current collector to achieve a robust anode. The high sur-
face area of zinc particles is beneficial for the discharge performance, however, the
small zinc particles with high activity would react with electrolyte, thus inevitably
causing negative self-discharge. Therefore, the corrosion rate of zinc particles
should be controlled by the electrolyte addictive to lower the self-discharge rates
[108]. The time of refueling process for this type of Zn-air battery is comparable to
that of gasoline refueling for fuel vehicle, revealing it could be applied in the field
of electric vehicles.

After deep discharge at 80% DOD, the zinc metal is completely oxidized to ZnO
based on the overall discharge reaction. The spent electric fuel could be electrochem-
ically recharged outside the Zn-air battery to achieve the regeneration of zinc anode
in zinc electrowinning cells. As reported, suitable morphology and size of zinc par-
ticles could be obtained at the electrowinning current density of 100-200 mA cm™2
within the voltage of 2.2V, which could achieve high-energy efficiency for cycled
Zn-air batteries [107]. To achieve regeneration of zinc anode, the residual solid ZnO,
which is collected from the dead Zn-air battery after deep discharge, is first dissolved
in a KOH solution to obtain the soluble K,Zn(OH), as following Eq. (1.8):

ZnO + 2KOH + H,0 = K,Zn(OH), (1.8)

Then, the soluble K,Zn(OH), is electrolyzed in a zinc electrowinning cell to
regenerate the zinc particles as following Eq. (1.9):

K,Zn(OH), = Zn + 2KOH + H,0 + 1/20, (1.9)

After electrowinning process, the zinc particles are collected and recompacted into
the current collector frame. Finally, the recycled anode cassettes are inserted into a
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fresh separator envelope, and further embedded into the previous current collection
frame with original catalysts flanked on two sides, thus realizing a mechanically
charging cycle. To achieve the application in electric vehicle, 47 individual Zn-air
batteries are constructed into a basic module, as shown in Figure 1.9b [107], while a
simple air-cooled thermal management system is inserted in the module casing.
The static ZnO particles would block the contact channels between the remainder
of fresh zinc particles and electrolyte, thus preventing further discharge reaction.
Therefore, the spent zinc particles and other side products should be cleaned up
in time to allow direct contact between fresh zinc metal and electrolyte. Recently,
flowing bed is proposed to achieve the regeneration of zinc particles [109], however,
the parallel bipolar plate cannot well solve the problem of blocking spent zinc
particles. Therefore, a tapered-end structural Zn-air battery with unparallel bipolar
plate is designed, while air cathode covered with separator is tightly compacted onto
the vertical plate, and its front and side sectional views are exhibited in Figure 1.10
[110]. During discharge process, alkaline electrolyte containing zinc pellets contin-
uously falls to the hopper through a narrow opening (<3 mm), and further flows
from the top of cell to bottom. The catalytic active region is on the top of cell, while
it mainly serves as the reservoir for the zinc pellets. When reacted with oxygen,
the zinc pellets continuously decreased in size and meanwhile flowed downwards
by their own gravity. After deep discharge, the mixture of solid ZnO, side product,
unreacted zinc metal, and electrolyte flowed out from bottom of the cell. Signifi-
cantly, replacing the spent electrolyte mixture with the fresh electric fuel containing
electrolyte and zinc pellets could be accomplished by pump to achieve refueling.
The spent electrolyte is pumped to a storage tank for further regeneration by
applying a combined electrochemical and mechanical treatment. In detail, slight
mossy zinc metal is electrochemically deposited on a porous nickel substrate
under a constant current density and flow speed. Most regenerated zinc particles
(about 80%) could not be adhered to the porous substrate owing to their own
weight [110]. These regenerated zinc particles are further collected at the bottom
of the electrolysis. Subsequently, the collected zinc particle is mechanically pressed
into a cylindrical pellet, which is mixed with alkaline electrolyte and readded into
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Figure 1.10 Schematic diagram of Zn-air battery with a tapered-end structure.
Source: Cooper et al. [110]/Reproduced with permission of SAE International.
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the storage tank as the fresh electric fuel. As a result, the tapered-end structural
Zn-air battery with air electrode area of 250 cm? and hopper volume of 150 cm?
exports high-specific energy of 525 Wh and high-peak power of 125 W, revealing
great potential in electric vehicle [110].

Although above tapered-end structure shows obvious superiority in zinc regener-
ation, the existence of many gaps between individual cells would increase the weight
and volume of overall battery module. Metallic Power Inc. designed an advanced
zinc fuel cell to make full use of the vacant space tapered-end structure [73]. A pellet
distributor manifold is developed for this cell to decrease the uneven split-flow of
electric fuel. For this zinc fuel cell, a slightly inclined anode plate and a vertical
air electrode is developed, while the electric fuel is pumped from the top to bottom
and the air is permeated from the side. Almost all spaces in cell are utilized as the
active sites involving the discharge reaction. During discharge process, the electric
fuel consisting of alkaline electrolyte and zinc pellets pours into the cell via channel
Q1, and further zinc pellets are dropped out of the electric fuel and into zinc anode
bed, in which the zinc pellets are gradually oxidized to a small size as it moves to
the bottom of the bed, as shown in Figure 1.11 [73]. The spent electrolyte with ZnO
particles, side products, and unreacted zinc pellets flows out the bed from the mesh
at the bottom of cell and further returns to the reservoir tank via channel Q2, while
excess fresh electrolyte flows out through channel Q3 and finally returns back to the
fuel tank. For the regeneration of electric fuel, a spouted bed electroplating method
is proposed to recycle the zinc pellets on-site. In detail, a large number of metal
pins are embedded in a nonconductive substrate to form the regenerator, while
the discrete zinc particles are first grown on the metal pins and further a scraper is
mechanically rotated to remove the discrete zinc particles from metal pins surface.
Similarly, the regenerated zinc pellets are mixed with fresh alkaline electrolyte to
serve as the cyclic electric fuel.

Essentially, the mechanically rechargeable Zn-air battery is a primary battery,
while after applying ingenious structural design, the charging ability of primary
Zn-air battery could be achieved by quickly replacing spent zinc metal to fresh one
[111]. For this battery, only oxygen-reduction catalysts are needed for air electrodes,

Q1, Zn/KOH inlet

Q2, KOH outlet
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Figure 1.11 Schematic diagram of zinc fuel cell frame by Metallic Power Inc.
Source: Smedley and Zhang [73]/Reproduced with permission of Elsevier.
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therefore, their life-span is obviously higher than the electrochemically recharge-
able Zn-air battery. Up to now, these mechanically rechargeable Zn-air batteries
have been successfully applied in electric vehicles, especially electric buses [26].
However, the volume of these mechanically rechargeable Zn-air batteries is largely
owing to the use of accessory equipment, such as reservoir tank and regenerator.
In contrast, the electrochemically rechargeable Zn-air battery is a desirable choice
for electric vehicles owing to its simple structure [112]. Searching for OER and
bifunctional ORR/OER catalysts with high catalytic performance and durability are
the critical tasks for electrochemically Zn-air batteries.

1.4 Evaluation of Zn-Air Batteries

The performance evaluation of Zn-air battery mainly includes the following
parameters — specific capacity density, specific energy density, power density, and
charge/discharge performance [113]. It is noteworthy that above parameters have
two different references, including weight of electrode and overall battery system,
while the reference of electrode weight is mainly used to evaluate the performance
of electrode, and the reference of overall battery system weight is applied to assess
the practical application value.

1.4.1 Specific Capacity Density

The capacity of a battery refers to the total amount of electricity generated by
complete discharge under given conditions and time, while theoretical capacity
means the electricity generated by complete consumption of active species [114].
Therefore, the capacity density mainly refers to the discharge performance of
Zn-air battery. The calculation formula of theoretical capacity is concluded as
follows [115]:

Cy =nxFXxXm, (1.10)

where n represents the number of electrons involved in the reaction, m, represents
the consumption mass of active species, and F represents the Faraday constant.
There are two types of specific capacity—gravitational-specific capacity represents
the amount of electricity released by a unit mass of battery system or active
species (C; = C,/m, m means the mass of active species or battery system); and
volumetric-specific capacity represents the amount of electricity released by a
unit volume of battery system or active species (C; = C,/V, V means the volume
of active species or battery system). In general, zinc metal is the main active
species for Zn-air batteries while the oxygen is obtained from atmosphere, and the
gravitational-specific capacity is widely used to evaluate the discharge performance
of Zn-air battery. Here, we use the mass consumption of zinc metal to determine
the gravitational-specific capacity. The theoretical gravitational-specific capacity
could be calculated as following formula [115]:

C,=Cy/my=nxF

=2x96 485 (C mol™')/3600(C Ah™')/65(g mol™!) = 824 mAh g, ~*
1.11)
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Therefore, the theoretical-specific capacity density of Zn-air battery is
824mAhg,,~!. The actual specific capacity density means the actual generated
electricity under certain discharge conditions, which is calculated by following
formula [116]:

C=IxT/m, (1.12)

where I represents the discharge current (mA), T represents the discharge time (h),
and m,, represents the mass consumption of zinc metal (g). Generally, the actual
specific capacity density is lower than theoretical value owing to the inevitable side
reaction of zinc anode which will be discussed below in detail. The voltage-time
curve is first obtained and then converted to voltage-specific capacity density curves
based on the formula (1.12). As shown in Figure 1.12, the voltage-specific capacity
density curves could be distinguished into three regions, which are as follows [55]:

(1) Polarization region with immediate drop of voltage after imposing the discharge
current.

(2) Potential decay region with the slow decaying of voltage.

(3) Zinc passivation region with rapid drop of voltage at the end of discharge process.

The polarization region at the initial stage is mainly caused by the large polariza-
tion voltage on both cathode and anode surface once imposing the discharge cur-
rent, while the polarization voltage on air cathode surface plays a leading role [117].
The rapid drop voltage at zinc passivation region is attributed to the high-current
density on residual fresh zinc metal at the end of discharge process. In addition, the
specific capacity density decreases with the increase of discharge current density as
shown in Figure 1.12, while the discharge voltage is also decreased owing to the large
IR drop under high-current density. The value of specific capacity density represents
the utilization rate of zinc anode in alkaline electrolyte, which is highly related to
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Figure 1.12 Galvanostatic discharge voltage-capacity curves for a typical Zn-air battery
with carbon-based catalyst at different current densities. Source: Lu et al. [55]/Reproduced
with permission of John Wiley & Sons.
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catalytic activity of air cathode and side reaction in zinc anode [118]. Therefore, the
specific capacity density based on the mass consumption of zinc metal is a criti-
cal evaluating indicator for the discharge performance of Zn-air battery, which is
always applied to compare with other reported works about Zn-air batteries with
different catalysts [31]. The specific capacity density based on the total mass of bat-
tery is another evaluating indicator for the practical application potential. In addi-
tion to designing high-performance ORR catalysts, the protection of zinc anode to
inhibit the side reaction is also a desirable strategy to improve the specific capacity
density owing to the side reaction, such as formation of zinc dendrite, zinc corro-
sion, and zinc passivation, consumes the fresh zinc metal to inactivated one [119].
After deep discharge, replacing the fresh zinc as anode could recover the discharge
performance of Zn-air battery. The discharge-specific capacity density declines after
repeatedly mechanical recharging for pristine Zn-air battery owing to the decay of
catalytic activity [55]. For electrochemically rechargeable Zn-air batteries, the spe-
cific capacity density is generally determined by controlling the DOD, including
discharge/charge times and current density [120].

1.4.2 Specific Energy Density

Specific capacity density, directly related to current density and discharge time, is an
important parameter to estimate the utilization rate of active zinc metal, while the
discharge voltage polarization is not considered. Generally, the discharge platform
of Zn-air battery is extraordinarily stable, which is declined with increasing the
discharge current density owing to the existence of potential polarization. The
discharge voltage is affected by both the air cathode and zinc anode, while the air
cathode plays a dominant effect [121]. Therefore, energy density is proposed to
measure the actual energy output, and specific energy density refers to the energy
output per unit mass or volume of active species or battery system, which is an
extremely important evaluating indicator for practical application of battery. Up to
now, the gravitational-specific energy density based on the mass consumption of
zinc metal is widely applied to evaluate the catalytic activity of air cathode [122]. The
theoretical-specific energy density could be calculated as following formula [123]:

W, =C, xE’
=824 (mAH g™')x 1.65 (V) = 1350 Wh kg,! (1.13)
where C, represents the theoretical-specific capacity density (mAhg, ~!), and EY
represents the theoretical open-circuit voltage (V). The theoretical-specific energy
density of Zn-air battery is 1350 Wh kg, ~!. Actually, the specific energy density is
far less than the 1350 Wh kg, !, given the working voltage of Zn-air battery is just

1.2-1.3V owing to the large discharge overpotential, which could be calculated by
following formula [123]:

W =CXE (1.14)

where C represents the discharge-specific capacity density (mAhg,, '), and E
represents the working voltage (V). The specific energy density based on the mass
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consumption of zinc metal is limited to comparing the discharge performance of
the catalyst on Zn-air battery [124]. When compared with other types of batteries,
the specific energy density based on the total mass of battery should be provided
owing to different working voltages of these batteries. For Zn-air battery, achieving
high-energy density based on the total mass of battery pack is the premise of its
application in the field of electric vehicles [125]. Up to now, the energy density
of mechanically rechargeable Zn-air battery could reach up to 228 Whkg™! with
about 100% DOD, which is comparable to the state-of-the-art Li-ion battery with
ternary oxide as cathode [126]. In general, the energy density of electrochemically
rechargeable Zn-air battery is lower than that of mechanically rechargeable Zn-air
battery owing to its limited DOD (generally less than 40%) [127].

1.4.3 Power Density

The voltage—current curves (also polarization curves) are first obtained from linear
sweep voltammetry at a constant current or voltage step. Polarization occurs when
the current density increases owing to the electrical resistance near the electrode
inevitably enhances [128]. Therefore, the polarization curves represent that the
voltage change is strongly associated with the current density change. From the
charge/discharge polarization curves, the charge/discharge overpotential at differ-
ent current densities could be obtained. As shown in Figure 1.13a, the polarization
curves are distinguished into three regions, which are as follows [26]:

(1) Activation loss region with sharp drop of voltage ranging from the open-circuit
voltage to first-step voltage.

(2) Ohmic loss region with the slow drop of voltage.

(3) Concentration loss region with rapid drop of voltage at high-current density
owing to the dominant role for mass-transport effect.

For Zn-air battery, the activation loss region and concentration loss regions with
sharp drop of voltage mainly occur in the initial stage and high-current density,
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Figure 1.13 (a) The polarization curve and (b) power density curve of a typical Zn-air

battery. Source: Sapkota and Kim [26]/Reproduced with permission of Elsevier.
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respectively [129]. Therefore, the Ohmic loss region is the choice for normal oper-
ation. When operated in Ohmic loss region, Zn-air battery could discharge with a
stable voltage.

Power density refers to the output energy available per hour, which is the product
of discharge current density and voltage obtained from the polarization curves.
Owing to the existence of Ohmic loss, the discharge voltage declines with increasing
the current density [130]. Therefore, there exists peak power density for Zn-air
battery in the Ohmic loss region. As shown in Figure 1.13b, when peak power
density is reached, the power density declines with increasing the current density
owing to effects of mass-transport rate and internal resistance [26]. To improve the
peak power density, the charge-transfer rate and electronic conductivity during
surface reaction should be seriously considered. The charge-transfer rate is mainly
dominated by the ORR catalytic activity and oxygen concentration on catalysts
surface, and the electron-transfer rate is regulated by the conductive skeleton [63].
Therefore, the peak power density is an efficient evaluating indicator to assess the
design structure of air electrodes and catalytic activity of ORR catalysts in practical
Zn-air batteries.

1.4.4 Charge/Discharge Performance

Above performance characterization mainly focuses on the discharge process,
as for electrochemically rechargeable Zn-air battery, the cycling performance is
evaluated by the galvanostatic charge/discharge measurements. In general, the
current density and time of discharge and charge process are set to the same values
to test the energy efficiency and charge/discharge overpotential [131]. The cycling
measurements consists of repeated charge and discharge process. Although the sta-
bility of ORR and OER can explain the stability of Zn-air battery to a certain extent,
the destruction of ORR catalytic site under OER process with high potential is also
a common phenomenon for carbon-based bifunctional catalysts [68]. Therefore,
the electrochemical stability of bifunctional catalysts in air cathode is an important
factor for the cycling stability of Zn-air battery. Generally, with the increase in
cycle times, the change of charge/discharge polarization and energy efficiency
represents the cycling stability of Zn-air batteries [49]. The energy efficiency (Ej)
and charge/discharge overpotential (AE) are applied to assess the charge/discharge
performance, and corresponding calculation formulas are listed as follows [132]:

E; = EBy/E, (1.15)
AE =E.—E, (1.16)

where E; and E_ represent the discharge voltage and charge voltage, respectively.
The specific energy is the product of specific capacity and voltage; therefore,
the energy efficiency is the ratio of E; and E, owing to the same discharge and
charge-specific capacity under same current density and time. In addition, the
depths of charge and discharge also have a great influence on the cycle performance
of Zn-air batteries [127, 133]. During discharge process, the zinc metal is first
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dissolved in electrolyte to form the soluble Zn(OH),%~, which would cause uneven
deposition of zinc during charge process [134]. Therefore, the high depths of charge
and discharge would cause low-utilization rate of zinc anode, thus degrading the
cycling performance. Up to now, the depths of charge and discharge are relatively
lower than 40% for the rechargeable Zn-air battery, which greatly affects the
actual energy density [127]. In addition to cycling performance, rate performance
is also a critical parameter to test the Zn-air battery. Different from cycling test,
rate measurement consists of repeated charge and discharge processes at different
current densities [135]. The charge/discharge overpotential increases and energy
efficiency declines with improving the current density owing to the existence
of large IR drop [135]. Except for the overpotential, the retention rate of energy
efficiency under different current densities is also applied to assess the catalytic
activity of air electrodes, especially under high-current density.

1.5 Main Issues of Zn-Air Batteries

Although Zn-air battery shows great superiority, there are still many issues for air
cathode, electrolyte, and zinc anode. Especially, air cathode, electrolyte, and zinc
anode are the main components to determine the performance of Zn-air batteries
[45]. Therefore, the existing issues for the three main components need to be
emphatically considered to accelerate the commercialization of Zn-air batteries.

1.5.1 Air Cathode

As mentioned above, air electrode mainly consists of catalytic active layer and
gas-diffusion layer, while the gas-diffusion layer is composed of porous carbon
and PTFE, and the catalytic active layer is composed of ORR/OER catalysts and
conductive carbon black [136]. In general, the gas-diffusion layer is hydrophobic
and the catalytic active layer is hydrophilic; therefore, the preparation process
of air electrodes is extremely cumbersome [42]. The air electrode should satisfy
following requirements at the same time—(i) excellent and stable hydrophobicity
for gas-diffusion layer ensures fast permeation of oxygen from atmosphere and
further promotes discharge reaction; (ii) appropriate hydrophilicity for catalytic
active layer ensures that the electrolyte is spread on the catalyst to achieve fast
surface reaction; (iii) excellent electronic conductivity ensures that electrons can
rapidly transfer out or in during surface reaction. After repeated charge/discharge
process, the hydrophobicity of gas-diffusion layer may be destroyed, thus the
gas-transmission channel is flooded with aqueous electrolyte [97, 137]. As a result,
the discharge performance is seriously affected owing to the low solubility of
oxygen in the aqueous electrolyte. In addition, the carbon materials in gas-diffusion
layer and catalytic active layer may be decomposed under high-charging voltage,
thus causing inferior cycling life-span and rating capacity [63]. Multifunctional
air electrode with three-phase species exchange is hard to maintain structural
stability, especially after repeated charge/discharge operations. Moreover, the
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stability of bifunctional electrocatalysts should be emphatically considered owing
to the ORR active site may be damaged at high-charging voltage, as a result, the
subsequent discharge performance would seriously descend [63]. When operated
at high-current density, a large amount of oxygen is needed for discharge reaction.
The oxygen-transport capacity through the gas-diffusion layer cannot meet the
consumption rate of oxygen, thus decreasing the power density of Zn-air battery.
Although pure oxygen could be directly applied as the active species, the usage of
additional equipment and high cost of the compression and storage of oxygen limits
its application in portable device [138]. The development of high-performance
gas-diffusion layer with ultralow gas resistance and high oxygen selectivity still
needs further development.

For rechargeable Zn-air battery, bifunctional electrocatalysts are the critical com-
ponent for air electrodes to achieve discharge/charge performance. The sluggish
ORR/OER catalytic activities lead to high charge/discharge overpotential, thus
greatly degrading the energy efficiency of rechargeable Zn-air battery [60, 139].
To understand the relationship between actual working potentials and catalytic
activities, the polarization curves of discharge/charge in cathode and anode is
schematically illustrated in Figure 1.14 [45]. The equilibrium potential of recharge-
able Zn-air battery is 1.65V as revealed by black line. However, actual working
potential is difficult to reach the equilibrium potential owing to the existence of
polarization on both the cathode and anode surface. During discharge process, the
actual oxygen-reduction potential is far below the equilibrium potential of ORR
and the actual oxidation potential is slightly higher than the equilibrium potential.
While during charge process, the actual oxygen-evolution potential is far higher
than the equilibrium potential of OER and the actual oxidation potential is slightly
lower than the equilibrium potential. It is noteworthy that the charge/discharge
polarization of Zn-air battery is mainly derived from the ORR and OER in air
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Potential <>
% Overpotential for ORR
3 E, > 1.65 (charge) /
%J
I}
<
T
(@]

Figure 1.14 Schematic illustration of charge/discharge polarization curves. Source:
Lee et al. [45]/Reproduced with permission of John Wiley & Sons.
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cathode owing to the polarization in zinc anode is much less than that in air
cathode (red line for discharge polarization and blue line for charge polarization).
In general, the discharge and charge voltages of Zn-air batteries are usually less
than 1.3V and higher than 1.9V, respectively, causing large charge/discharge over-
potential [140, 141]. To simplify above illustration, the charge/discharge voltage
could be concluded as following equation:

Charge process: E, = 1.65—5,—#,—IR (1.17)
Discharge process: Ey = 1.65 + 7, + 1, + IR (1.18)

where the E. and E, represent actual charging and discharging voltage, 5, and
n, represent cathode and anode overpotential, and IR represents the ohmic drop,
respectively. The IR value could be ignored owing to the excellent ionic conductivity
of 6 M KOH electrolyte and the overpotential in zinc anode (y,) could be also
ignored. Therefore, the charge/discharge voltages of Zn-air batteries are completely
dependent on the overpotential in air cathode. The high charge/discharge overpo-
tential means low-energy efficiency [142]. Up to now, high-performance ORR/OER
catalysts has not yet met the needs of practical application in rechargeable Zn-air
battery. Although noble metal (Pt, Ru, and Ir) catalysts show superior catalytic
activities, their high cost and low durability limit the large-scale application in
actual device [55].

1.5.2 Electrolyte

The alkaline electrolytes, such as KOH and NaOH, are widely used in Zn-air
batteries to achieve high-reaction activity of zinc anode and air electrode [79].
Generally, the aqueous electrolyte is directly exposed to atmosphere through the
porous gas-diffusion layer, thus the evaporation of water easily occurs at high
temperature and low humidity of atmosphere. Especially when the atmospheric
humidity is less than 60%, the evaporation rate of electrolytes is extremely rapid dur-
ing long-term cycle [143]. The evaporation of water from electrolyte would cause the
precipitation of KOH crystal, thus reducing the ionic conductivity of electrolyte; as
a result, the charge/discharge overpotential of Zn-air battery is increased specially
at high-current density [144]. In addition, the oversaturated KOH crystal would
be precipitated in the gas-diffusion layer, thus blocking the gas-diffusion channel
[145]. When operated under low temperature and high humidity of atmosphere, the
alkaline electrolyte could absorb water from atmosphere to reduce the electrolyte
concentration, which is adverse to the ORR and OER activity. Moreover, owing
to the gas-diffusion layer having no selectivity for oxygen gas, the CO, could be
also transmitted to the gas chamber through the gas-diffusion layer. For alkaline
electrolytes, the CO, could react with KOH to form the K,CO; and KHCO, as
following equation [146]:

CO, + OH™ = HCO,~ (1.19)

CO, + 2KOH = K,CO, + H,0 (1.20)
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The carbonate dissolved in electrolyte would increase the viscosity of electrolyte
thus reducing its ionic conductivity, and the concentration of OH™ in electrolyte
is reduced thus decreasing the ORR/OER catalytic rate in air cathode. Meanwhile,
decreasing the OH™ concentration leads to the deposition of ZnO on zinc surface
and further improves the resistance [147]. In addition, the solid carbonate is partially
crystallized inside the gas-diffusion layer, which would block the oxygen-diffusion
channel [145]. As a result, the oxygen reaction efficiency in air electrodes is seriously
limited by the oxygen-diffusion rate. Although numerous neutral electrolytes have
been developed for Zn-air battery to solve the carbonation of alkaline electrolyte,
the inferior reaction activity in both the cathode and anode side is a big problem
to be solved for neutral electrolytes [145]. In addition, the neutral electrolyte shows
extremely low ionic conductivity, which causes high internal resistance for Zn-air
battery [148]. Up to now, no work can achieve that the ionic conductivity of neutral
electrolyte is comparable to that of alkaline electrolyte.

The main components of polymer electrolyte consist of KOH, water, and polymer.
Similar to aqueous alkaline electrolyte, the evaporation of water and side reaction
between KOH and CO, are also the main issues for polymer electrolyte [149]. The
bound water in polymer chain is easily consumed based on the volatilization and
reaction with zinc dendrite [150]. After water volatilizing, the KOH crystal is pre-
cipitated on the surface of polymer electrolyte, which would block the ion-transport
channels, thus reducing the ionic conductivity. Water is the active species for dis-
charge reaction; therefore, the volatilization of water would break off of discharge
reaction. In addition, the formation of carbonate also blocks the ion-transport chan-
nels, which is unfavorable for the cycling life-span of polymer Zn-air batteries. In
general, the interface between polymer electrolytes in semisolid form and air cath-
ode in solid form should be emphatically considered. For aqueous electrolytes, the
electrolyte could permeate into catalytic active layer to improve the ion-transport
interface between catalysts and electrolytes, while the ion exchange through the
solid-solid interface is hard to achieve for polymer electrolytes [151]. As a result,
the high interface transfer impedance leads to high charge/discharge overpotential.
Moreover, the ionic conductivity and stability of polymer electrolyte need further
improvement.

1.5.3 Zn Anode

In general, the issues for zinc anode are highly associated with the electrolyte.
In alkaline electrolyte, zinc metal is active enough to react with OH~ for Zn-air
battery [119]. During discharge process, the electrical stripping of zinc metal
into electrolyte after losing two electrons is referred to as the zinc corrosion as
Eq. (1.21), which is called parasitic reaction [45]. When there are no external
loads, the zinc corrosion reaction on anode side spontaneously occurs, and this
process is called self-discharge, which would seriously degrade the operation life
of Zn-air battery after air electrode accessing the oxygen. The electrons lost by
zinc metal may selectively combine with water to form the hydrogen owing to the
similar potentials of zinc corrosion (hydrogen evolution) and zinc dissolution [74].
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Figure 1.15 Microradiographs of (a) hydrogen bubble and (b) zinc dendrite with
galvanostatic plating at 20 and 13 Adm~2; Source: Hsu et al. [153]/Reproduced with
permission of IOP Publishing., and (c) schematic illustration of possible reaction on zinc
electrode. Source: Han et al. [154]/Reproduced with permission of Elsevier.

Generation of by-product hydrogen would seriously decrease the Faraday efficiency
of zinc dissolution. As mentioned before, the zinc metal is the only active species
to output the electric energy, therefore, the zinc and electrolyte consumption
by side hydrogen production reaction during discharge process leads to severe
deterioration in the discharge capacity, and this reaction is not reversible [152]. In
addition, the generated hydrogen would be tightly adsorbed on the zinc surface
owing to the strong adsorption strength, as shown in Figure 1.15a [153]. Abundant
hydrogen bubble isolates the ion exchange between zinc anode and electrolyte,
which would increase the corresponding anode interface resistance, thus depraving
the charge/discharge overpotential of Zn-air battery [74]. Moreover, the package of
Zn-air battery would be swelled after accumulation of large amounts of hydrogen
inside the battery.

Zn+2H,0+20H™ = Zn(OH),*” + H, (1.21)

For rechargeable Zn-air battery, the growth of zinc dendrite is an urgent prob-
lem to be solved. As mentioned before, the solid ZnO is first reduced to soluble
Zn(OH),*" during charge process, and soluble Zn(OH),?" is further reduced to the
zinc metal on anode surface. The soluble Zn(OH),~ is randomly distributed near
the anode surface owing to uneven distribution of current and potential on zinc
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surface and gravity effect of electrolyte [45]. Under the influence of electric field
and gravitational field, the uneven deposition of zinc on anode surface unavoidably
occurs, thus causing the shape change of zinc anode and forming a rough anode sur-
face [155]. As charging progresses, the soluble Zn(OH),?~ preferentially adsorbed
and reduced on the small dendrite tip with sharp end structure based on the tip
discharge principle, thus continuously forming the abhorrent zinc dendrite on
those shape end. Generally, zinc dendrite is regarded as the inactivated species, also
called dead zinc, and it will fall off from the anode surface when it grows to a certain
length, as a result, the actual discharge capacity of Zn-air battery is far less than the
theoretical capacity of 824 mAh g~! owing to the generation and loss of inactive zinc
dendrite [156]. As shown in Figure 1.15b, the length of zinc dendrite could grow up
to 150 pm, while the thickness of separator is just 50 pm (Figure 1.5c), therefore, zinc
dendrites can pierce the separator and contact with the air cathode, thus causing the
short circuit of Zn-air battery [153]. Moreover, compare with pure zinc metal, zinc
dendrite with high surface energy could further promote the generation rate of unde-
sirable hydrogen bubbles on anode surface. The adverse effects of hydrogen bubbles
inside Zn-air batteries have been discussed above. As reported, the growth of zinc
dendrite mainly observed in alkaline electrolytes because in which zinc metal shows
high electrochemical activity [156]. In addition, the growth rate of zinc dendrite is
positively related to the current density, therefore, the problem of zinc dendrite in
Zn-air battery is more serious when operated at high-current density.

The passivation of zinc surface is also an inevitable problem for zinc anode in
both alkaline and neutral electrolyte [154]. During discharge process, the zinc metal
dissolves into electrolyte to form hydroxide. When hydroxide near the zinc surface
is oversaturated, the ZnO/Zn(OH), would be precipitated on the zinc surface for
alkaline and neutral electrolyte, as shown in Figure 1.15c [154], respectively. The
dense passivation layer prevents further discharge reaction of internal fresh zinc
metal, thus decreasing actual discharge capacity and even leading to battery fail-
ure. After covering passivation layer, the actual active area of zinc anode decreases,
and the real anodic current density increases, further promoting the growth of ZnO
passivation layer. Moreover, the insulated ZnO layer would decrease the electronic
conductivity of zinc anode, thus affecting the rate performance of Zn-air battery
[155]. Therefore, the low stripping/plating efficiency of zinc anode arises in alkaline
electrolytes given the corrosion, passivation, and dendrite issues. For electrochemi-
cally rechargeable Zn-air battery, deep discharge of zinc anode cannot be achieved
owing to the zinc skeleton cannot be well maintained after 100% DOD based on
above issues on zinc anode. Up to now, the DOD of zinc anode is significantly lower
than 40% [127]. Searching for efficient strategies to achieve high DOD is urgently
needed for rechargeable Zn-air batteries to realize high-energy density.
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