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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Performance determining properties of 
membranes for Zn-air batteries are 
presented. 

• Seven types of membranes for Zn-air 
batteries are defined, discussed and 
compared. 

• Strategies for minimizing zincate cross
over and Zn-dendrite growth are 
discussed. 

• Research directions for developing 
membranes for Zn-air batteries are 
identified.  
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A B S T R A C T   

Rechargeable Zinc (Zn)-air batteries are considered to be very attractive candidates for large-scale electricity 
storage due to their high volumetric energy density, high safety, economic feasibility and environmental 
friendliness. In Zn-air batteries, the membrane allows the transport of OH− ions between the air electrode and the 
Zn electrode while providing a physical barrier between the two electrodes in order to prevent electrical short 
circuits. The performance of this battery is greatly affected by the physicochemical properties of the employed 
membrane. However, the development of appropriate membranes has received insufficient attention. In this 
paper, an overview of recent developments and a critical discussion of the state-of-the-art studies focusing on 
membranes for Zn-air batteries are provided. The membranes are classified in seven categories, which are dis
cussed in light of their structure, properties and performances in Zn-air battery. Moreover, membrane synthesis 
and modification strategies to minimize the crossover of zincate ions and formation/growth of Zn-dendrites are 
presented. Finally, the remaining key challenges related to the membranes and the most promising future 
research directions are provided. The main objective of this work is to provide guidance for researchers and 
industries for the selection and development of appropriate membranes with the ultimate goal of commercial
izing rechargeable Zn-air batteries.  
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1. Introduction 

The ever-increasing global concerns over environmental and energy 
issues, such as air pollution, climate change and fossil fuel depletion has 
triggered substantial development of renewable energy technologies, 

including wind energy, solar, tidal/ocean currents, wave energy, bio
energy, geothermal and hydropower [1–3]. Replacement of fossil fuels 
by renewable sources of energy is one of the major challenges, which 
humanity has been facing during the last years. On the bright side, it is 
estimated that the world could possibly reach 100% renewable elec

tricity by 2032 if the current installation rate of photovoltaic cells and 
wind power is maintained [4]. 

However, the intermittent nature of these sources has a significant 
impact on the operation, making the match between energy supply and 
demand difficult. To address these problems, low-cost, energy-efficient, 
safe and large-scale energy storage systems are needed [3,5]. It is 
essential to level off the variation in the grid and securing a reliable, 
steady and efficient energy supply [6–8]. 

Various types of electrochemical energy storage technologies, 
including, lithium (Li)-ion batteries [9–12], lead-acid batteries [13–20], 
metal-air batteries [21–25], redox flow batteries [5,26–30], fuel cells 
[31–36] and supercapacitors [37–42] have been developed. Nowadays, 
Li-ion battery is widely used; however, because of its low energy density 
and concerns over safety, researchers have been seeking for better re
placements [9]. In this regard, metal-air batteries have drawn great 
attention due to their several advantages, such as low-cost, high theo
retical energy densities and for some due to environmental benefits [43]. 
Various metals, such as Zn, Mg, Al, K, Na and Li can be used to fabricate 
rechargeable metal-air batteries. The theoretical energy density, 
voltage, specific capacity and electrolyte of the various metal-air bat
teries are summarized in Table 1. 

Metal-air batteries have drawn special attention, because of their 
half-opened nature that uses inexhaustible oxygen from the air as 
oxidant, resulting in a high theoretical energy density [45]. Among 
them, the Zn-air batteries have so far received increasing attention 
because of their reasonable energy density in combination with a rela
tively low cost [46] and environmental friendliness as Zn is a nontoxic 
element. A typical Zn-air battery consists of four main components: an 
air electrode, membrane, an alkaline (concentrated KOH [47], NaOH 
[48] or LiOH [49]) electrolyte and a Zn negative electrode (Fig. 1). It has 
a theoretical maximum output voltage of 1.65 V based on the 

electrochemical reactions of oxygen reduction at the cathode and Zn 
oxidation at the anode under alkaline condition. The electrode reaction 
equations and their standard potential are shown below (R1-R4) [48,50, 
51].  

Positive electrode: O2 + 2H2O + 4e− ↔ 4OH− (E0 = +0.4 V vs. SHE)(R1)     

Zn(OH)4
2− ↔ ZnO + H2O + 2OH− (in the electrolyte)                        (R3)    

The Zn-air system started to be commercialized in 1932 for hearing 
aids [52]. Mechanically rechargeable Zn-air systems showed significant 
progress in the 1990s. However, after about 50 years of intensive 
research, rechargeable Zn-air batteries are still in an early stage of 
commercialization because of various challenges, such as water evapo
ration, dendrite formation, atmospheric CO2 reaction with OH− ions and 
resulting in carbonate precipitation, lack of bifunctional air cathode 
(allowing both oxygen reduction and evolution reaction) and appro
priate selective membrane [53]. Regarding the CO2 contamination, it 
can have a large impact on battery performance. For example, the sta
bility of bifunctional La0.6Ca0.4CoO3 oxygen electrodes for recharge
able Zn-air battery as a function of the CO2 concentration in the feed gas 
has been investigated by Drillet et al. [54]. When air containing up to 
1000 ppm was used as a feed gas, the oxygen reduction reaction (ORR) 
became life-limiting and run for only about 270 h (2500 h when pure 
oxygen as feed gas was used) due to pore clogging by carbonate pre
cipitation. Similarly, 1% CO2 in oxygen stream caused a drop in 
Ag/PTFE ORR electrode current density with time due to the formation 
of K2CO3 in the micropores [55]. To address these issues and endure the 
life and performance of Zn-air batteries, various strategies, such as 
passing the inlet air through a scrubber of alkaline filter materials or 
amines [56], replacing electrolyte to remove any accumulated carbon
ate [57], operating at higher temperatures to increase the solubility of 
carbonates and slow down its precipitation [44] and/or ionic liquids 
electrolytes which are CO2-tolerant [58] have been suggested. However, 
it must be noted that most of these strategies result in much poorer 
battery performance. Moreover, the impact of CO2 on AEM fuel cell 
performance has been reported to significantly decrease when operating 

Table 1 
Comparison of different metal-air batteries [43,44].  

Battery systems Li-air Na-air Mg-air Al-air Zn-air K-air Fe-air 

Theoretical cell voltage (Eo
cell) (V) 2.96 2.27 3.09 2.71 1.65 2.48 1.28 

Cost of metals (US $ kg− 1) 20 2.5 2.3 1.9 2.6 1.0 0.5 
Theoretical energy density (Wh kg− 1)a 3458 1106 2840 2796 1087 935 763 
Specific capacity (mAh g− 1) 3861 1166 3833 2980 820 377 2974 
Electrolyte for practical batteries Aprotic Aprotic Aprotic Alkaline/saline Alkaline Aprotic Alkaline 
Year invented 1996 2012 1966 1962 1878 2013 1968  

a Oxygen inclusive. 

Negative electrode: Zn + 4OH− ↔ Zn(OH)4
2− + 2e− (E0 = − 1.25 V vs. SHE)                                                                                                       (R2)  

Overall reaction: 2Zn + O2 ↔ 2ZnO (Ecell = Eo
cathode – Eo

anode = +1.65 V)                                                                                                           (R4)  
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the cell at high current densities (above 1000 mA cm− 2) [59]. When a 
high current density was applied on the operating fuel cell, the OH− ions 
formation at the cathode was increased. The OH− ions are transported 
through the membrane, thus diluting the carbonate anions and 
consuming more CO2 in the membrane. Similar high current densities 
operation technique might be used to avoid CO2 effects in Zn-air 
batteries. 

Recently, a number of research groups have been working to address 
these issues in order to realize rechargeable Zn-air flow batteries. This is 
clearly visible by the number of published papers in recent years (Fig. 2). 
The number of scientific publications in this field has revealed steady 
growth in the last 10 years, which points out that the Zn-air battery 
technology for energy storage is indeed a potential candidate attracting 
wide interest. The increasing attention to these batteries is attributable 
to the abundance and low cost of Zn [60] in combination with a rela
tively high energy density (theoretically 1087 Wh kg− 1, including the 
weight of oxygen in the capacity calculation), high safety and environ
mental friendliness [61]. Moreover, the battery generally exhibits a flat, 
constant discharge voltage and low equilibrium potential, which is an 
additional reason why it has received great attention [51]. Furthermore, 
Zn can be easily recycled using current recycling technologies [62]. 

Excellent reviews on the overall status and recent progress of Zn-air 
batteries exist in the literature [43,44,50,51,63–66], with the vast ma
jority of research focused on the electrode materials and electrolyte 
(alkaline, acidic and neutral) components. In these studies, different air 
catalysts configurations, such as unifunctional ORR electrocatalyst, 

bifunctional air electrocatalysts and three-electrode configuration have 
been investigated. Moreover, the various groups of bifunctional cata
lysts, namely transition metal oxides, transition metals, carbon-based 
materials and precious metals/alloys, which are used in primary/se
condary Zn-air batteries have been reviewed elsewhere [67]. 

Due to the intense research efforts on the cathode electrocatalysts, 
the performance of Zn–air batteries is no longer limited by electro
catalysts and air electrode [68]. Various researchers have bypassed the 
cycling stability issue by adapting a three-electrode configuration, in 
which the oxygen evolution reaction (OER) and ORR electrodes are 
decoupled [69,70]. Therefore, a shift in a research direction from 
cathode electrocatalysts to the Zn negative electrodes has been sug
gested to truly commercialize this a century-old technology. However, 
in comparison to the other parts of the battery [71–77], the membrane 
has not yet received its deserved attention [78]. Therefore, the present 
review is focused on the membrane, which is a critical component of the 
Zn-air battery system. The main role of the membrane is to separate the 
electrodes, thus avoiding electrical short circuits, and to selectively 
conducting hydroxide (OH− ) ions from the air electrode to the Zn 
electrode and vice versa [79]. Additionally, it is very important to design 
a membrane that exhibits high structural resistance to avoid possible 
perforation by Zn-dendrites in order to assure the safety and long-term 
reliability of the battery [44,80]. Zn-dendrites growth retarding mem
branes are discussed in section 4. 

There are several partially contradicting requirements for an 
appropriate membrane to be used in rechargeable Zn-air batteries. The 
membrane should exhibit high chemical and electrochemical stabilities 
in an oxidative medium [81,82], a high ionic conductivity and should be 
able to swell in the electrolyte [51,81] without compromising its me
chanical robustness. The membrane should also reduce the crossover of 
zincate ((Zn(OH)4

2− ) ions [83–85]. Moreover, the membranes should be 
manufactured at an acceptable cost. The key requirements of mem
branes to be applied in high-performance Zn-air battery systems are 
discussed in detail in section 2. 

Most of the membranes currently used in Zn-air batteries i.e., porous 
membranes, have been adapted from Li-ion and nickel batteries. Despite 
the relatively good chemical stability and low costs of these commercial 
membranes, such as Celgard® 4560 and Celgard® 5550 (Celgard LLC), a 
crossover of significant amounts of Zn(OH)4

2− species from the Zn elec
trode to the air one has been reported to increase cell polarization and 
resulting in capacity fading of the battery (section 2.3) [83,86,87]. This 
indicates the need for designing and developing dedicated membranes 
that can block zincate permeation in order to achieve a highly-effective 
rechargeable Zn-air flow battery [83,84,86]. 

To address this challenge, various types of membrane chemistries, 
including anion or cation-exchange membranes (AEM/CEMs), compos
ite membranes and electrospun nanofiber membranes have been 
explored. Each of these membranes has different sets of advantages and 
drawbacks, which influence the performance of Zn-air batteries. In 
conventional batteries, the term “separator” is often used to refer to a 
porous membrane, which mechanically separates two compartments 
without functionality, imbibed with electrolytes [88]. Moreover, in the 
literature, the terms membrane, separator and membrane separator 
have been used interchangeably. To avoid a possible misinterpretation, 
the basic definition and classification of the term “membrane” is revised 
more closely here. A membrane can be defined as a permselective bar
rier material between two phases [89] that allows some species to pass 
while preventing others on application of a transmembrane driving force 
[90,91], which could be a hydrostatic pressure gradient, vapor pressure 
gradient, electrical potential gradient or concentration gradient [92]. 
Based on their morphology, membranes can be classified into two main 
categories of porous and non-porous (dense) [93]. Porous membranes, 
which are made up of a solid matrix with defined pore sizes varying from 
0.2 nm to about 20 μm [94] separate target solutes mechanically by their 
size exclusion, whereas in non-porous membranes transport occurs by a 
solution-diffusion mechanism [95] inside the membrane. Porous 

Fig. 2. Number of publications per year from 2010 to 2020 mentioning the 
term “Zinc/Zn-air battery” as derived from Web of Science database (accessed 
on June 22, 2020). 

Fig. 1. A schematic diagram of alkaline Zn-air battery in discharge.  
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membranes can be further referred to as macroporous (average pore 
diameters larger than 50 nm), mesoporous (average pore diameters 
between 50 and 2 nm) and microporous (average pore diameters be
tween 2 and 0.2 nm) according to the classification adopted by the 
IUPAC [96]. 

For this reason and to avoid confusion, only the term membrane will 
be used throughout the present treatise, which, to the best of our 
knowledge, is the first review on the state-of-the-art membranes used in 
Zn-air batteries. The properties and performance of seven types of 
membranes used in Zn-air batteries (following a classification done on 
the basis of their composition and structure), namely porous polymeric 
membranes prepared by phase inversion and electrospinning, modified 
porous membranes, ion solvating membranes, AEMs, CEMs and inor
ganic membranes are discussed and compared. The existing research 
gaps and strategies proposed to solve the problems associated with the 
currently used membranes are also discussed. 

2. Performance determining properties of membranes in zinc-air 
batteries 

2.1. Chemical and electrochemical stability 

The most commonly used electrolytes in Zn-air batteries are aqueous 
alkaline (KOH or NaOH) solutions because of the higher stability of Zn in 
alkaline media and the use of non-noble catalyst in air electrodes. 
Usually, KOH has been used as the electrolyte in Zn-air batteries because 
of its higher ionic conductivity, higher oxygen diffusion coefficients, and 
lower viscosity compared to that of NaOH [97]. The specific conduc
tivity of an aqueous KOH electrolyte depends on its concentration and 
temperature. Generally, the conductivity of the electrolyte increases up 
to a certain concentration and then it decreases due to an increase of 
viscosity and lower dissociation due to lack of water and formation of 
ion pairs, precipitates, etc. An increase in viscosity decreases the mass 
transport rate of OH− ions [98–100]. For this reason, 6 M KOH solution 
is most commonly used to provide both an appropriate ionic conduc
tivity and viscosity [100,101]. 

The chemical stability of membranes in such a highly alkaline harsh 
environment is critical since the OH− ions, which are strong nucleophilic 
bases, could degrade the membrane. In a study done by Sapkota and Kim 
[79], microporous synthetic resin filters (Yumicron MF-250), cotton 

cloths, polyimide-based nylon net filter and polypropylene resin mem
brane were tested in a Zn-air fuel cell. Despite the known resistance of 
the cotton cloths and Yumicron MF-250 to alkalis, the membranes were 
reported to be stiffened and easily fractured, whereas the polypropylene 
resin membrane and Nylon net filter showed a good stability. However, 
the mechanisms responsible for the degradation of the membranes used 
were not identified. 

The alkaline stability of a membrane is usually determined by 
comparing its chemical structure, mechanical properties and/or per
formance (e.g., conductivity) before and after immersing into an alka
line media (e.g., 2 M KOH solution at 60 ◦C), for defined time. A decrease 
in ionic conductivity and/or ion-exchange capacity with immersion time 
indicates degradation of functional groups. 

The alkaline stability issue is more critical when AEMs are used since 
most of their functional groups are prone to a nucleophilic attack. The 
alkaline stability/degradation of AEMs is well-reviewed in the literature 
[102–107]. Operations under electrical current flowing conditions make 
the chemical stability problem more complicated as a result of a possible 
formation of free radicals. Therefore, a membrane with a high stability 
in the alkaline solution, which withstands during electrochemical op
erations is required [79]. For instance, commercial porous membranes 
based on polyolefins (e.g., polypropylene, polyethylene), such as Cel
gard® 3501 and 5550, and inorganic membranes are known for their 
good alkaline chemical stability. Similarly, the commercial CEMs based 
on a perfluorosulfonic acid polymer i.e. Nafion® has a good chemical 
stability. 

2.2. Conductivity 

Hydroxide conductivity has a major influence on the performance of 
Zn-air batteries. A membrane with a high OH− ion conductivity is 
desirable since a low resistive OH− ion transport allows high conversion 
rate of the electrochemical reaction. As the OH− mobility through the 
membrane must be as high as possible, the formation of swelling 
nanochannels in the membrane thickness is very important. Due to the 
larger size (1.6 x) and, thus, lower diffusivity of OH− ions compared to 
that of H+ ions, the rate of OH− transport is expectedly lower than that 
of H+. However, it must be noted that the transport easiness of OH− is 
not only associated with its size, which is important for diffusion pro
cess, but also with its transport via Grotthuss mechanism [108–110]. 

Scheme 1. Dominant transport mechanisms for hydroxide ions in AEMs. Reproduced with permission from Ref. [110]. Copyright 2010, The Electrochemical Society.  
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Understanding the transport mechanism of OH− ions is important in 
order to increase the OH− ion conductivity. The transport mechanisms 
of hydrated OH− ions in aqueous solution have been discussed else
where [111,112]. It is considered that OH− (aq) exhibits a nonclassical, 
hypercoordinated solvation structure. The main transport mechanisms 
of OH− ions through AEMs that have been proposed in the literature are 
schematically shown in Scheme 1. Similar to the transport of proton in 
proton exchange membranes, Grotthuss and vehicle mechanisms are 
believed to be the dominant OH− transport mechanisms through 
membranes [110,113]. In Grotthuss mechanism, the OH− ions trans
ports from one water molecule to the next via hydrogen-bonding 
[111–115]. In addition to the membrane properties, the operating 
conditions, such as temperature and relative humidity affect the OH−

mobility through a membrane. The OH− ion conductivity increases with 
increasing temperature and relative humidity. The increment in ionic 
conductivity of the membrane with the temperature increasing can be 
explained for two reasons: The trend can be explained by faster OH− ions 
motion [116] and wider ion transport channels [117] at an elevated 
temperature. 

Surface site hopping is another mechanism discussed in the literature 
as a possible OH− ion transport in the membrane. It involves the 
movement of hydroxide ion by hopping between strongly interacting 
groups in the polymer chain [105,110,118]. In this mechanism, the –N+

OH− grafted functional group is solvated and dissociated by water 
molecules. Subsequently, the OH− ion is attracted by the adjacent 
cationic chain, then the process repeats. The distance between the 
neighboring functional fixed groups and the ion exchange capacity in
fluence the transport rate of OH− ions via the surface site hopping 
mechanism. 

On the other hand, the conductivity of non-functionalized porous 
membranes depends on their electrolyte wettability. The wettability of 
porous membranes depends on the polarity and tortuosity of the mem
brane porous structure. For instance, some Celgard® membranes are 
treated with a (cationic/nonionic) surfactant to increase their hydro
philicity leading to higher electrolyte uptake. This has been discussed in 
section 3.1.3.2. 

Ionic conductivity of gel-polymer electrolyte membranes is achieved 
by the transport of salt ions through the water [119]. In other words, the 
conductivity is mainly related to the water diffusive motion across the 
membrane. In such membranes, ions motion paths can be eventually 
blocked by the ions aggregation unless the salt concentration is opti
mized [120]. Another challenge associated with gel-polymer electrolyte 
membranes is the progressive loss of electrolyte, which leads to an 
increasing ohmic resistance and decline of the battery performance 
[121]. One option to address this issue is to fix the functional charged 
groups functions on the polymer backbone, as it is done in ion-exchange 
membranes. 

The OH− conductivity (σ) of a membrane can be measured by 
impedance spectroscopy [117,122]. Usually, fully hydrated membranes 
(in OH− form) are sandwiched in a Teflon cell equipped with Pt foil 
contacts. The in-plane ionic conductivity, in mS/cm, of a sample is 
calculated from equation (1): 

σ (mS / cm)=
L

R ​ x ​ A
(1)  

where L (cm) is the distance between electrodes (thickness of the 
membrane), R is the resistance of the membrane (Ω) and A is the cross- 
sectional area of the sample (cm2). 

2.3. Selectivity and permselectivity 

Another important membrane requirement for rechargeable Zn-air 
batteries is its selectivity. In strong alkaline solutions, OH− reacts with 
Zn2+ and forms Zn(OH)4

2− [44,50] via a number of elementary 
first-order reactions [123,124] (Equations R5-R6). The membranes need 

to be selective for OH− ions, without any crossover of Zn(OH)4
2− formed 

in the Zn electrode compartment [44,51]. In practice, Zn(OH)4
2− cross

over is a common problem as it is able to cross due to the concentration 
gradient, especially when porous membranes are used. Therefore, to 
address the crossover of Zn(OH)4

2 ions issues, a membrane that is able to 
block the transportation of Zn(OH)4

2− ions without significantly affecting 
the OH− ions transportation would be one major requirement to achieve 
a long cycle life.  

Zn + OH− ↔ Zn(OH) + e− (R5)  

Zn(OH) + OH− ↔ Zn(OH)2
− (R6)  

Zn(OH)2
− + OH− ↔ Zn(OH)3

− + e− (R7)  

Zn(OH)3
− + OH− ↔ Zn(OH)4

2− R8) 

Due to the low solubility of ZnO at the air electrode, the Zn(OH)4
2− to 

ZnO conversion (Zn(OH)4
2− → ZnO (s) + H2O + 2OH− ) is accelerated, 

resulting in the formation of resistive ZnO layers. This leads to a loss of 
battery capacity with cycling [85]. Moreover, ZnO powders could clog 
the porous air electrode, resulting in large cell polarization [125]. Thus, 
Zn(OH)4

2− crossover could affect the durability of the battery by 
decreasing its lifespan. This indicates the substantial need for avoiding 
Zn(OH)4

2− ions crossover [83]. One possible way is by using a porous 
membrane with a proper pore size and porosity. Another method that 
has been widely proposed to solve the problem is to use an AEM that has 
well-defined and controlled ionic nanochannels [44,63]. Moreover, 
different membrane surface modifications techniques could also be 
performed to minimize the permeation of Zn(OH)4

2− ions. 
On the other hand, the size of the Zn(OH)4

2− anionic complex con
sisting of four OH− groups and a Zn2+ cation is far larger than that of a 
single OH− anion. The solvodynamic radius of the Zn(OH)4

2− ion in 4 M 
NaOH and at 25 

◦

C was reported to be 3.41 Å [126]. The Stokes radii 
were reported to decrease with increasing alkali concentration, due to 
the competition between solvation of Zn(OH)4

2− , Na+, and OH− ions by 
water molecules. Here, the ionic radius of Zn(OH)4

2− is assumed to be the 
same as the ionic radius of Zn2+ [90,91] i.e., much higher than that of 
OH− . The relative diffusivity easiness of OH− ion compared to that of the 
Zn(OH)4

2− ion is favoring the OH− transport across the membrane [83]. 
Table 2 presents the ionic Stokes radii of the different species involved 
(OH− , Zn2+ and Zn(OH)4

2− ) and their diffusion coefficients at infinite 
dilution at 25 

◦

C. Depending on the electrolyte used (KOH or NaOH), K+

or Na+ will be present, whereas CO3
2− is due to the possible carbonation 

unless the CO2 is removed, as the air electrode is open to the air. 
A simple diffusion cell composed of two chambers, separated by a 

membrane, filled one side with a KOH electrolyte solution (a typical 
example is, 6 M, 100 mL) and Zn(OH)2 and a second side with only a 
KOH (6 M, 100 mL) solution is usually used to determine the diffusion 
coefficient of Zn(OH)4

2− ions through the membrane. This is similar to 
the method employed to determine the vanadium ion crossover in Va
nadium redox flow battery [131–133]. However, it should be noted that 
this procedure does not compensate for ionic strength. Best practice 
procedure would be to use a non-active ion (e.g., Mg(SO4) in the case of 
Vanadium) to compensate for the loss in ionic strength and to exclude 
osmotic pressure as an additional driving force. The change of concen
tration of Zn(OH)4

2− ions with time is usually monitored using elemental 
analysis methods, such as inductively coupled plasma atomic emission 

Table 2 
Ionic Stokes radii and diffusion coefficient (D) of species involved in Zn-air 
battery at 25 ◦C.  

Species Ionic Stokes radii (Å) [127] D (10− 9 m2 s− 1) in water [128–130] 
OH− 0.46 5.27 
K+ 1.25 1.96 
Na+ 1.84 1.33 
CO3

2- 2.66 0.96 
Zn2+ 3.49 0.72  
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spectrometry (ICP-OES) [83,85,86], ICP-mass spectroscopy (ICP-MS) 
[134], polarographic response [135], or complexometric titrations 
[136]. To avoid a long experimental period and sample post-processing 
steps associated with ICP-MS analyses, an anodic stripping voltammetry 
(ASV) sensing platform which provides real-time concentrations of Zn 
(OH)4

2− crossing the membrane has been reported [136]. The diffusion 
coefficient (D, m2 s− 1) of Zn(OH)4

2− ions can be calculated using a mass 
balance equation: 

VB
dCB(t)

dt
=

DA
L

(CA − CB(t)) (2)  

which after integration (by assuming VB to be constant) can be rear
ranged as: 

ln
(

CA

CA − CB

)

=
DA
VBL

t (3)  

where A and L are the effective area (m2) and thickness (m) of the 
membrane, respectively; VB is the volume of the depleted side and t is 
the elapsed time (s). CA (mol L− 1) and CB (mol L− 1) are the concentra
tions of Zn(OH)4

2− in the enriched and depleted chambers, respectively. 
As an example, the dependence of the Zn(OH)4

2− ion diffusion coefficient 
on NaOH concentration (1–4 M) and temperature has been reported 
elsewhere [126]. 

Another important parameter which should be taken into consider
ation is the permselectivity (S cm s− 1) of the membrane, which can be 
calculated as the ratio of hydroxide conductivity (σ (OH− ), mS cm− 1) to 
Zn(OH)4

2− diffusion coefficient (D (Zn(OH)4
2− ), cm2 s− 1) [85]. Permse

lectivity indicates the preference of the membrane for OH− ions over Zn 
(OH)4

2− ions. Therefore, in practice, this parameter should be taken into 
consideration when selecting a suitable membrane for a specific appli
cation. For instance, a porous membrane, such as Celgard® 3501, might 
have a high hydroxide ion conductivity but exhibits also a high cross
over of zincate ions. On the other hand, an AEM could have a compa
rably acceptable hydroxide ion conductivity, but offer much better 
zincate ions retention. In this case, the membrane permselectivity can be 
used as the final decision factor to select the most appropriate 
membrane. 

2.4. Mechanical strength 

The membranes must be mechanically robust to withstand the ten
sion of winding operation and stacking stress during continuous cell 
assembly. For a stable and long battery lifespan, an optimal and uniform 
membrane thickness is required [137]. Usually, thin membranes have 
lower internal resistance, but a small thickness can have a negative 
impact on the mechanical strength. On the other hand, thicker mem
branes are generally less prone to fail mechanically, which improves 
better battery safety. However, the internal resistance increases with 
increasing thickness, and the mechanical robustness on one hand must 
therefore be balanced against the ohmic resistance on the other. The 
typical thickness of membranes used for rechargeable batteries is re
ported to lie between 20 and 50 μm [138]. 

Mechanical properties of a polymeric membrane are dependent of its 
elastic modulus, tensile strength and ductility [139]. Typical mechanical 
strength values of commercial Celgard® membranes have been sum
marized in Ref. [140,141]. The minimum requirement of puncture (i.e., 
the maximum load required for a given needle to puncture a membrane) 
and mechanical strengths for a 25 μm thick membrane is 300 g and 1000 
kg cm− 2, respectively. Trilayer structured (PP/PE/PP) Celgard® mem
branes display exceptional puncture strength, whereas AGM membranes 
exhibit a low puncture resistance [141]. 

2.5. Water uptake and anisotropic swelling ratio 

The membrane should possess optimized water retention capacity in 

order to facilitate the mobility of OH− ions and to avoid drying out by 
evaporation since the air electrode is exposed to the atmosphere [142]. 
Compared to other types of aqueous batteries, in which in general both 
sides of the membranes are in contact with aqueous electrolytes, Zn-air 
batteries are usually half-closed system, in which only one side of the 
membrane is in contact (immersed) in the aqueous alkaline solution, 
whereas the other side of the membrane is contacted to a gas-diffusion 
electrode, the system is therefore asymmetric. The air electrode has to 
maintain its hydration even during the discharge process and water 
consumption associated with O2 reduction. 

The water consumption due to both electrochemical reactions and 
electro-osmosis can induce electrode or/and AEM drying out, membrane 
shrinking and lead to a shortened battery lifespan. Moreover, the 
membrane may undergo mechanical stress and deformation from the 
volume expansion of the Zn electrode due to the formation of oxidized 
Zn species. This can lead to ineffective interfacial contact between the 
electrode and electrolyte. Thus, the active materials become less 
accessible to the ionic species. Accordingly, the anisotropic swelling 
ratio of the membrane is another crucial parameter that affects the Zn- 
air battery cycling performance [142–145]. An anisotropic swelling 
degree is defined as the ratio of through-plane swelling to in-plane 
swelling of the membrane [146]. A membrane with a low anisotropic 
swelling degree, combined with high water retention and OH− con
ductivity is expected to improve the specific capacity and the cyclic 
stability of the battery [142]. On the other hand, membrane with high 
anisotropic swelling degree, for instance, the A201®-based Zn-air bat
teries exhibited a rapid voltage and capacity loss after some cycles, 
which was attributed to the progressive loss of water and ionic con
ductivity in the membrane during the constant current conditions 
applied [142–145]. 

3. Classification of membranes used in zinc-air batteries 

The membranes used in Zn-air batteries can be classified into seven 
major types: (a) phase inversion polymeric porous membranes, (b) 
electrospun nanofiber membranes, (c) modified porous membranes, (d) 
inorganic membranes, (e) AEM, (f) CEM and (g) ion solvating mem
branes (also called gel polymer electrolyte membranes) depending on 
their composition and structure (Scheme 2). The first sub-section 3.1.1 is 
devoted to polymeric porous membranes prepared by the phase inver
sion method, since they are the most commonly used ones. On the other 
hand, the nanofiber membrane is another group of porous membranes 
prepared by an electrospinning technique presented in sub-section 
3.1.2. The next sub-section 3.1.3 focuses on modified porous mem
branes. In this section, strategies followed to improve the properties of 
porous membranes are discussed. A brief discussion on inorganic 
membranes is presented in section 3.1.4. Finally, in section 3.2, dedi
cated to polymer electrolyte membranes, AEMs, CEMs and ion solvating 
membranes are discussed in sub-sections 3.2.1, 3.2.2 and 3.2.3, 
respectively. 

3.1. Porous membranes 

3.1.1. Phase inversion membranes 
The early development of Zn-air batteries was limited by the lack of 

suitable membranes. As a result, inorganic filter paper (Whatman) 
impregnated with poly vinyl acetate (PVAc) aqueous solution (24 wt%) 
[147,148] and porous membranes [79] developed for other applications 
were used. In the latter work, the performance of various porous 
membranes was compared in a Zn-air fuel cell. An Yumicron MF-40 
(pore size of 0.4 μm) membrane was reported to have lower perfor
mance in terms of cell voltage than Yumicron MF-250 (pore size of 2.5 
μm). 

Later on, nonwoven porous membranes made of polyethylene (PE), 
poly(vinyl alcohol) (PVA), polyamide, poly(etherimide) (PEI), poly 
(acrylic acid) (PAA) and polypropylene (PP) have been commonly used 
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in Zn-air batteries [48,84,149]. Nowadays, commercial membranes with 
a well-defined porous structure, such as Celgard® 5550 [149], which 
has a PP/PE/PP trilayer structure are commonly used in Zn-air batteries. 
The PP is used to maintain the integrity, providing mechanical support 
to avoid internal shorting, whereas the core PE due to its low melting 
point is able to shut down when the battery is overheated [149] since the 
PE layer melts and closes the film pores, thus blocking ions migration 
[150]. These laminated porous membranes are prepared via a dry pro
cess i.e., the polyolefin is melted, thermally annealed to increase the size 
and amount of lamella crystallites, and then precisely stretched to form 
tightly ordered meso-pores, which are usually coated with surfactants to 
increase water-based electrolyte wettability [140,149]. The closely or
dered nature of the meso-pores of these membranes allows them to be 
highly OH− ion conductive [44,149,151]. For instance, Celgard® 3501 
was reported to have an OH− conductivity of 12.8 mS cm− 1 and 80.1 wt 
% KOH solution (6 M) uptake at room temperature [86]. 

The porous membranes commonly used (PP-based) in rechargeable 
batteries have an average pore size which is much larger than the size of 
solvated zincate ions, which results in their crossover. For example, 
Celgard® 5550 has an average pore size of 100 nm [152], 64 nm [153] 
(according to Manufacturer’s datasheet), which is much larger than the 
size of zincate ions. Therefore, the Zn(OH)4

2− species are able to diffuse 
across them to the air electrode [83,154]. Significant zincate ions 
crossover has been reported in a number of studies when such porous 
membranes were used [83,85,86,155]. The diffusion coefficient of zin
cate ions through Celgard® 3501 and Celgard® 5550 was reported to be 
3.2 x 10− 11 [85] and 1.1 x 10− 5 m2 s− 1 [83], respectively. This is a very 
large difference in the zincate ions diffusion coefficient value despite the 
fact that both membranes have exactly the same porosity (55%) and 
pore size (64 nm) [153]. The notable difference between the two 
membranes, which might explain the large difference in zincate ion 
diffusion, is that Celgard® 3501 is only coated, whereas Celgard® 5550 
is laminated and coated membrane [153]. The use of two Celgard® 3401 
membranes (50 nm pore size) together was reported to have a lower 
zincate ions diffusion coefficient (6.9 x 10− 12 m2 s− 1) [156]. To improve 
the performances and avoid the crossover of Zn(OH)4

2− ions, a mem
brane with pores that are large enough to permit the OH− ions but small 
enough to prevent the permeation of Zn(OH)4

2− ions is required [51]. 
Other membrane materials, including cellulosic films, such as cel

lophane, have also been investigated in Zn-air batteries [157,158]. The 
diffusion coefficient of zincate ions for cellophane® 350PØØ mem
branes (unsoften cellulose film) (Innovia Films Company), wet ionic 
resistance of > 96.8 mΩ cm2 using 40% KOH [159], was measured using 
anodic stripping voltammetry (ASV) [136]. The cellophane membrane 
(6.7 × 10− 12 m2 s− 1) was found to have a lower zincate crossover than 
that of Celgard® 3501. The diffusion coefficient of Zn(OH)4

2− through 
Celgard® 3501 reported in this study was coherent with the value 

discussed previously in Ref. [85]. The cellophane membrane’s diffu
sivity to Zn(OH)4

2− was reported to be similar (3.7 × 10− 12 m2 s− 1) in 
another study [157]. It should be noted that cellophane typically has a 
less porous (about 3–10 nm [160]) structure and is more negatively 
charged than that of Celgard® 3501 [161]. Thus, the smaller and 
(negatively) charged pores of the cellophane were thought to be more 
selective in excluding the negatively charged Zn(OH)4

2− ions. A contra
dictory result was reported in another study, in which a cellophane 
membrane was reported to show no zincate blocking effect at all when 
used in Zn/MnO2 cell [162]. 

In addition to commercial porous membranes, various composite 
porous membranes have been reported in the literature. Phase inversion 
is a process, in which a homogeneous polymer solution (polymer and 
solvent) casted on a suitable support is immersed in a coagulation bath 
containing a nonsolvent (usually water) and is converted into two 
phases (polymer-rich and liquid-rich phases) [163–165]. Phase inver
sion has been so far the most commonly used method to prepare 
(porous) membranes due to its simple processing and flexible production 
scales [166,167]. Porous membranes used so far in Zn-air batteries are 
presented in Table 3. 

Wu et al. [168] prepared PVA/poly(vinyl chloride) (PVC) porous 
membrane and studied its potential electrochemical performance on a 
secondary Zn battery. The PVA and PVC polymers were dissolved in 
water, and the dried composite PVA/PVC film was immersed in THF in 
order to form a macroporous structure (pore size range of 60–180 nm) 
via a partial dissolution process. This allowed a high KOH electrolyte 
uptake by the membrane. The membrane pore size and its distribution 
were controlled by varying the amount of PVC, the partial dissolution 
time and the etching temperature. The PVA/PVC-based secondary Zn 
battery exhibited a stable charge potential. This was claimed to be due to 
the high ionic conductivity (37.1 mS cm− 1 at 30 ◦C for PVA/10 wt% 
PVC) and macroporous structure of the membrane. As a result, the cell 
potential during the charge period was much less polarized; thus, the 
current efficiency (70–80%) and the life-span (50 cycles) of the battery 
were improved. 

Moreover, solid PVA/PAA membranes with a uniform structure were 
prepared via a solution casting method [169]. The room temperature 
ionic conductivity of these membranes reached 140–300 mS cm− 1 

depending on the ratio of PVA to PAA. The ionic conductivity of mem
branes was reported to increase with the increase of PAA content. The 
percent utilization of the Zn-air cell capacity was as high as 90% when 
the PVA/PAA (10:7.5) membrane was used and the cell was discharged 
at a C/10 rate. The power density was reported to reach 50 mW cm− 2. 

3.1.2. Electrospun nanofiber-based membranes 
Electrospinning is a versatile membrane preparation technique 

widely used to produce membranes with large specific surface area and 

Scheme 2. Classification of membranes used in Zn-air batteries based on their composition and structure.  
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Table 3 
Performance of porous polymeric phase inversion membranes used in Zn-air batteries.  

Membrane Preparation method Characteristics Cell type and conditions Electrodes Electrolyte Performance Ref. 

Celgard® 3501 Commercial (Celgard 
LLC) 

Porosity* = 55%, pore size* = 64 
nm 
Thickness: 24 μm 

Rechargeable Zn–air battery Zn electrode: Zn-based gel (Zn powder, 
PAA and 6 M KOH electrolyte solution) 
Ni foil: current collector 
Air electrode: commerciale (ADE75 
(catalyst = Co3O4), MEET) 

6 M KOH electrolyte 
solution 

-Discharge capacity (2nd 
cycle) ~34 mAh gZn

− 1 

-Pinwheel connected to 
Zn–air cell stopped after 
about18 min 

[85] 

Celgard® 5550 Commercial (Celgard 
LLC) 

Porosity* = 55%, pore size* = 64 
nm 
Thickness: 25 μm 

Rechargeable Zn–air battery Zn electrode: pure Zn plate 
Air electrode: Pt and Ir carbon composite 

6 M KOH aqueous 
solution 

-Initial (59.4%) and final 
(51.2%) energy efficiencies 
-Coulombic efficiency 
(99.8%). 
− 37 cycles 

[83] 

Celgard® 3401 Commercial (Celgard 
LLC) 

Porosity* = 41%, pore size* = 43 
nm 
Thickness*: 25 μm 

Zn-air fuel cell Zn electrode: Zn powder 
Air electrode: MnO2 powders was used as 
the catalytic material. 

carboxymethyl 
cellulose with 8 M 
KOH solution. 

-Discharge current (mA) =
500 mA, at constant 0.7 V 
for 40 min using flowing 
KOH solution. 

[170] 

PVA/PVC Solution casting 
method and a partial 
dissolution process 

Pore size: 60–180 nm 
Thickness: 150–200 μm 

Rechargeable Zn electrodes 
Galvonostatic charge/discharge 
measurements were carried out at 
a C/10 charge rate and a C/5 
discharge rate. 

Zn electrode: ZnO and Ca(OH)2 

2 wt% of Cu conductive nanopowders 
8 M KOH aqueous 
solution. 

-Specific discharge capacity: 
353 mAh gZn

− 1 for 45 cycles 
-Coulombic efficiency: 
70–80% 
-Effectively prevented any 
Zn dendritic formation. 
-Life cycle reached over 50 
cycles 

[168] 

PVA/PAA Solution casting 
method 

ionic conductivity 301 mS/cm 
room temperature and 32 wt% 
KOH solution (PVA:PAA = 10:7.5 
sample) 

Zn-air cell 
BAT 778 model charge/discharge 
unit 
The discharge curves: C/10 
discharge rate at 25 ◦C 

Zn powder gel: Zn powder, carbopol 940, 
32 wt% KOH and additives 
Ni-foam current collector 
GDL: carbon slurry 

32 wt% KOH PVA/PAA (10:7.5) 
membrane: 
-Discharge current (mA) =
150, 8.98 discharge h and 
-Utilization (%) = 89.8 
-Power density: 50 mW 
cm− 2 

[169] 

PEO/PVA Solution-cast 
technique 

Average pore size (175 nm) ionic 
conductivity:153 mS cm− 1 

tensile strength 0.76 MPa. 

Zn-air battery discharged at room 
temperature with the C/10 rate 

Zn electrode: mix of Zn powder and 
Polyvinylidene fluoride (PVDF) 
Air electrode: 
-carbon slurry for the active layer of the air 
electrode was prepared by mixing of 
acetylene black, KMnO4, Carbon black 
(Vulcan XC-72R), Na2SO4 and PVDF 

KOH Discharge curve: 
0–25 min: the voltage falls 
abruptly to an OCV (1.10 V). 
25–510 min: voltage drops 
to 0.55 V. 
510–560 min: the rate of 
discharge starts accelerating 
(voltage decline to 0.3 V) 

[82] 

PVA/poly 
(epichlorohydrin) 
(PECH) 

Solution-cast 
technique 

Ionic conductivity: 10− 2 - 10− 3 S 
cm− 1 at room temperature when 
the blend ratio is varied from 1:0.2 
to 1:1. 

Solid-state Zn–air battery 
discharged at the C/10 rate at 25 
◦C 

Zn powder gels: Zn powder, Carbopol 940 
gelling agent, 32 wt% KOH and some metal 
additives 
Carbon slurry for the gas-diffusion 
acetylene black and 30 wt% PTFE (teflon- 
30 suspension) as a binder 
Ni-foam current-collector 

32 wt% KOH PVA/PECH (1:0.2) 
membrane: 
-Cell utilization 86% 
-C/10, 150 mA, 8.59 h 

[171] 

*Manufacturer datasheet [153]. 
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small fiber diameter and pore size [172–174]. Membranes prepared by 
this method are referred to as electrospun nanofiber membranes [175]. 
The entangled fibers provide integrity and mechanical strength to these 
membranes. Non-woven mat membranes are commonly used in Li-ion 
[176,177], lead-acid [178] and in some types of alkaline [149] batte
ries. High electrochemical performances [172] and oxidation stability 
[173] were reported in Li-ion polymer batteries using such membranes. 
Recently, few electrospun-based nanofibrous membranes have been 
reported in the literature and have been tested in Zn-air battery 
applications. 

Membrane-based on syndiotactic polypropylene (syn-PP) nanofibers 
were prepared using electrospinning [179]. Granular syn-PP was dis
solved in a mixture of decalin, acetone and DMF and the resulting so
lution (7.5 wt%.) was electrospun (Potential: 10.5 kV; distance: 15 cm; 
flow rate: 0.8 mL h− 1). The syn-PP nanofibers (coated with PVAc 
glue)-based Zn-air battery was found to exhibit more than 40% 
discharge capacity improvement compared to the Whatman filter 
paper-based battery. The improvement in the performance of the bat
teries was attributed to the membrane non-ordered and layered-fibrous 
structures. 

A promising electrospun nanofiber mat-reinforced composite mem
brane (ERC) for Zn-air battery was reported by Lee et al. [85]. The 
membrane was fabricated by impregnating KOH liquid 
electrolyte-swollen PVA into PEI nanofiber mats (referred to as ERC 
membrane, with a thickness of 27 ± 5 μm). Fig. 3 represents the elec
trospun PEI nanomat (a) and impregnation of PEI nanomat with PVA 
(b), respectively. Here, the PEI nanofiber provides a mechanical strength 
and dimensional stability, whereas the relatively entangled electrolyte 
swollen PVA is believed to allow the small-sized OH− and prevent the 
bulky zincate ions passage. This unusual OH− permselective transport 
behavior of the electrospun composite membrane is illustrated 

schematically in Fig. 3 (c and d). 
The prepared composite membrane and reference membranes (PVA 

film and Celgard® 3501) used were compared in terms of OH− ions 
conductivity, Zn(OH)4

2− ions crossover (in mol min− 1) and permse
lectivity. The Zn(OH)4

2− ions diffusion coefficient of the ERC membrane 
was four times lower than that of Celgard® 3501 membrane (Fig. 3e and 
3f), which induced a better permselectivity of OH− ions over Zn(OH)4

2−

ions (1.7 x 1011 vs. 6 x 109 S s m− 3). This better permselectivity 
improved the cycle capacity retention of Zn-air batteries, since the 2nd 

discharge capacity of the ERC-based cell was about 7 times higher than 
that of the Celgard® 3501 membrane (~213 vs. ~34 mA h g− 1). 

3.1.3. Modified porous membranes 
To prevent the permeation of Zn(OH)4

2− ions through porous poly
meric membranes, further optimization of these membranes have been 
achieved through surface modification approaches, which can be clas
sified into two broad categories as nanoparticle-filled (composite) 
membranes and ion selective polymer-coated membranes. 

3.1.3.1. Composite membranes. One possible method to minimize the 
crossover of Zn(OH)4

2− species is by plugging the pores of the porous 
membranes using inorganic particles. The preparation of composite 
membranes can involve incorporation of inorganic nanoparticles into 
the polymeric matrix during the fabrication process or filling/coating of 
a porous membrane with particles once the membrane is prepared. In 
both cases the aim is to prevent passage of zincate ions [180]. These 
techniques have been extensively investigated also for other batteries, 
such as Li-ion batteries. Similarly, pore filling with inorganic salt con
taining fluoride ions has been employed in cross-linked PVA-based 
membranes and used for a silver-Zn battery [181]. The fluoride salt due 
to its relative insolubility is expected to remain in the polymer gel. 

Fig. 3. Preparation of ERC membrane and characterization of Celgard® 3501, Pristine PVA film and ERC membrane: (a) electrospun PEI nanomat; (b) impregnation 
of PEI nanomat with PVA; (c) Cross-sectional SEM of ERC membrane and an illustration showing its permselective transport behavior; (d) illustration of permse
lectivity of ERC and Celgard® 3501 membranes; (e) OH− conductivity (σ(OH− )) and (D(Zn(OH)4

2− )); (f) Zn(OH)4
2− ions across the membranes (mol). Reproduced 

with permission [85]. Copyright Elsevier 2015. 
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On the other hand, despite the potential role of nanoparticle-filled 
composite membranes in minimizing the crossover of Zn(OH)4

2− ions, 
few studies are reported in the literature. ZIRFON® PERL (Agfa Spe
cialty Products) membrane (pore size of 130 nm) that consists of a 
polysulfone network and zirconium oxide [182–184] has been used in 
Zn-air flow battery [185]. The ZIRFON® PERL-based battery exhibited 
above 50% round trip efficiency and the performance was not altered 
after l00 h of cycling at 25 mA cm− 2. Kiros [156] modified Celgard® 
3401 (50 nm pore size, electrical resistance of 0.1 Ω cm2 at room tem
perature and in a 6 M KOH solution) using insoluble inorganic com
pounds, such as Al(OH)3, CaF2, Mg(OH)2 and Mn(OH)2. Since they 
possess a very low solubility, after gelation/precipitation, they were 
sandwich between two Celgard® 3401 membranes, as schematically 
shown in Fig. 4a. Coating the membrane with Mn(OH)2 produced the 
highest Zn(OH)4

2− ion-separation capacity, with no crossover of Zn 

(OH)4
2− ions. Coating of the membrane (10 cm2) with 0.3 g of Mn(OH)2 

almost completely blocked the Zn(OH)4
2− permeation (only 0.03 mg/h of 

Zn(OH)4
2− ions crossover occurred). On the other hand, the use of two 

Celgard® 3401 membranes together (Fig. 4a) resulted in Zn(OH)4
2−

crossover of 28.46 mg h− 1 (close to 1000 times higher). 
Nevertheless, the ohmic resistance of the membrane was dramati

cally increased especially with a higher amount of Mn(OH)2 coating due 
to the plugging of the pores of the membrane by the fine colloidal par
ticles (Fig. 4b). The electrical resistance of the Celgard® 3401 increased 
from 0.1 to about 150 Ω cm2 (factor of 1500) when 0.3 g of Mn(OH)2 
were coated on the membrane in a 6 M KOH solution at room temper
ature. This has a negative impact on the OH− ion conductivity and, thus 
on the overall performance of the battery. Therefore, the coating of 
porous membranes with an optimized amount of insoluble particles 
without a significant increase in their resistance is required in order to 

Fig. 4. Schematic representation of a composite membrane (a) and Zn permeability and resistance as a function of amount of Mn(OH)2 (g) coated on the Celgard® 
3401 (b). Fig. 3b is adapted with permission from Ref. [156]. Copyright Elsevier 1996. 

Fig. 5. SEM images of Celgard® 5550 (a) and Celgard® 5550 coated with PEBIH-PBMA (b), Zn concentration with cycle number (c) and Energy efficiency for 
Celgard® 5550 coated with PEBIH-PBMA under the constant current mode at 10 mA cm− 2 (d). Reprinted with permission from Ref. [83]. Copyright © 2016 
American Chemical Society. 
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justify their use in Zn-air batteries. 

3.1.3.2. Coating porous membranes with ion-selective polymers. Another 
method to minimize the crossover of zincate ions is coating the porous 
membranes with an ion-selective layer. The coat is expected to allow 
OH− transfer through the membrane and to minimize the migration of 
zincate ions to the cathode compartment without significantly affecting 
the ionic conductivity. Moreover, the porous part of the membrane can 
serve as a mechanical support and an additional barrier to the zincate 
ions passage based on their size exclusion effect. Various layer support 
options are available commercially, such as cellophane 350PØØ and 
Celgard® 5550 and 3501 etc. 

On the other hand, there is still a need for developing alkaline stable, 
water-insoluble anionic-exchange polymers. Polymerized ionic liquids 
(PILs) are one promising class of candidates for tuning the membrane 
permselectivity to OH− . Hwang et al. [83] coated a Celgard® 5550 
membrane with PIL to prepare bilayer membranes for a rechargeable 
Zn-air battery. The anion exchange polymer (PEBIH-PBMA) coating 
layer was prepared via free radical polymerization, i.e., by copolymer
ization of two monomers: 1-[(4-ethenylphenyl) methyl] -3- butylimi
dazolium hydroxide (EBIH) and butyl methacrylate (BMA). 

The surface and cross-sectional FE-SEM images of the Celgard® 5550 
and PEBIH-PBMA coated Celgard® 5550 membranes are shown in 
Fig. 5a and Fig. 5b, respectively. However, no thickness increase is seen 
by the SEM images after coating compared to the original thickness of 
the Celgard® 5550 (25 μm), thus indicating a possible penetration of the 
viscous anionic-polymer solution onto the porous structure of the sup
port layer despite the use of a highly viscous solution (20 wt % of 
polymer in ethanol). Over 96% reduction in the transport of Zn(OH)4

2−

ions through the membrane to the cathode compartment was achieved. 
Compared to the Celgard® 5550 membrane, the modified membrane 
has over 2 magnitudes of Zn(OH)4

2− ions diffusion coefficient. Fig. 5c 
presents Zn(OH)4

2− concentration levels of the cathode electrolyte versus 
cycle number. The high selectivity is explained by the lower mobility Zn 
(OH)4

2− ion associated with their size exclusion. This was reported to 
enhance the durability of the battery as its life-span was increased by 
about 300% compared to the same battery using a non-modified mem
brane (37 vs 104 cycles). 

Besides this three-fold improvement in lifetime of the battery, the 
modified membrane-based battery exhibited comparable initial energy 
efficiency with the Celgard® 5550-based one (60.8 vs 59.4%). On the 
other hand, the Celgard® 5550-based battery displayed higher final 
energy efficiency than the coated-ones (51.2 vs 41.8%), suggesting that 

the Celgard® 5550-based battery has prematurely deceased due to the 
Zn(OH)4

2− ions rather than degradation of the air-electrode catalyst. The 
modified membrane displayed a similar overpotential increase during 
both the discharge and charge steps, whereas, the Celgard® 5550 
membrane did not. The ORR characteristics was found to remain un
changed, whereas the OER process exhibited difficulties manifested as 
overpotential growth, which resulted in a higher final voltage. The OER 
catalyst is expected to be more sensitive toward Zn(OH)4

2− exposure. The 
energy efficiency plot of PEBIH-PBMA coated membrane is presented in 
Fig. 5d. 

Nafion® 117 (CEM) has been reported to improve the selectivity of 
Celgard® 3401 and Celgard® 3501 membranes [135]. Celgard® mem
branes are usually hydrophilized by treatment with a (cati
onic/nonionic) surfactant. In this work, to prepare hydrophobic 
membranes, the surfactant was removed by washing it out several times 
with methanol. The Celgard® membranes (with and without surfactant) 
were coated with a solution of Nafion® 117 (from its alcoholic or 
aqueous dispersions of various concentrations) using several techniques. 
When the Celgard® 3401 without surfactant was coated with a 1% 
Nafion® solution, no zincate ion transport during 5 h was reported. 
However, a high resistance was obtained (186 Ω cm2 at 50 kHz) due to 
the hydrophobization of the membrane. The hydrophobic pores of the 
membrane have probably excluded the Nafion® solution and remained 
filled with trapped air (rendering low conductivity). An increase in both 
conductivity and zincate ion flux through the membrane was observed 
when a membrane with surfactant was used (Table 4). Moreover, higher 
zincate crossover and ionic conductivity were observed with an increase 
in the amount of Nafion® coated on Celgard® 3501 without surfactant. 
For example, the zincate ion diffusion coefficient for the Celgard® 3501 
coated with 0.047 mg cm− 2 of Nafion® was 1.1 × 10− 12 m2 s− 1, and 
across the membrane with 0.079 mg cm− 2 of Nafion®, it was much 
higher: 8.3 × 10− 12 m2 s− 1. Based on this study, coating with Nafion® 
seems to be not efficient method to improve permselectivity of the 
membranes. 

3.1.3.3. Sulfonated porous membranes. A limitation associated with the 
use of some commercial porous membranes is their hydrophobicity, 
which could decrease the pore wettability with KOH aqueous solution. A 
common strategy to enhance the hydrophilicity is by membrane surface 
modification. Sulfonation is a unique chemical treatment that can in
crease polymer hydrophilicity by incorporating sulfonic acid functional 
group on the surface of polymer [186]. Wu et al. [187] prepared sul
fonated membranes with a high ionic conductivity and evaluated their 

Table 4 
Zincate crossover through pristine and modified porous membranes.  

Membrane Analysis method Flux of Zn(OH)4
2− ( ×

10− 6 mol m− 2 s− 1) 
Diffusion coefficient of Zn 
(OH)4

2− (m2 s− 1)c 
Ref. 

Two Celgard® 3401 Electrogravimetric 120.8 6.9 × 10− 12 [156] 
Two Celgard® 3401 coated with 

inorganic molecules 
Al(OH)2 + Teflon 21.2 8.5 × 10− 12 

CaF2 15.6 1.8 × 10− 12 

Mg(OH)2 0.31 5.1 × 10− 14 

Mn(OH)2 0.14 6.0 × 10− 15 

Celgard® 5550 ICP-OES – 1.1 × 10− 5 [83] 
Celgard® 5550 coated with PIL (PEBIH− PBMA) – 5.0 × 10− 7 

Celgard® 3501 with surfactant (hydrophilic) Polarography 
measurement 

94.4 2.4 × 10− 11 [135] 
Celgard® 3501 without surfactant (hydrophobic) 0b 0 
Celgard® 3501 coated with 

Nafion® 117a 
0.024 mg cm− 2 Nafion® 117 1 2.5 × 10− 13 

0.047 mg cm− 2 Nafion® 117 4.4 1.1 × 10− 12 

0.079 mg cm− 2 Nafion® 117 33.3 8.3 × 10− 12 

Celgard® 3401 coated with Coated 
with 1% Nafion® 117a 

Without surfactant 0 0 
With surfactant 45.6 5.8 × 10− 13 

Electrospun nanofiber membrane Electrospun nanofibre mat-reinforced 
composite polymer (ERC) membranes 

ICP-OES – 8.33 × 10− 12 [85] 

Inorganic membrane NaSICON membrane ASV analysis – 8.5 × 10− 15 [134]  

a Diffusion coefficient calculated (using Fick’s law) based on the provided flux data. 
b Not detected during the first 5 h of operation. 
c Diffusion coefficient of Zn(OH)4

2− performed at room temperature. 

M.T. Tsehaye et al.                                                                                                                                                                                                                             



Journal of Power Sources 475 (2020) 228689

12

performance in a Zn-air battery. These membranes were prepared by 
sulfonation of commercial non-woven PP/PE membranes (thickness =
0.2 mm, porosity = 60–70%) using concentrated sulfuric acid (Fig. 6a). 
The sulfonation reaction took place by immersing the PP/PE membranes 
in a 98 wt% sulfuric acid at 90 ◦C and atmospheric pressure for 3–128 h. 
The highly sulfonated s-PP/PE membrane (sulfonation time 128 h) is 
shown in Fig. 6b. As shown by the infrared spectra of the membranes 
(before and after the sulfonation treatment) in Fig. 6c, the peaks at 
around the wavenumbers of 1150–1200 and 550–585 cm− 1 can be 
attributed to the asymmetric SO3

− stretching modes and deformation of 
the S–O bonds, respectively, showing successful incorporation of sul
fonic acid groups to the polymer membrane. However, after sulfonation, 
many of the filaments (originally, 10–20 μm) showed a reduced diam
eter indicating that part of the polymer had been degraded or/and dis
solved by the sulfuric acid. 

The water contact angles decreased from 58◦ (commercial PP/PE 
membrane) to 18◦ after 128 h of sulfonation, showing the effectiveness 
of the sulfonation in increasing surface hydrophilicity. The sulfonated 
membrane exhibited a higher ionic conductivity than that of the 
unsulfonated being 17.5 mS cm− 1 vs 8.8 mS cm− 1 at 25 ◦C (32 wt% KOH 
solution) and, thus, a higher power density of 38 mW cm− 2 vs 20 mW 
cm− 2 (Fig. 6d). However, compared to the pristine membrane, the sul
fonated membrane showed a decrease in both tensile strength (21%) and 
thermal resistance (4%). The decrease in mechanical strength can be 
attributed to the surface etching effect of sulfuric acid, leading to 
decrease filaments diameter and, probably lower polymer molecular 
weight. 

3.1.4. Inorganic membranes 
Inorganic membranes refer to membranes which are made from 

materials such as ceramic, magnesia, alumina and titania. Inorganic 
membranes are known for their high chemical and thermal stability. 
These membranes are interesting as potential candidates for Zn-air 
batteries because of their good alkaline chemical stability [188]. Addi
tionally, hydrotalcite clay is an interesting alkaline AEM material [189], 
but has never been exploited for Zn-air batteries. A ceramic membrane 
could provide the required dimensional rigidity that could be effective 
in avoiding internal short circuit problem. Moreover, ceramic mem
branes are known to have better chemical stability (against oxidative 
agents) compared to polymeric membranes [190,191]. However, 
despite the excellent alkaline stability, almost no attention has been 
given to the preparation of such membranes for Zn-air flow batteries. 
This could be due to the fact that inorganic porous membranes are 
usually fragile [192,193]. Therefore, it is difficult and expensive to 
fabricate large inorganic membranes [87]. 

Ceramic membranes which are impermeable to Zn(OH)4
2− has been 

evaluated in rechargeable alkaline Zn/MnO2 batteries [134]. In this 
study, a commercial sodium super-ion conducting ceramic membrane 
(NaSICON) was used. Here, the Na+ cation is the charge carrier, rather 
than the OH− ion. Due to its inherent property (cation conductor) and 
solid-state nature of the membrane, no Zn(OH)4

2− crossover was detec
ted. Nevertheless, the membrane (1.17 cm2) had high resistance values: 
26 Ω for the 1.0 mm thick and 11 Ω for the 0.5 mm thick NaSICON 
membrane, strongly suggesting that a decrease in membrane thickness is 
required. However, such strategy will probably result in a brittle 
membrane. 

Fig. 6. Schematic illustrations of the non-woven membrane structures before and after the sulfonation treatment (a), SEM micrographs of the sulfonated s-PP/PE 
membrane (sulfonation time 128 h) (b), IR spectra of the different membrane samples (c) and the cell potential and power density curves of the solid-state zinc-air 
batteries as functions of discharge current density (d). Adapted with permission from Ref. [187]. Copyright © 2006 Elsevier. 
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Saputra et al. [172] prepared microporous MCM-41 membrane by a 
facile, dip-coating technique from a solution consisting of cethyl
trimethylammonium bromide (CTAB), hydrochloric acid, DI water, 
ethanol and tetraethylorthosilicate (TEOS). MCM-41 membrane (thick
ness ca. 5 μm and average pore size 2.2 nm) with hexagonally ordered, 
narrow, pore structure formation was verified using X-ray diffraction. 
The membranes tested in Zn/MCM-41/air cell using KOH electrolyte 
displaying a good performance: a maximum power density of 32 mW 
cm− 2 and energy density of 300 Wh L− 1, which was comparable to that 
of commercial Zn-air button cells of equivalent size was reported. 

Table 4 presents the diffusion coefficients of Zn(OH)4
2− ions through 

the pristine and porous polymeric membranes. The porous Celgard® 
membranes are included in the table for comparison purpose. 

3.2. Polymer electrolyte membranes (ion-conducting membranes) 

3.2.1. Anion-exchange membranes 
An AEM consists of polymer chains functionalized with a number of 

cationic groups. Most AEMs are made from hydrocarbon polymer 
backbones with covalently attached quaternary ammonium (QA) 
groups. The use of AEMs in Zn-air batteries have been widely proposed 
[65] since a typical AEM exhibit only a 10% loss in performance after 
1000 h [44]. This performance is more than satisfactory for meeting the 
required shelf life and cycle life of the battery. However, no information 
has been provided regarding the AEM type and battery testing condi
tions. The prospects for AEMs in Zn-air batteries, including the major 
recent developments and strategies to overcome the remaining chal
lenges has been reviewed recently [194]. Indeed, the performance and 
cyclability of the batteries have been found to be dependent on the 
properties of the AEMs (such as water uptake, anisotropic swelling ratio 
and hydroxide conductivity). Additionally, the common AEMs chemical 
degradation ways and their mitigation strategies have been discussed. 

A commercial AEM A201® (Tokuyama Soda, Japan) has been tested 
in Zn-air batteries. The A201®-based battery showed a rapid voltage and 
capacity loss after some cycles. This was attributed to the continuous 
loss of membrane water content and ionic conductivity during the 
constant current operation [142–145]. To solve this issue, AEMs 
following different synthesis strategies have been prepared and tested in 
Zn-air batteries [142–145]. The prepared AEMs which exhibit superior 
OH− ion conductive properties, water retention and low anisotropic 
swelling were reported to boost the specific capacity and improved the 
cycling stability of the battery compared to that of A201®-based battery 
(Table 5). However, the effect of zincate ions crossover was not inves
tigated in these studies. 

Dewi et al. [84] synthesized AEM by using polysulfonium cation 
(poly(methylsulfo-nio-1,4-phenylenethio-1,4-phenylene 
trifluoromethanesul-fonate). The prepared polysulfonium-based mem
brane was effective in preventing zincate ions crossover from the 
negative to the positive electrode, leading to a more than 6-fold 
discharge capacity increase of the cell compared to the case of using a 
Celgard® 5550 membrane. It was assumed that Zn (II) species in the 
electrolyte are able to cross through the membrane to the air electrode in 
the form of Zn2+. However, in a strongly alkaline solution, the Zn2+ ions 
combine with OH− ions, instantly forming Zn(OH)4

2− ions. 
Fu et al. [142] prepared a flexible, highly conductive (21 mS cm− 1 at 

30 ◦C) nanoporous membrane from natural cellulose nanofibers with 
very high water retention (96.5%) and low anisotropic swelling degree 
(1.1). The membrane was prepared via functionalization of the cellulose 
fibers using dimethyloctadecyl[3-(trimethoxysilyl)propyl] ammonium 
chloride (DMOAP) (in methanol) as a precursor. The mixture of DMOAP 
and cellulose fibers was stirred (12 h at room temperature), centrifuged 
and washed (with ethanol and distilled deionized water) to remove 
unreacted traces of DMOAP. The QA-functionalized cellulose (QAFC) 
membrane was prepared by vacuum filtration, followed by drying and 
crosslinking. The reference A201® membrane exhibited an anisotropic 
swelling degree of 4.4 and water uptake of 44.3%. As a result, the 

2-QAFC (cellulose nanofibers modified with 200 mol. % concentration 
of DMOAP with respect to the cellulose repeating glucose unit) 
membrane-based battery was reported to have a higher discharge ca
pacity with a more stable voltage compared to the A201®-based battery. 

Zhang et al. [143] prepared a laminated, cross-linked nano
cellulose/graphene oxide membrane functionalized with QA for a flex
ible rechargeable Zn-air battery. Here, Graphene oxide (GO) was 
incorporated in order to enhance the ionic conductivity since it has 
abundant oxygen-containing groups which can be easily functionalized. 
Cellulose fibers are used as interconnected framework to integrate GO 
into a flexible membrane with a high water content, which can be 
cross-linked to achieve the required structural stability and (low) 
anisotropic swelling degree. Fig. 7a shows the procedure followed for 
the preparation of the 2-QAFGO membrane. The QA-functionalized 
nanocellulose/GO (QAFCGO) membrane showed superior OH− con
ductivity of 33 mS cm− 1 at room temperature. The QAFCGO-based 
battery was reported to show higher performance compared to the 
A201®-based battery, with smaller over potentials for both discharge 
and charge processes. At current densities above 20 mA cm− 2, the 
QAFCGO-based battery remarkably outperformed the A201®-based 
battery (Fig. 7b). The former battery had a better cycling stability per
formance than the latter one (Fig. 7c). Moreover, the QAFCGO-based 
battery reached a higher peak power density (44 mW cm− 2) than the 
A201®-based one (33 mW cm− 2) (Fig. 7d). 

Furthermore, Abbasi et al. [155] prepared three AEMs using poly 
(p-phenylene oxide) (PPO) as polymer backbone and three different 
cations - trimethylamine (TMA), 1-methylpyrolidine (MPY), and 
1-methylimidazole (MIM). PPO was chosen as a polymer backbone due 
to its commercial availability, high thermal, mechanical, and acceptable 
chemical stability and facile postfunctionalization [195,196]. The cat
ions were directly attached on the PPO backbone. The PPO-TMA 
membrane was reported to have OH− ion conductivity equal to 17 
mS cm− 1, 89 wt% water uptake at room temperature and to prevent the 
crossover of Zn(OH)4

2− ions (Table 6). Moreover, the membrane showed 
excellent alkaline stability for at least 150 h in an alkaline solution 
commonly used in Zn–air batteries (7 M KOH solution at 30 ◦C). The 
PPO-TMA–based Zn-air battery exhibited low zincate diffusion co
efficients (1.9 × 10− 14 m2 s− 1) and high specific discharge capacity 
(~800 mAh gZn

− 1). The low zincate diffusion coefficient of the PPO-based 
membrane was ascribed to the formation of ionic channels in the poly
mer structure through hydrophilic/hydrophobic microphase separation. 
However, no experimental evidence was provided for the formation of 
such a hydrophilic/hydrophobic microphase separation structure. 

Well-defined hydrophilic-hydrophobic phase separation is crucial for 
enhancing ionic conductivity of AEMs [197]. However, not all AEMs 
develop a phase separation structure. Different strategies, such as block 
copolymers [198] and cation functionalization via a long-spacer-chain 
[199] have been used to design an AEM with a phase separation struc
ture. AEMs composed of PVA/guar hydroxypropyltrimonium chloride 
(PGG-GP) displaying a hydrophilic-hydrophobic microphase separation 
structure and large ionic clusters was developed by using GA and 
pyrrole-2-carboxaldehyde as binary cross-linking agents. The prepared 
PGG-GP membrane exhibited a high OH− ion conductivity (123 mS 
cm− 1 at room temperature) and an excellent dimensional stability. The 
PGG-GP-based, flexible, all-solid-state Zn–air battery displayed a peak 
power density of 50.2 mW cm− 2 at 48 mA cm− 2 and a promising cycling 
stability (9 h at 2 mA cm− 2) [121]. On the other hand, formation of ionic 
channels with appropriate sizes in the two domains is required to 
develop AEMs with high selectivity [194]. 

Recently, an interesting investigation of effect of microdomain 
morphology on selective Zn(OH)4

2− and OH− ions transport was per
formed [200]. PILs-based liquid-crystalline AEM with inverse bicon
tinuous cubic (Ia3d) structure was prepared through a one-step chemical 
synthesis. The AEM-Ia3d, with IEC of 0.76 mmol/g, had an OH− con
ductivity of 12.6 mS cm− 1 at 30 ◦C. Whereas, the crossover of hydrated 
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Table 5 
Anion exchange membranes used in Zn-air batteries.  

Membrane type Preparation method Properties Battery type and 
operation 
conditions 

Electrodes Electrolyte Performance Ref. 

FAA®-3-based AEM Commercial FAA®-3- 
SOLUT-10 in NMP, 
Fumatech BWT 
GmbH) 
Solution casting 
method. 

QA cation Bendable 
rechargeable 
Zn–air battery 

Zn electrode: stainless-steel 
mesh coat with Zn species 
Air electrode: cobalt oxide 
based commercial 

6 mol KOH 
PAA gel 

Maximum power 
density of 9.8 mW 
cm− 2. 
Cells stable for at 
least 100 cycles. 
Specific capacity 
~700 mAh gZn

− 1 

under 1 mA cm− 2 

and discharging 
conditions. 

[201] 

A201® membrane Commercial 
(Tokuyama 
Corporation, Japan) 

28 μm 
thickness 

Solid state 
rechargeable Zn- 
air battery 

Zn electrode: Zn powder, 
carbon nanofiber, carbon 
black and poly (vinylidene 
fluoride-co 
-hexafluoropropene) 
polymer binder. 
Air electrode: Co3O4 nano- 
particles (<50 nm particle 
size) 
Gas diffusion layer: (catalyst 
loading of 1.0 mg cm− 2) 

– A201-based battery 
membrane 
deteriorated 
noticeably after 
720 min  
- The rapid voltage 

and capacity loss 
due to water loss 

[142] 

Polysulfonium-based membrane Solution casting 
method 

Transparent, 
30 μm 
thickness 

Zn-air cell, 
The cells were 
discharged at 1 
mA at room 
temperature 

Zn electrode: Zn powder 
(99.9% grade) (1 g) 
Air electrode: Carbon paste 
that contained 
MnO2 catalyst 

1 M KOH Capacities of 
discharge cell: 0.6 
V, 124.8 h, 86 mAh 
gZn
− 1 

[84] 

PPO-based 
AEM 

Solution casting 
method 

uniform and 
flexible films, 
50 μm 
thickness 

Primary Zn-air 
battery effective 
membrane and 
electrode area of 
1.77 cm2 

The cell was 
discharged at a 
constant 
discharge current 
in the range of 
2.5–15 mA cm− 2 

All experiments, 
the cut-off voltage 
was 0.9 V. 

Zn electrode: anode was a 1 
× 1 cm2 pure zinc plate 
Cathode electrode: Ni-foam 
used as the current collector 
and gas diffusion layer. 
Mixture of MnO2 and VXC- 
72 was used to prepare 
catalyst. 

7 M KOH 
solution 

PPO–MPY based 
cells: 
-maximum 
discharge current 
density of 117 mA/ 
cm2 with a 
maximum power 
density of 70 mW 
cm− 2. 
-Specific capacity: 
772 mAh gZn

− 1 at 2.5 
mA cm− 2 

-Power of the cell 
was 996 mWh gZn

− 1 

for 2.5 mA cm− 2 

discharge current 
density. 

[155] 

Porous AEM based on QA and 
nanocellulose 

Functionalization, 
followed by 
crosslinking. 

High flexible, 
thickness of 30 
μm 

Solid state 
rechargeable Zn- 
air battery 

Zn electrode (40 mg): Zn 
powder, carbon nanofiber, 
carbon black and poly 
(vinylidene fluoride-co 
-hexafluoropropene) 
polymer binder. 
Air electrode: Co3O4 nano- 
particles (<50 nm particle 
size) 
Gas diffusion layer: (catalyst 
loading of 1.0 mg/cm2) 
Catalyst ink consisted of 
Co3O4, ionomer (AS-4, 
Tokuyama Inc.) and 1-prop
anol was sprayed onto a 
carbon cloth 

– 2-QAFC battery 
- Specific capacity 
of was 492 mA h 
gZn
− 1. 

- High power 
density of 2362 
mW gZn

− 1 at a large 
current density of 
4650 mA gZn

− 1 

-Cycling stability 
over 2100 min. 

[142] 

Laminated cross-linked 
nanocellulose/GO 

Vacuum filtration, 
followed by cross- 
linking 

Thickness =
30–50 μm 

Flexible 
rechargeable 
Zn–air battery 

Zn electrode: Zn film (zinc 
powder, carbon nanofiber, 
carbon black, and poly 
(vinylidene fluoride-co- 
hexafluoropropene) 
polymer binder) 
Air electrode: Co3O4 

nanoparticles (<50 nm 
particle size) spayed onto a 
carbon cloth 

– QAFCGO-based 
battery: 
-Power density 44 
mW cm− 2. 
-Stable output 
power within 
current density of 
60 mA cm− 2 under 
stressed conditions 

[143] 

GO membrane functionalized 
with imidazolium (1-hexyl-3- 

Solution casting/ 
vacuum filtration 
method 

27 μm 
thickness, 

Fully solid-state, 
thin, flexible 
Zn–air battery 

Zn pellet electrode 
Gas-diffusion layer: active 
material and carbon black in 

– The 5-HMIM/G (5 
= HMIM/GO)- 
battery: 

[144] 

(continued on next page) 
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Zn(OH)4
2− was found to be hindered (Zn(OH)4

2− diffusion coefficient of 
1.6 × 10− 13 m2 s− 1). This well-defined 3D-interconnected ionic channels 
and the size-exclusion effect played a role to enhance the OH− perm
selectivity of the membrane. 

3.2.2. Cation-exchange membranes 
Nafion®, composed of a perfluorinated polymer backbone with 

pendant perfluoro ether terminated sulfonic acid side chains (PFSA), is 
the most frequently used material as a proton exchange membrane in 
fuel cells. It is chemically stable and has a high phase-separated 
morphology which makes it of possible interest for Zn-air battery ap
plications. The water domains in PFSA membranes have been reported 
to be organized as locally flat and narrow (around 1 nm) channels [202]. 
This agrees with the finding of cryo-TEM tomographs of hydrated 
Nafion® membrane [203]. However, the hydrophilic 
negatively-charged sulfonate group in the Nafion® film allows the 
transportation of positively charged species while blocking negatively 
charged species, such as OH− and Zn(OH)4

2− ions. 
Therefore, when Nafion® is used in Zn-air battery, both Zn(OH)4

2−

and OH− ions will be repulsed by the Donnan exclusion mechanism; 
however, some OH− ions (co-ions) can still permeate through the hy
drophilic phase since the Nafion® membrane swelling is high in aqueous 
media [204] and especially in electrolyte solutions of the high ionic 
strength [205]. Indeed, the diffusion coefficient of Zn(OH)4

2− ion of 
Nafion® 521 film tested in a Zn-air battery was reported to be very low, 
6.67 × 10− 14 m2 s− 1 [86]. However, the Nafion® 521 film showed also a 
rather low OH− transference number of 0.14 [86] since as expected the 
protons conductivity was favored resulting in extremely low (0.8 mS 
cm− 1) OH− ion conductivity at room temperature. As a result, the 
Nafion® film-based Zn–air battery showed considerably large dis
charge/charge polarization, resulting in a very poor cyclic stability. 
Similarly, in another study, Nafion® 117-based Zn-air fuel cell was re
ported to exhibit a poor performance (0.4 V at 1.3 mA cm− 2) [79]. 

Overall, Nafion® membranes afford a low voltage efficiency, even at 
low working current densities, in batteries using alkaline electrolytes. 
Therefore, given its low performance and high cost, it can be concluded 
that Nafion® membranes are not suitable for alkaline electrolyte-based 

batteries [204]. 
On the other hand, since Nafion® film has negative fixed charged 

groups that prevent the passage of Zn(OH)4
2− ions, it can be used to 

improve the selectivity of the membranes in Zn-air batteries. For 
example, Kim et al. [86] fabricated polymer blend electrolyte mem
branes (PBE membranes) (24 μm thick) by impregnating Nafion® films 
into an electrospun PVA/PAA nanofiber mat for rechargeable Zn-air 
battery. The Nafion® acts as an anion-repelling continuous polymeric 
phase. This was reported to effectively block Zn(OH)4

2− ions crossover 
with only slightly reducing the OH− conduction. As a result, the PBE 
membranes had better cyclic stability compared to Celgard® 3501 
membrane (over 2500 min vs. 900 min). 

A summary of zincate permeation through AEMs and CEMs is pre
sented in Table 6. Porous membranes are also included in the table for 
the sake of comparison. Evidently, the reported Zn(OH)4

2− diffusion 
coefficients for AEMs are quite similar to that for the Nafion® 521 
membrane. They were a much lower than those for the porous mem
branes and Nafion® bearing electrospun PVA/PAA mat (PBE mem
brane). For instance, the PPO-TMA membrane had a selectivity which is 
three order of magnitude higher than that of the Celgard® 3501 mem
brane. As stated in the previous section, this could be due to the for
mation of proper hydrophilic ions-conducting channels forming a 
hydrophilic-hydrophobic phase separation. The order of effectiveness 
in hindering zincate crossover of the membranes is: PPO–MPY >
PPO–TMA > Nafion® 521 > AEM-Ia3d > PBE > Celgard® 3501. 

In most studies, only the observed decrease in zincate ions crossover 
is reported as an improvement. However, usually, this comes at the cost 
of a reduced OH− ions conductivity. For instance, as shown in Table 6, 
Nafion® membrane has a quite low zincate ions crossover. Nevertheless, 
its OH− conductivity was reported to be low as well. On the other hand, 
the AEMs displayed a low diffusion coefficient of Zn(OH)4

2− and high 
OH− conductivity, showing their superior degree of selectivity. There
fore, a concept rarely used - permselectivity should be considered for 
comparing the membranes. The order of the membranes in terms of 
permselectivity is: PPO–MPY > PPO–TMA > AEM-Ia3d > Nafion® 521 
> PBE membrane > Celgard® 3501. 

Table 5 (continued ) 

Membrane type Preparation method Properties Battery type and 
operation 
conditions 

Electrodes Electrolyte Performance Ref. 

methylimidazolium chloride, 
HMIM) 

flexible and 
tough 

active surface 
area of 1.13 cm2 

isopropyl alcohol with 
binder (AS-4 ionomer, 
Tokuyama Inc.) 
A bifunctional Co3O4 

Loading of the active 
material on the air electrode 
was 1.0 mg cm− 2 

-Stable charge/ 
discharge 
performance for 60 
cycles 
-Specific energy 
density dropped 
only 16.6 Wh kgzn

− 1 

as the specific 
power density 
increase from 120 
to 360 W kgzn

− 1 

Cross-linked chitosan (CS) and 
poly 
(diallyldimethylammonium 
chloride) (PDDA) 

Solution casting 
method 

Anisotropic 
swelling (1.7) 
degree and 
water uptake 
(1.59 g g− 1) 

Solid-state Zn–air 
battery 

Zn electrode: Zn metal 
Air electrode: 20 wt% Pt/C 
and IrO2 (Ir = 85.7%) 
Catalyst ink consisted of 40 
mg catalyst, 80 μL of 5 wt% 
Nafion and 10 mL ethanol. 

– The CS-PDDA- 
based battery: 
-High open-circuit 
voltage (1.3 V) 
-High power 
density (48.9 mW 
cm− 2) at 100 mA 
cm− 2 but a limited 
cycle life of 2.5 h. 

[145] 

AEM composed of PVA/guar 
hydroxypropyltrimonium 
chloride (PGG-GP) 

Solution casting, 
followed by cross- 
linking 

1.52 mequiv/g 
IEC, anisotropic 
swelling degree 
(1.5) 
Thickness: 
30–40 μm 

All-solid-state 
Zn–air battery 

Zn electrode: polished Zn 
foil 
Air electrode: IrO2 and 40 
wt% Pt/C 
Catalyst ink consisted of 
IrO2/Pt/C (1:1 by mass), 5 
wt % Nafion and ethanol 

– -Peak power 
density of 50 mW 
cm− 2 at 48 mA 
cm− 2 

-Cycling stability of 
9 h at 2 mA cm− 2. 

[121] 

*It should be noted that the theoretical specific capacity of Zn is 820 mAh gZn
− 1. 
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It is worth noting that the comparison is dependent of the zincate ion 
crossover testing conditions and measurement techniques. For instance, 
the electrolyte used has been reported to have an effect on the degree of 
crossover. For the same membrane, a higher zincate diffusion coefficient 
was reported when KOH was used instead of NaOH. This was attributed 

to the larger conductivity of (35 wt%) KOH (620 mS cm− 1) [98] over 
(30 wt%) NaOH (190 mS cm− 1) [206]. Therefore, it is difficult to 
compare the membranes performance when the same electrolyte is not 
used. This requires further investigation for developing reliable standard 
membrane performance protocols. 

Fig. 7. QAFCGO and A201® membranes-based Zn-air batteries: Schematic diagram of the chemical structure evolution of the nanocellulose membrane by func
tionalization, cross-linking and hydroxide-exchange (a), charge and discharge polarization curves (b), galvanostatic charge and discharge cycling at a current density 
of 1 mA cm− 2 with a 20 min per cycle period (10 min discharge followed by 10 min charge) (c) and the power density plots at a current density of 1 mA cm− 2 (d). 
Reproduced with permission from Ref. [143]. Copyright 2016, Wiley-VCH. 

Table 6 
Zincate crossover through ion-conducting membranes.  

Membrane Zn(OH)4
2− diffusion coefficient 

(D) (m2 s− 1) 
OH− ions conductivity (σ) in water (mS cm− 1) (at 
room temperature) 

Permselectivity 
(σ/D) 
(S.s m− 3) 

Ref. 

AEM PPO–TMA 1.9 × 10− 14 17.4 9.2 × 1013 [155] 
PPO–MPY 4.7 × 10− 15 16.3 3.5 × 1014 

AEM-Ia3d  1.6 × 10− 13 12.6 7.9 × 1012 [200] 

CEM Nafion® 521 film 6.7 × 10− 14 0.8 1.2 × 1012 [86] 
Nafion® bearing electrospun PVA/ 
PAA mat (PBE) 

6.8 × 10− 13 6.6 9.7 × 1011 [85] 

Porous 
(reference) 

Celgard® 3501 3.20 × 10− 11 13.7 4.3 × 1010  
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Last but not least, it is worth identifying the zincate concentration at 
which a detrimental effect is seen in the air electrode activity and cell 
capacity. For example, in alkaline Zn/MnO2 batteries, detrimental ef
fects of Zn(OH)4

2− ions on the positive electrode have been reported to 
occur at concentrations ≥ 0.1 M Zn(OH)4

2− [207]. Besides, a study 
correlating AEM properties (mainly ion exchange capacity, nanochannel 
size and degree of zincate ions crossover) with cell performance and 
cyclic stability is missing. 

3.2.3. Ion solvating membranes (gel-polymer electrolyte membranes) 
Ion solvating membranes (gel-polymer electrolyte membranes) are 

usually used as membrane. Conventional aqueous electrolytes cannot 
maintain a steady form and, thus cannot effectively separate the elec
trodes to prevent a short circuit [208]. On the other hand, gel polymer 
electrolytes, composed of one or more polymers gelled by an aqueous 
electrolyte, have been widely employed in flexible Zn-based batteries as 
a membrane [209]. Ion solvating membranes rely on the aqueous 
alkaline electrolyte (typically, KOH) to provide their ionic conductivity 
and when swelled with the KOH, they tend to form a homogenous 
ternary polymer/water/KOH system [210]. The performance of these 
membranes greatly depends on the choice of polymer matrix and the 
proportion of each ingredient. Usually, vinyl polymers and cellulose 
derivatives are used as matrices since they swell well upon exposure to 
an alkaline aqueous solution [63]. 

Mostly, composite polymeric membranes with high swelling degree 
are used in Zn-air batteries. For instance, a cross-linked PAA/PVA gel 
polymer electrolyte (thickness = 28 μm) was prepared by thermal 
crosslinking (heat treatment: 140 ◦C for 3 h) method and used in a Zn-air 
cell [211]. The crossover of Zn(OH)4

2– ions through the crosslinked 
PVA/PAA (about 0.1 mmol) was significantly reduced compared with 
that of the Celgard® 3501 membrane (0.25 mmol) within 35 h of 
operation. More recently, Kim et al. [86] also prepared cross-linked 
PVA/PAA gel polymer electrolyte membrane (thickness, 24 μm) via 
thermal treatment of PVA and PAA mixture. Compared to the Zn-air cell 
with celgard® 3501 membrane, the cell with the PVA/PAA electrolyte 
membrane showed a better OH− permselectivity and electrochemical 
properties. The membrane was effective (lowered by about a half), the 
Zn(OH)4

2− ions crossover compared to that of the celgard® 3501 
membrane. 

Yang et al. [212] reported the synthesis of a PVA-based gel polymer 
electrolyte that was doped with KOH. The PVA/KOH/H2O electrolyte 
membrane exhibited a high ionic conductivity (47 mS cm− 1 at room 
temperature) and good electrochemical performance. They also 
measured the anionic transport number (t− ) for PVA, PVA/PECH, and 
PVA/tetraethyl ammonium chloride (TEAC) polymer electrolytes using 
the Hittorf’s method at 25 ◦C. The t− (varying between 0.82 and 0.99) 
was found to be dependent on the types of alkali metal salts and the 
chemical compositions of polymer electrolytes [213]. The PVA/TEAC 
(PVA: TEAC = 1:1) blend membranes displayed an ionic conductivity of 
23 mS cm− 1 at room temperature. 

A porous PVA-gelled polymer electrolyte prepared by a phase 
inversion method was used in rechargeable Zn–air battery [214]. After 
the phase inversion, the PVA membrane was cross-linked using a solu
tion of 10 wt% glutaraldehyde (GA) in acetone at 30 ◦C for 10 min and 
immersed in a solution of KOH/PVA (35/2 wt%) for 24 h. The battery 
employing the PVA-gelled electrolyte membrane (20–50 μm) and highly 
flexible electrodes exhibited an excellent cycle stability over 120 cycles 
(at a volumetric charge-discharge rate of 250 A L− 1). The battery also 
demonstrated high volumetric (2905 Wh L− 1) and gravimetric (581 Wh 
kg− 1) energy densities. Furthermore, Peng et al. [215] reported a flex
ible, stretchable and rechargeable Zn-air battery using a PVA/poly 
(ethylene oxide) (PEO)–based alkaline polymer electrolyte. The 
discharge current density reached 1 A g− 1 maintained for 30 dis
charge/charge cycles at a voltage plateau of 1.0 V. The influence of 
various properties of gel polymer electrolyte membranes, such as ionic 
conductivities, chemical stability, electrochemical windows and 

mechanical properties on the performance of rechargeable Zn–air bat
teries have been investigated elsewhere [216]. An inverse relationship 
between ionic conductivity and mechanical stiffness of the gel-polymer 
electrolytes was noticed. PAA6M-based battery exhibited the highest 
initial charge-discharge efficiency of 79% at 0.5 mA cm− 2. The perfor
mance was reported to be enhanced by reducing the gel polymer elec
trolyte thickness. 

Modified gel-polymer electrolyte membranes have been also tested 
in Zn-air batteries. PEO-PVA-glass-fiber-mat (thickness controlled be
tween 0.30 and 0.60 mm) with a high ionic conductivity (10 mS cm− 1) 
at room temperature has been prepared and employed in solid-state 
primary Zn–air cells by Yang and Lin [217]. The PEO–PVA polymer 
electrolyte showed a broad electrochemical stability window of 2.4 V 
(±1.2 V) [217]. The PEO–PVA-based Zn-air cell displayed a 1305 mA h 
capacity, thus with utilization of Zn 84% (since the theoretical capacity 
is 1560 mA h) at the C/10 rate at room temperature. On the other hand, 
the cell based on PE/PP’s utilization was only 75%. The higher capacity 
and utilization of the cell employing the modified gel-polymer electro
lyte membrane were attributed to its much smaller (0.1–0.2 μm) pores 
size compared with that of a PE/PP membrane (about 10–20 μm). On the 
other hand, the cell based on the PE/PP membrane was reported to be 
easily short-circuited when it is under a high discharge rate due to its 
larger pore size and non-uniform pore size distribution. Similarly, a gel 
polymer electrolyte consists of porous PVA and silica has been tested in 
Zn-air battery [218]. It was reported to show a high ionic conductivity 
(57 mS cm− 1) and a superior electrolyte retention capability 
out-performing that of the conventional PVA-KOH gel polymer elec
trolyte system. 

4. Zn-dendrites growth suppressing membranes 

One of the main challenges related to the presence of the Zn- 
electrode of rechargeable Zn-air batteries is the formation of Zn- 
dendrites [219]. During the reduction of ZnO to Zn metal, the Zn 
(OH)4

2− ions close to the Zn electrode surface are first depleted and most 
of the remaining are retained by the membrane (inside and/or its sur
face) or at the exterior of the electrolyte, thus resulting in an uneven 
distribution of Zn(OH)4

2− ions (severe concentration polarization) [80]. 
Zn-dendrites are formed as a result of the inhomogeneities in the elec
trode surface morphology and the electric field strength distribution 
across the Zn electrode, caused by the free diffusion of Zn ions in the 
vicinity of the electrode surface [80,220,221]. In other words, the 
diffusion-controlled Zn deposition process is influenced by both electric 
field and concentration gradients [222] and the inhomogeneity on the 
electrode surface brings about its formation since there is faster mass 
transport due to a non-planar Zn ions diffusion. Moreover, Zn-dendrites 
tend to develop at high current densities, which lead to a rapid Zn 
deposition, due to the resulting non-uniform concentration gradients 
[223]. This is similar to the dendritic growth mechanism model pro
posed for copper and lithium metallic electrodes [224–226]. 

The usually sharp-structured dendrites can puncture the membrane 
[227], especially when the amount of dendrites is increased. This can 
lead to an electrical short-circuit of the cell during the charging process 
and result in battery failure [227]. Therefore, reinforcement of the 
membranes is necessary in addition to the efforts to avoid the formation 
of dendrites. 

To reduce/avoid the continuous formation and growth of Zn- 
dendrites, thus extending the battery life-span as much as possible, 
several strategies including addition of additives into electrolytes [228] 
and electrodes [229], modification of Zn-electrode structure [230], 
optimization of electrolyte properties and selection of appropriate 
membranes [168,231,232] have been so far employed. However, 
despite the important role of membranes in retarding Zn-dendrite for
mation, there are only few reported studies focusing on their effects 
[231,233]. 

The use of an ion-conductive and/or optimized porous membrane is 
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believed to improve the cycling stability of the battery by suppressing 
dendrite formations [234,235]. This is due to the fact that (i) membrane 
can regulate ion transport and avoid ion concentration gradient, which 
is the main cause of dendrite growth and (ii) the nanochannels in the 
membranes can greatly enhance the uniformity of current distribution 
resulting in a uniform Zn deposition [231]. For instance, prevention of 
Zn-dendrites formation has been observed when a membrane with a 
proper pore size and pore size distribution was used [168]. In this work, 
the microstructures of PVA/PVC membrane with pore size in the range 
of 60–120 nm were reported to effectively prevent any Zn dendritic 
formation during the overcharge period. As a result, over 50 cycles were 
attained for the rechargeable Zn electrode. 

Moreover, Lee et al. [231] prepared a mechanically robust CEM for a 
Zn/Zn symmetric cell by cross-linking polyacrylonitrile (PAN) with 
lithium polysulfide (equivalent Li2S3), simultaneously leading to the 
formation of sulfur-containing functional fixed groups. This was then 
followed by hydrolysis, which resulted in the formation of a PAN-S 
membrane that achieved selective cationic transport (due to the sul
fonic functional groups) and a homogeneous ionic flux distribution. As a 
result, the PAN-S membrane, with a high Young’s modulus of 391 MPa, 
was found to suppress dendrite growth, exhibit a small polarization 
(<40 mV) and a long cyclic stability (>350 cycles) when tested in the 
Zn/Zn battery cell. 

Another promising method to minimize/avoid the growth of 
dendrite is to fill the pores of the membranes with chemical compounds 
that can react with the Zn dendrites and dissolve them. Recently, Xie 
et al. [232] utilized a 900-μm thick elastomer porous polyolefin mem
brane (0.1 μm pore size, 58% ± 7.5% porosity) in a Zn-iodine flow 
battery aiming at overcoming the negative impacts of Zn dendrites. 
Different compositions of KI, ZnBr2, and KCl were used as electrolytes, 
thus I− /I2 and Zn2+/Zn are the positive and negative redox couples, 
respectively. The reaction rate of the I3− /I− redox couple was found to be 
diffusion-limited. The pores of the membranes are believed to be filled 
with the solution of oxidized I3− ions. In this way, the oxidized I3− ions are 
able to oxidize the growing Zn dendrites when entered into the pores 
and make them soluble again (Zn + I3− ↔ 3I + Zn2+). The problem with 
this system is that I3− can diffuse through the membrane and leading to a 
self-discharge and decrease in coulombic efficiency. Therefore, it is 
essential to develop and employ a membrane with a proper pore size 
and/or covered by a thin Nafion® layer faced to the battery positive side 
[236]. Similar membrane pores functionalization/filling techniques can 
be considered in Zn-air batteries in order to overcome the adverse effects 
of Zn-dendrites formation. 

5. Summary and outlook 

Because of the growing demands for grid-scale electrical energy 
storage and the inherent attractive attributes of rechargeable Zn-air 
batteries, such as high theoretical specific energy, high safety, eco
nomic feasibility and environmental friendliness, they are considered 
feasible devices for large-scale electricity storage. The high number of 
scientific papers published and projects funded so far focused on Zn-air 
batteries indicates their promising future as next-generation energy 
storage devices. Membranes have been known to be a critical component 
of Zn-air batteries as they must selectively transport OH− ions. Addi
tionally, properly designed membranes should restrict/minimize Zn 
dendrites formation and growth. This can be achieved by preparing 
dedicated membranes with an optimal morphology to regulate the ions 
transport and appropriate chemical modifications to interact and solu
bilize the dendrites. However, it must be noted that the role of mem
brane in suppressing Zn-dendrite formations in Zn-air batteries has not 
been extensively investigated and explored. Therefore, more works on 
membrane design and investigation of its impact on suppression of 
dendrite formation and growth are required. 

In this review, we have presented and discussed the recent de
velopments in membranes used in Zn-air batteries. The commonly used 

porous membranes have not been primarily designed for this applica
tion, instead, they are adapted from other battery applications. Despite 
their acceptable OH− conductivities and chemical stabilities, the cross
over of Zn(OH)4

2− ions restricts their widespread usage. Therefore, 
further research efforts from both researchers and industries on design, 
fabrication and characterization of high-performance membranes for 
Zn-air battery are of utmost importance in order to fully commercialize 
the battery. 

One of the strategies used to minimize the crossover of Zn(OH)4
2−

ions is the use of properly designed porous membranes specific for Zn-air 
battery. A porous membrane with an average pore size larger than the 
hydrated ionic radius of OH− ions but smaller than that of the Zn(OH)4

2−

is needed. Recently, the use of electrospun nanofiber-based porous 
membranes for rechargeable Zn-air batteries has been introduced in 
order to improve the membrane integrity. The nanofibers materials 
fabricated using electrospinning technology have a large surface area, 
large porosity and favorable molecular orientation along the fiber axis. 
A promising performance has been reported in the literature. 

Another way to inhibit Zn(OH)4
2− ions crossover is by surface 

modification of porous membranes. The membrane pore size can be 
decreased by filling the pores with inorganic particles. Membrane 
coating with inorganic particles has been shown to minimize the Zn 
(OH)4

2− ions crossover; however, deposition of inorganic particles was 
reported to also increase the resistance of the membranes. As a result, 
such membranes have not been commercialized at industrial scale. 
Hence, an optimum content of inorganic particles not significantly 
reducing the conductivity of the membrane is required. Coating/filling 
of porous membranes with ion selective polymers, such as PILs is 
another promising way to improve their selectivity. This has been re
ported to block Zn(OH)4

2− crossover from the Zn to the air electrode. 
However, the high cost of PILs might limit their practical applications. 
At the same time, this is not well-investigated topic. Hence, more 
research is needed to explore its potential for practical implementation. 

Last but not least, arguably, the most promising approach to reduce 
Zn(OH)4

2− ions crossover seems to be using ion-selective membranes. 
Such membranes are able to permeate the OH− ions while blocking the 
passage of the larger size Zn(OH)4

2− ions. For instance, the alkaline stable 
Nafion®, a typical CEM, has been used in Zn-air battery. However, it was 
reported to exhibit poor performance due to the low OH− ion conduc
tivity of the membrane. Moreover, it is a well-known that Nafion® is a 
high cost membrane. Therefore, a CEM with an acceptable conductivity 
and cost should be considered as an alternative. On the other hand, 
Nafion® films can be incorporated/coated onto porous membranes to 
further improve the selectivity of these membranes. 

AEMs have been widely proposed to replace the porous membranes 
used in Zn-air battery applications. It must be noted that since both OH−

and hydrated zincate ions have the same charge, controlling the mem
brane nanochannels size in a way allowing only OH− transport is 
required. The main challenge associated with the use of these mem
branes is their relatively low alkaline stability. However, this problem is 
less severe compared to the application of AEMs in high-temperature 
and low relative humidity fuel cells. Considering the impressive prog
ress nowadays, a promising potential can be foreseen towards the 
development of low-cost and stable AEMs for the Zn-air battery. 

One of the main reasons why Zn-air batteries are considered to be 
promising energy storage is due to their high specific energy density at a 
relatively low cost. The material costs of such batteries can be relatively 
low because Zn is one of the most widely abundant elements and O2 is 
merely obtained from air. However, to realize a feasible rechargeable 
Zn-air battery, reduced cost of the membrane as well as the remaining 
components of the battery are quite important. The final cost of the 
membrane highly depends on the raw materials and preparation 
process. 
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