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advance at the end of the 1990s, the cur-
rent electrification needs in nearly all 
sectors would be difficult to imagine, 
striving our daily life from miniaturized 
applications up to massive energy storage 
demands in transportation. With regards 
to zero-emission passenger transportation 
using battery powered vehicles, the advan-
tage of the lithium-ion battery seems cur-
rently undisputed.

This steadily increasing demand for 
lithium-ion batteries currently raises 
the question of whether and how long 
the availability of raw materials can be 
guaranteed. Moreover, the constantly 
expanding range of applications for the 
lithium-ion technology means that the 
safety aspects to be fulfilled are becoming 
ever more stringent, which are known 
to be the weak spot of this system due 
to the high reactivity of lithium.[1–4] 
Consequently, the lithium-ion battery 
is subjected to enormous performance 
pressure, because as a universal remedy 
it must meet the most diverse require-

ments.[5] Nevertheless, the lithium-ion battery is meanwhile 
used ubiquitously due to the current absence of suitable and 
technologically mature alternatives, which further exacerbates 
the raw material situation.[5,6]

Due to the enormous application potential of the lithium-ion 
battery, other battery technologies (nickel–cadmium, nickel–
metal hydride, lead-acid) that have been known for a long time 
are meanwhile pushed out of the market or represent only 
niche products known for just a specific application.[7–9] This is 
true for the zinc–air battery too, which is mainly known to the 
consumer as a non-rechargeable battery for hearing aids. How-
ever, it has also been known as a battery and mobile charger 
for military applications, since it is heavy duty under the most 
adverse conditions, while allowing high energy density and 
maintaining high safety requirements.[10–12]

Yet, already in the mid-1990s, zinc–air batteries were on 
the verge of their breakthrough as a rechargeable energy 
storage device that would usher in the complete electrification 
of Germany’s postal fleet at that time.[13] As a mechanically 
rechargeable battery system in a van fleet of 60 cars, the used 
zinc metal (Zn) anodes were removed as a full pack from the 
spent battery set and replaced by a fresh metal pack to recover 
the battery. With that, a usage of more than 320  km with an 
energy density of 200 Wh kg−1 had already been achieved under 
realistic conditions.[13]

In times of an ever-increasing demand for portable energy storage systems, 
post-lithium-based battery systems are increasingly coming into the focus 
of current research. In this realm, zinc–air batteries can be considered a 
very promising candidate to expand the existing portfolio of lithium-based 
rechargeable battery systems due to their high theoretical energy density of 
1086 Wh kg−1. Despite a steady increase in research over the past 5 years, a 
breakthrough in realizing fully electrically rechargeable zinc–air batteries has 
yet to come. This perspective article highlights pitfalls that have probably 
hampered the development of rechargeable zinc–air batteries over years. This 
involves a fundamental evaluation of the zinc–air battery system, whereby 
fallacies of an alleged rechargeability are uncovered. Especially, the electrode 
balancing of the zinc anode as well as the interface between anode and elec-
trolyte is focused herein. Known phenomena such as morphological changes 
are re-evaluated by taking the contrasting battery stresses from shallow dis-
charge to a highly desirable deep discharge into account. Existing challenges 
are discussed and prospected based on current approaches aiming to shed 
new light on a fundamental understanding and an opening of new avenues 
for rechargeability in zinc–air batteries.
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1. Setting the Scene of Rechargeability

Rechargeable batteries are experiencing an enormous upswing, 
as they offer tremendous possibilities for consumers as port-
able electronics take on an ever-increasing demand in our eve-
ryday life. Currently, rechargeable batteries are being pushed 
as an energy storage device for future private transport due to 
their emission-free operation, which makes the demand for 
rechargeable batteries literally explode. Without the develop-
ment of the lithium-ion battery, which began its technological 
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In retrospect, the performance data of the zinc–air battery was 
remarkable and superior to its immediate competitor at the time, 
the lead-acid battery, by far.[13] Even in direct comparison with 
today’s lithium-ion technology, the zinc–air battery can keep up 
in terms of energy density.[14–16] Of course, an exclusion criterion 
for the market maturity of the zinc–air battery at that time was 
certainly a realization of suitable battery charging or exchange 
infrastructure, with more than 150 kg of material, which has to 
be exchanged and recycled per refueling step (Figure 1).[13]

Ultimately, there is no way around achieving electrical 
rechargeability for the zinc–air battery once it should become 
a valuable alternative in the field of electrical energy storage. 
As a battery system, currently zinc–air technology is clearly 
at a disadvantage compared to the state-of-the-art lithium-ion 
battery standard due to its lower power output. However, the 
zinc–air battery is convincing in terms of active material bal-
ancing since the oxygen electrode is inexhaustible.[17] Here, a 
common problem in current lithium-ion technology is the irre-
versible lithium loss during the first charge cycle, where 5–20% 
of the available lithium from the active cathode material is irre-
versibly consumed to form the anodic solid electrolyte inter-
face.[18–20] Usually, to compensate for the first-cycle lithium loss, 
the cathode is overbalanced with additional active material, but 
this inevitably leads to a reduction in the energy density of the 
entire battery due to the low capacity of cathode active material 
(<200 mAh g−1).[18,21]

Currently, prelithiation techniques are used to circumvent 
this situation and to buffer the irreversible lithium losses 
while maintaining the energy density, but the proper balancing 
remains a delicate task, as a large excess can quickly lead to 
lithium plating, which must be avoided in any case.[18,22,23] On 
the one hand, the zinc–air battery apparently circumvents the 
problem of counterbalancing the cathode active material by 
using an inexhaustible oxygen electrode. Due to a semi-open 
cell configuration, molecular oxygen is available unlimited.[24] 
Thus, the cathode in zinc–air batteries is not affected by a 
material limitation and since the cathode active material is in a 
gaseous state, it does not contribute to the increase of the total 
mass but on the other hand increases the energy density of the 
whole battery. Due to unlimited oxygen supply at the oxygen 
electrode, the zinc reservoir on the anode side is regulating the 
energy taken from the cell, where the complete oxidation of 
the zinc anode terminates the battery operation. Although the 
oxygen electrode is inexhaustible, this does not imply that the 
zinc reservoir of the anode does not need to be regulated in a 
proper way. If a zinc–air battery is to be operated as an electri-
cally rechargeable type, the balancing of the zinc anode is of 
paramount importance, whereby an excess of zinc, which can 
be understood as zinc metal uninvolved in the electrochemical 
reaction, has to be minimized under any circumstances. In 
this case, the depth of discharge (DoD), which is equal to the 
zinc utilization, must be maximized as far as possible while 
maintaining cyclability, as it will sensitively depress the specific 
energy in a delicate manner.

However, in the current literature, the vast majority of 
reported works continue to use excessive amounts of zinc as 
anodes to demonstrate the rechargeability of the zinc–air battery 
configuration studied.[25–41] In this context, it was already men-
tioned in the 1990s during the development of mechanically 
rechargeable zinc–air batteries that this situation imposed by 
improper balancing should “not become an additional anchor 
the car or truck has to haul” besides the inevitably necessary. 
Consequently, this implies that metallic zinc present must be 
used completely for the electrochemical conversion.[13] Never-
theless, the zinc reservoir of these oversized zinc anodes is only 
used to a small extent for the electrochemical conversion, which 
is referred to as shallow cycling. Currently, the widely used 
shallow cycling is not able to assess the rechargeability of the 

Figure 1. Schematic comparison of mechanical and electrical recharge-
ability illustrated by the example of an electric car. Whereas in the case of 
mechanical rechargeability, the battery must be removed after discharge 
in order to be refurbished at great expense, in the case of electrical 
rechargeability, the battery can be charged by means of electrical energy. 
The mechanically rechargeable battery is to be classified as defective after 
the complete discharge, while the electrically rechargeable battery retains 
its function as a battery for multiple cycles. A major disadvantage of the 
mechanically rechargeable battery and an important reason for its lack of 
market maturity was the need for a complete dismount of the spent bat-
tery which necessitates a full recycling of the depleted materials.
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battery system under complete zinc conversion. On the other 
hand, at low depths of discharge, when the turnover ratio of 
metal species is low, the anode failure criteria like passivation, 
corrosion, hydrogen evolution reaction, and dendrite formation 
are largely irrelevant, as the excess zinc overcompensates thus 
masking the real situation with respect to any true recharge-
ability.[42] However, for any realistic rechargeability of a zinc–air 
battery, the cell must reach a point where no further discharge 
is possible and no more metallic zinc is available. From this 
point onward, it can be clearly demonstrated that further bat-
tery operation is only possible through the reversibility of the 
underlying fundamental reactions.

The attainment of rechargeability is the foremost goal to 
be achieved with a zinc–air battery, since only rechargeability 
ensures the sustainable use of all battery components. This 
then would represent a true economic usage of all resources in 
a technologically closed cycle. This fact clearly distinguishes the 
secondary electrically rechargeable zinc–air battery from its pri-
mary cell counterpart, as well as other designs, where the zinc 
anode side is just maximized to achieve a high battery life and 
where the excess of zinc has no functional use and thus rep-
resents no ecological and economical sustainability but rather 
a burden. Future developments should take this into account 
and devise resource-saving approaches in which the zinc spe-
cies are truly cycled in a closed redox loop employing revers-
ible oxidation and reduction processes instead of using an 
oversized zinc excess, which just masks this unsatisfactory situ-
ation. If this issue could be solved successfully it would allow 
for reducing the demand of zinc while aiming for much longer 
runtimes. Indeed, research into modification of the zinc anode 
in electrically rechargeable zinc-based battery systems has 
established its role in current research and is attracting con-
siderable attention.[43] To improve rechargeability further, the 
interface design at the metal anode should be given a special 
priority, where complete usage of zinc as well as the stabiliza-
tion of zinc plating and stripping behavior during operation is 
of central importance. In addition to the zinc anode, the electro-
lyte has a significant influence on the interphase. However, the 
stability of the zinc in classical alkaline potassium hydroxide 
(KOH) electrolytes is distinctly limited and the electrolyte itself is 
not resistant to CO2-containing air.[44] This calls for an additional 
change of the electrolyte system, away from the widely used 
aqueous KOH since it undermines the concept of a recharge-
able zinc–air battery by having no resistance to the intended 
operating conditions in ambient air. There are already promising 
candidates in the field of alternative electrolyte systems, such as 
zinc triflate or even zinc sulphate, which do not tend to form 
carbonate, but the development of a finely tuned overall system 
remains a challenge.[44–46] Here, the mass transfer within the 
cell, especially at the interface anode/electrolyte/cathode should 
experience a stronger research focus, taking the battery operation 
under shortage of cell active materials into account.

In this perspective we will first focus on the elemental 
charging situation on the zinc anode side. Here we try to shine 
light on the importance of a proper understanding of the dis-
charge processes occurring under low and high depth of dis-
charge processes. This is followed by a critical discussion of 
issues related to aspects of reversibility on the electrode/elec-
trolyte interface. Next, composition and electron household of 

the electrolyte and how those affect rechargeability will be illus-
trated. Altogether, with this short perspective we try to focus on 
typical pitfalls which are eminent throughout the current lit-
erature and try to shed new light and a fresh look on currently 
overlooked aspects, which still bear enormous room for further 
improvements on achieving the overall goal of rechargeability 
in secondary zinc–air cells.

2. Assessing Rechargeability in Zinc–Air Battery

Looking at current reports in the field of rechargeable zinc–air 
batteries, one often finds cycling protocols over a multitude 
of hundreds of cycles and more. But such a large number of 
cycles imply directly, that it is a rechargeable zinc–air battery? 
On the contrary, one can theoretically achieve 100 discharge 
cycles if only 1% of the active material is consumed per cycle, 
even if the battery is not recharged. Of course, the number of 
cycles is a valuable measure for the quality of a battery, but the 
reason for rechargeability is solely founded on the reversibility 
of the individual anodic and cathodic partial reactions. The 
underlying fundamental reaction is the oxidation and reduction 
of zinc by means of oxygen from the environment. Due to the 
gaseous state and the inexhaustibility of oxygen, this recharge-
ability criterion must thus be approached by studies of the zinc 
anode behavior.[47]

However, the clear verification of this reversibility criterion 
turns out to be problematic throughout the current literature 
since the assessment of rechargeability is often performed 
under conditions of shallow cycling (35 mWh cm−2

geo).[17,48,49]

Indeed, shallow cycling makes the determination of 
rechargeability enormously difficult as illustrated in Figure  2 
schematically by the comparison of the cyclization of classical 
zinc metal anodes under a low depth of discharge as well as at 
high depth of discharge (see also Figure S2, Supporting Infor-
mation, for real electrode images of the processes depicted in 
Figure 2).

Let us assume two zinc anodes of the same mass in an other-
wise identical cell architecture within a zinc–air battery set up. 
Both batteries have an identical theoretical energy density .  
One zinc anode with a thickness of 100 µm is operated up to a 
DoD of 1%, whereas the other 100 µm zinc anode is deep dis-
charged up to a high DoD of 42%.

At low DoD, the zinc anode is only superficially oxidized, 
since, following the DoD, only 1  µm of the zinc anode is for-
mally converted during discharge, which is why the mor-
phology of the original electrode is largely preserved . Due 
to the shallow depth of discharge, only a surface roughening 
of the anode is visible, which manifests itself in the formation 
of pores (Figures S3a–c and S7b, Supporting Information). 
The surface of the zinc anode is only slightly corroded and 
appears etched on a scale of a few micrometers (Figure S3d–f, 
Supporting Information). Thus, the low-DoD anode is still in 
a charged state after the discharge cycle due to an excess of 
metallic zinc present. A subsequent charge cycle does not lead 
to any further change in the bulk electrode morphology of the 
anode under low DoD, so that the zinc anode is almost pris-
tine after a complete discharge–charge cycle . In the charging 
process the previously generated pores are covered due to the 
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zinc deposition and only slight irregularities can be observed 
on the surface with an axial elongation of less than 5  µm  
(Figures S4 and S7c, Supporting Information).

The presence of large quantities of metallic zinc even after 
a discharge cycle makes the determination of reversibility and 
thus rechargeability extremely difficult, since the formation of 
metallic zinc in the charging state is a benchmark for assessing 
reversibility, but not in this situation, where 99% of the state of 
charge is still available after the discharge cycle. In general, a 
decreasing discharge capacity as the number of battery cycles 
increases indicates a diminished reversibility. However, this 
drop of discharge capacity cannot be observed with the low-
DoD anode, due to the zinc reservoir, which is considered inex-
haustible under these conditions. Highly relevant at that point, 
is the fact that it cannot be determined whether the recharge-
ability is due to true reversibility or whether the zinc reservoir 
masks a possible limited rechargeability by continuously pro-
viding zinc from the reservoir electrode. Under shallow cycling 
conditions, it cannot be ruled out that the battery acts only as a 
primary zinc–air battery, as it cannot be determined exactly how 
much zinc is reduced. Thus, a stable cyclization protocol, as 
in shallow cycling, feigns a high degree of reversibility, which 

is probably not existent to this extent. The widespread use of 
shallow cycling thus masks that the targeted recharge capability 
of current investigations is far from being achieved.

On the other hand, if the zinc anode is operated at a high 
DoD above 40%, the determination of rechargeability is not 
problematic, since the zinc anode suffers a discharge limita-
tion. A further discharge of the zinc anode is thus impossible, 
as either the entire zinc reservoir is exhausted or electrochemi-
cally shielded by ZnO passivation. Thus, a charging cycle is 
inevitably required, which generates metallic zinc and ensures 
that zinc is available for a new discharge cycle. Based on the 
discharge capacity obtained, the reversibility and thus the true 
rechargeability can be determined unambiguously and pre-
cisely. This situation immediately raises the question why the 
majority of scientific studies on electrical rechargeability in 
zinc–air battery research are not conducted at high DoD? Might 
the zinc anode not be morphologically stable under these more 
realistic conditions? Indeed, an operation under full DoD con-
ditions thus produces strong morphological changes in the 
zinc anode. This ranges from a significantly large mass loss 
in the discharge cycle, where the zinc species is bound in the 
electrolyte as zincate (Zn(OH)4

2−) , to an immense increase in 

Figure 2. Schematic illustration of zinc metal anode behavior during battery operation under shallow and deep discharge. At low DoD, the zinc metal 
reacts only on the surface during discharge, a complete zinc conversion is not achieved, whereby the zinc anode shows only minor morphological 
changes and only the smallest amounts of zincate are formed in the electrolyte. In the potential–time diagram, cyclization at low DoD is characterized 
by a stable discharge plateau. In the following charge cycle, zinc plating again takes place only on the surface of the anode, whereby morphological 
integrity is maintained. Contrary to this, strong morphological changes of the zinc anode are to be expected in the discharge as well as in the charge 
cycle at desirable high DoD, which is accompanied by a strong zincate formation in the electrolyte.
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electrode roughness . During the discharge of the high DoD 
anode where 42% of the total zinc mass is turned over, the mor-
phology of the originally existing zinc anode inevitably changes 
and shrinkage due to massive zincate formation is observed. 
The zinc anode after deep discharge reveals an uneven con-
tour line with thickness deviations of ±50  µm resulting in an 
extremely roughened surface (Figures S5 and S7d, Supporting 
Information). Due to the severely changed morphology of the 
zinc anode at the end of the discharge, the subsequent charge 
cycle does not lead to a homogeneous distribution of the depos-
ited zinc. Furthermore, the created unevenness promotes the 
tip effect during zinc plating, so that besides a clear anode 
shrinkage, a pronounced dendrite growth can be observed 
(Figures S6 and S7e, Supporting Information).

As a matter of fact, this instability of the zinc anode at high 
DoD has a clear effect on the cyclization, which can be observed 
in the corresponding potential–time diagrams. With increasing 
time, more and more zinc is oxidized and a passivating zinc 
oxide layer is built up, which restricts percolation paths creating 
this characteristic anodic overpotential (Figure S5c, Supporting 
Information). At low DoD, however, a stable discharge plateau 
is observed, indicating that the morphology of the zinc anode is 
unchanged from its initial state and a negligible amount of zinc 
oxide is formed (Figure S3a, Supporting Information).

Based on the potential–time diagram, it could be concluded 
that true rechargeability is only present at stable cycling. Does 
that indeed hold for a low DoD, certainly not! The zinc anode 
cycling at low DoD indeed shows a better cycling stability over a 
longer period of time. But at low DoD 40 discharge cycles com-
pared to one high DoD discharge cycle are required to extract 
the same energy at the same current density. In this way, the 
low DoD anode avoids the degradation process by only allowing 
the battery to be used for a short time. Assuming a system-
level specific energy of 450 Wh kg−1[50] for a DoD of 42%, which 
is common for practical Zn–air cells, this implies that in the 
same cell system the reduction of the DoD to 1% to avoid anode 
degradation is reduced to a value of 10.7  Wh kg−1. Tolerating 
such a low DoD precludes any practical application, since the 
specific energy is not competitive exhibiting an energy storage 
capacity less than 10% of conventional lithium-ion batteries 
(150 Wh kg−1) or about one third of system-level lead-acid bat-
teries (30–50 Wh kg−1).[50,51]

This shortcoming poses severe consumer-related practical 
implications on the secondary zinc–air battery. As an example, 
for the typical usage of a cell phone with an average daily usage 
time of up to 4 h, the battery has to be charged eight or more 
times per day, when shallow cycling is applied with charac-
teristic charging–discharging times of 30 min and less. And 
this despite the fact that there is more than enough zinc avail-
able to ensure a longer service life.[52–61] Moreover, operating 
a zinc–air battery in low DoD mode also affects the cost per 
installed energy, which is a key driver in the development of 
rechargeable zinc–air batteries, as reducing the DoD does not 
reduce the mass of the zinc installed. Based on the cost of 
Electric Fuel Ltd.’s mechanically rechargeable zinc–air battery 
of $121 Wh−1 kg−1 (inflation adjusted),[62] which provided a spe-
cific energy of 200  Wh kg−1 at a DoD of 80% (see Section  1), 
the potential costs for a high DoD of 42% and a low DoD of 
1% are extrapolated.[10] At a DoD of 42%, the costs increase to 

$230 kWh−1 and are thus in the order of magnitude of current 
lithium-ion technology, whereas the costs explode to an incon-
ceivable $9680 kWh−1 at a DoD of 1%.[62]

Altogether, these circumstances do not vindicate operating a 
battery in low DoD mode to avoid anode degradation.

Obviously, the proportion of unused zinc in shallow cycling 
is enormously high, which is often justified with the good avail-
ability of the zinc metal and its low cost. However, most of 
the anode mass is inactive and must be carried along as dead-
weight in any device. Consequently, the battery operation under 
shallow cycling cannot be regarded as a full-cell test, but rather 
represents half-cell conditions because the zinc anode can be 
seen as inexhaustible and redox chemistry occurs only at the 
interface region of the metal surface under low conversion 
efficiency. It becomes more and more clear that cyclization of 
zinc–air batteries under high DoD should be recommended to 
allow reliable statements about rechargeability.

3. Interface Engineering as Key to Improved 
Rechargeability
The morphological changes of the zinc anode in the course of 
the battery operation pose an immense problem toward a stable 
and thus reversible cyclization. The solid/liquid anode–elec-
trolyte interface plays a crucial role here. A comparison of the 
cyclization under opposing conditions of low and high DoD is 
intended to highlight the importance of this interface on the 
rechargeability. The analysis is particularly based on the zinc 
oxide produced, which is an important influencing factor in 
the anode–electrolyte interface. Going further, we believe that 
the classical Zn/ZnO/KOH electrolyte interface represents a 
bottleneck toward rechargeability and currently prevents much-
needed further investigations under real operating conditions 
for zinc–air batteries (Figure 3).

If the depth of discharge falls below a value of 1%, the sur-
face of the zinc anode is only oxidized on the outer surface of 
the metal foil, so that the potentially formed ZnO layer is lower 
than the critical size for passivation of 2  µm[63] and the KOH 
electrolyte is able to transfer the small amount of the zinc spe-
cies directly into solution. The corresponding zinc anode shows 
no indication of a ZnO layer formed after a single discharge at 
a low DoD of 1%. Explicit, the low DoD anode refreshes itself 
immediately and automatically, so that in the subsequent charge 
cycle the zinc can be deposited unhindered on a metallic, elec-
trically conductive surface (Figure S3, Supporting Information).

As the depth of discharge increases, so does the thickness 
of the zinc oxide layer. At a high DoD of 42% the zinc anode 
is fully covered by a highly developed zinc oxide layer, which 
forms a massive passivating shell over large areas (Figure S5c,g, 
Supporting Information). In the particular case of a 100  µm 
zinc metal anode, at a DoD of 42% more than 0.5 mmol mL−1 
of the zinc is formally transferred into the soluble zincate spe-
cies, thus exceeding the solubility and promoting ZnO passi-
vation. Considering a static electrolyte, the zincate species is 
subject to a concentration gradient with the maximum in the 
vicinity of the zinc anode, which further increases the local 
zincate concentration and thus extremely favors the zinc oxide 
formation.[64]
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Within the discharge time, the alkaline electrolyte is now 
no longer able to remove this amount of zinc oxide from the 
electrode by means of zincate formation. The surface of the 
high DoD anode, right before the charge cycle is thus charac-
terized by a significant Zn/ZnO interface (Figure S5b, Sup-
porting Information). At this junction the zinc deposition in the 
charging step is diminished due to the reduced electrical con-
ductivity of the present ZnO. Consequently, the zinc deposition 
during charging preferentially takes place on the electrically 
conducting metallic surfaces, which result in an inhomoge-
neous distribution of the zinc species (Figure S6a,b, Supporting 
Information). Due to the extensive thickness of the passivation 
of up to 50 µm, which arose by discharging a 100 µm zinc anode 

up to a DoD of 42%, the critical size of passivation is clearly 
exceeded (Figure S6c, Supporting Information). As a result, not 
all the previously generated zinc oxide can be converted into 
metallic zinc in the reduction process during charging, since 
a large portion of the zinc is not electrically contacted due to 
the low electron conductivity of ZnO. Moreover, it cannot be 
ruled out that certain metallic zinc areas are encapsulated by 
zinc oxide, resulting in a formation of Zn/ZnO core–shell mor-
phology as consequence.[65,66] This means that individual areas 
are no longer accessible for the electrochemical processes and 
the Zn/ZnO interface becomes more fragmented and com-
plex, which ultimately leads to a brittle, pulverized and thus 
destroyed zinc anode (Figure S6e, Supporting Information). 

Figure 3. Graphical overview of the Zn/ZnO interface of a zinc anode at low DoD as well as at high DoD. Under shallow cyclization conditions, no 
distinct Zn/ZnO interface is to be expected (low DoD half cycle). The predefined cycling protocol stops the discharge, the energy drawn is comparatively 
low and the battery has lost little of its original state of charge and is still almost fully charged. At high DoD, a massive formation of a passivating ZnO 
layer can be observed which ultimately stops discharge naturally due to an intrinsic inhibition of the anode. The energy extracted clearly exceeds that 
of the anode at low DoD, so the state of charge of the battery has dropped drastically at high DoD. The charge cycle at low DoD does not lead to the 
formation of overpotentials. Ultimately only metallic zinc is present in the charged state, whereas at high DoD the overpotential increases because a 
Zn/ZnO interface remains intact after charging. This reduces the percolation pathways. Long-term cyclization leads to a morphologic change of the zinc 
anode even at low DoD, but this does not involve drastic restriction of electron conduction, as is the case with the formation of a complex Zn/ZnO inter-
face at high DoD. With both low and high DoD, further cyclization is not possible, At low DoD, due to the longer service life, the carbonate formation 
blocks the oxygen diffusion through the gas diffusion electrode, whereas at high DoD, the Zn/ZnO interface significantly prevents further cyclization.
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Inevitably, the formation of these Zn0/ZnO domains leads to 
a diminished utilization of the zinc reservoir. This leads to the 
conclusion, that the zinc anode consisting only of a simple 
metal sheet should not be used in the high DoD range without 
further ado, as the degradation processes do not permit any 
deep discharge.[44]

The gradual degradation of the zinc anode can be detected by 
the formation of overpotentials that evolve due to reduction of 
the percolation pathways along the Zn/ZnO interface.

By contrast, a significantly lower overpotential occurs at low 
DoD, which allows a direct correlation to lower electrode deg-
radation, primarily by preventing increased ZnO formation.[63] 
The supposedly higher stability of the low DoD anode is not an 
indication of an increased rechargeability. Rather, the degrada-
tion mechanisms have too little influence at this low conversion 
rate of zinc oxide, so that they can be neglected for the most 
part.

Nevertheless, this behavior is once again not a solution 
toward the development of rechargeable zinc–air batteries but 
even covers up real problems of anode degradation that need 
to be solved. But it may give a clue, why the assumed reversible 
surface chemistry of the battery operation at low DoD is most 
often chosen to demonstrate the excellent activity of the bifunc-
tional catalyst in a rechargeable zinc–air battery. In doing so, 
the aspect of rechargeability is insufficiently investigated.

In 2018, Parker et  al. already defined a minimum standard 
of the depth of discharge of 20%, based on zinc, in order to 
achieve a technologically relevant threshold at all.[47] Extensive 
disregard even of this moderate limit of rechargeability once 
again shows that current investigations are far from a break-
through. Furthermore, this also shows that the further develop-
ment of rechargeability of the zinc–air battery is currently to 
a large extent limited by the zinc anode and no longer by the 
bifunctional catalyst.

Despite these facts, there is light on the horizon. Currently 
there have been some new approaches introduced aiming at 
improving the rechargeability through innovative concepts to 
mitigate the degradation processes at the zinc anode. In this 
context, studies have gained importance in which the anode/
electrolyte interface has been redesigned by developing ZnO/
carbon composite anodes that show minor degradation phe-
nomena compared to classical zinc anodes. A critical role in 
these models is played by the migration of zincate species away 
from the vicinity of the zinc anode into the electrolyte volume, 
whose prevention is a task of these anodes. The two most 
important types are just mentioned very briefly. On the one 
hand, physical retention by size exclusion is achieved by means 
of an anion-exchange ionomer, which at the same time ensures 
good hydroxyl ion diffusion. Thus, a controlled environment 
for reversible conversion of metallic zinc to zinc oxide and vice 
versa is created. On the other hand, highly porous ZnO/carbon 
composites are being developed, in which the embedding of 
ZnO into carbon (C) minimizes the diffusion of the zinc spe-
cies and thus significantly improves the rechargeability. The 
carbon scaffold is not morphologically changed during cycli-
zation and does not lead to the formation of a complex inter-
twined Zn/ZnO interface. This and similar work are currently 
the cornerstones which have advanced our fundamental under-
standing of rechargeability in zinc–air batteries.[63,64,67,68]

4. Developments in Electrolyte Systems 
Promoting Rechargeability

The KOH alkaline electrolyte remains the medium of choice 
in the majority of current investigations up to date, despite its 
well-known triggering of carbonate formation by atmospheric 
CO2 and the problematic effect this has on the lifetime of the 
battery. Furthermore, the KOH electrolyte is so aggressive that 
it corrodes the zinc anode and therefore prevents significant 
progress in developing rechargeable zinc–air batteries, since 
the corrosion of the zinc anode leads to an incessant removal 
of zinc into the electrolyte volume. This occurs directly after 
the battery assembly without a load being connected, so that 
an excess of zinc seems unpreventable to buffer the zinc corro-
sion while maintaining battery operation.[44] For a better under-
standing, this process can be compared to a leak in the fuel line 
of a passenger car. While this comparison may be misleading 
in terms of the fact that there is no actual leakage. So there is 
no actual zinc removal from the semi-open  battery system, 
but since the zinc plating efficiency in the KOH electrolyte is 
so low, zinc is ultimately irreversible removed for further bat-
tery operation. Again, an oversized zinc anode masks problems 
associated with the low chemical resistance of zinc by having 
a sufficiently large metal reservoir to compensate this draw-
back. If alternatively, a limiting zinc anode is used, which does 
not include excess zinc, the combination of zinc and the KOH 
electrolyte becomes a substantial obstacle for the operation 
of a rechargeable battery. Rather, this massive impairment of 
rechargeability by the KOH electrolyte suggests the necessity of 
a change in research direction for the entire electrolyte system.

In this context, the recently introduced use of zinc triflate as 
a conductive salt can already be regarded as a game changer 
in zinc–air battery research.[44,46] Both carbonate formation 
and zinc corrosion are completely eliminated by the zinc tri-
flate electrolyte and, on top of that, the new electrolyte system 
enables an exceptionally high reversibility of the redox reaction. 
To this end, the zinc triflate electrolyte breaks new ground in 
this field by re-modeling the battery system using zinc peroxide 
chemistry.[44] All this comes at a price, due to the now prevailing 
zinc peroxide chemistry that proceeds through a two electron 
(2e−/O2) process, new requirements are placed on the catalyst 
at the cathode. The tediously optimized four electron oxygen 
electrocatalysts prove unsuitable due to the now important 
ZnO2-chemistry present with this electrolyte.[44] Consequently, 
two electron catalysts, which are being intensively researched 
for the production of hydrogen peroxide, are the sought after 
catalysts, now.[44,69–73] However, the necessary turnaround by 
changing the battery chemistry is extremely rewarding and 
triggers a paradigm shift in research on secondary zinc–air 
batteries.

To illustrate the potential of the novel zinc triflate electrolyte 
in zinc–air batteries, a comparison of the zinc triflate electrolyte 
with the state-of-the-art alkaline KOH electrolyte is intriguing 
(Figure 4).

For this purpose, we investigated the rechargeability of zinc 
anodes in a discharge–charge–discharge sequence in a zinc–
air cell. Here, the anode consists of a metallic zinc layer with a 
thickness of 1 µm (high DoD), respectively, 100 µm (low DoD) 
and is operated against a benchmark catalyst. The catalyst 
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is composed of a physical mixture of platinum (Pt/C) and 
iridium (Ir/C) on a carbon support for the KOH electrolyte or 
activated carbon (see the Supporting Information) for the zinc 
triflate electrolyte. A different electrode thickness was chosen 
to keep both the current density and the discharge time con-
stant in order to create comparable reaction conditions while 
still realizing different depths of discharge. Since Zn2+-ions 
are inevitably present in the zinc triflate electrolyte, which 
can influence the experiment, the rechargeability in ZnO-
saturated KOH electrolyte was also considered to modulate a 
Zn2+-environment in the KOH electrolyte. The Zn reservoir 
is completely consumed in the case of the limiting anode at a 
high depth of discharge (DoD) of 100%, whereas a low depth 
of discharge of 1% is adjusted at the 100 µm zinc anode.

The widely used metallic zinc anode, which is operated in 
6 m KOH electrolyte at low DoD, shows the well-known decent 
discharge and charge plateaus. According to the preset specifi-
cations, charging and discharging take place for 1 h each. Now, 
if a zinc anode is operated under the exact same conditions at 
high DoD, it can be seen that a significantly shorter discharge 
time of 43 min is obtained in the initial discharge, whereby a 
discharge time of 1 h was aimed at on the basis of the deposited 
zinc reservoir. This shows the parasitic zinc corrosion within 
the KOH electrolyte, which leads to the loss of active material 
reducing the discharge time considerably. As there was no zinc 
left on each electrode after the first discharge at high DoD, the 
difference in discharge time must be due to a reduced amount 
of zinc in both KOH-based systems. Therefore, the zinc must 
have been corroded by the KOH electrolyte and a part of the 
zinc has been dissolved of the electrode before the cell was put 
into operation. A further comparison of the high DoD anodes 
shows that the pure 6 m KOH electrolyte attacks the zinc most 
aggressively, whereas the saturation of the KOH electrolyte with 
ZnO weakens the etching of the zinc so that the zinc triflate 
electrolyte shows the highest compatibility with the zinc anode. 
So, in case of a typical KOH electrolyte less zinc was avail-
able for the discharge and the discharge time is consequently 
reduced.

Now, since all the zinc is oxidized at the limiting anode at 
high DoD in the discharge cycle, the reversibility clearly deter-
mines the rechargeability. As a discharge capacity can only be 
obtained in the second cycle if the reaction is reversible, then 
the ratio of charge to discharge time is a measure of revers-
ibility. The second discharge cycle thus reveals the differences 
between low and high DoD mode and gives an unvarnished 
insight into reaction reversibility and rechargeability. While at 
low DoD a second discharge capacity in the KOH electrolyte is 
easily obtained, which is in the order of magnitude of the initial 
discharge, at high DoD no discharge capacity can be obtained 
in the 6  m KOH electrolyte despite a 1 h charge. On the one 
hand, this reveals the insufficient reversibility of the system 
based on KOH electrolyte and zinc anode, on the other hand 
it manifests the situation, that an excess of zinc feigns revers-
ibility and thus masks the rechargeability. Even the addition of 
Zn2+ ions into the KOH electrolyte to increase the plating effi-
ciency by enriching the electrolyte with ZnO until the zincate 
saturation concentration is reached, does not alter the revers-
ibility behavior in the KOH electrolyte. In sharp contrast to this 
finding, the zinc triflate electrolyte shows that rechargeability 
and thus reversibility is feasible, with the discharge time of 
53  min after a 1 h charge time, reflecting an 86% efficiency. 
This illustrates that the addition of Zn2+ species alone does 
not enable reversibility but instead indicates the specific role 
of the counterion in the conducting salt. Indeed, the zinc tri-
flate electrolyte affects the solvation of zinc ions by its spatial 
expansion of the bulky CF3SO3

− anion, highlighting the special 
role of the solid/liquid interface between the electrode and the 
electrolyte. In case of the aqueous zinc triflate electrolyte, which 
can be understood as a solution of a zinc salt in water, forming 
a hexa-aquo [Zn(H2O)6]2+ species in the primary conductive 
sheath layer.[44,74] The presence of the CF3SO3

− anion reduces 
the number of water molecules surrounding the Zn2+ cation, 
thus diminishing the solvation effect while facilitating Zn2+ 

Figure 4. Discharge–charge–discharge sequence of zinc anodes in KOH 
and zinc triflate electrolyte systems in comparison. The benchmark Pt/C 
and Ir/C (in aqueous KOH electrolytes) and activated carbon (in aqueous 
Zn(OTf)2 electrolyte) were used as catalyst in an otherwise identically 
cell design and experimental conditions.[64] Whereas in the first discharge 
cycle a discharge capacity in all four investigated zinc anodes is observ-
able, with the KOH electrolyte only at low DoD an discharge plateau is 
detectable in the second cycle. At high DoD no extractable capacity is 
identifiable with the KOH electrolyte at all, which indicates poor revers-
ibility. Increasing the Zn2+ concentration in the KOH electrolyte by satura-
tion with ZnO does not enhance the zinc plating efficiency. On the other 
hand, the zinc triflate electrolyte allows most complete reversibility even 
in the second discharge at high DoD, in that 86% of the input energy can 
be recovered again.
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transportation and charge transfer during charging.[75] Hence, 
the use of the zinc triflate electrolyte increases the reversibility 
and the rechargeability of the zinc–air battery. An almost oppo-
site scenario is evident for the zinc species found in the alka-
line aqueous KOH electrolyte. In the discharged state, the zinc 
component is dissolved in the electrolyte as tetrahydroxozincate 
[Zn(OH)4]2− species. Following a model of Bockris, the reduction 
of the zincate proceeds stepwise during the charging process 
from Zn(OH)4

2− via Zn(OH)3
1−, Zn(OH)2

1−, Zn(OH) to metallic 
zinc. According to Sharma and Reed, who suggested that both 
OH− and H2O serve as ligands for the zinc ion, Zn(OH)2(H2O)2 
as well as Zn(OH)3(H2O)− are feasible soluble zinc species in 
addition to the known Zn(OH)4

2−. As a result, the number of 
water molecules surrounding the zinc ion increases during 
charging, apparently causing an enhanced solvation effect that 
reduces reversibility and thus rechargeability.[76,77]

Despite the immense upheaval in the entire battery system, 
the triflate electrolyte paves the way to rechargeability by signifi-
cantly extending battery life, so neither carbonate formation nor 
aggressiveness or even detrimental effects toward the metallic 
zinc remains a problematic issue.[44] Although the zinc triflate 
electrolyte has only recently been introduced into the field of 
rechargeable zinc–air batteries, zinc triflate is already widely 
used as an electrolyte in zinc-ion battery research.[78–96] By using 
the zinc triflate electrolyte for zinc–air batteries, a change from 
OH− ion conduction to Zn2+ ion conduction is carried out, as 
is the case with the zinc-ion battery. The combination of a zinc 
anode, a Zn2+-containing electrolyte and a gas diffusion cathode 
can therefore be understood as a hybrid technology of zinc–air 
and zinc-ion battery, allowing to exploit the advantages of both 
battery systems. We believe, the hybrid derivative combines the 
long-life cyclability of a zinc-ion battery with the inexhaustible 
oxygen cathode of the zinc–air battery to form a rechargeable 
battery with high energy density.

Nevertheless, even the employment of mild electrolytes 
is not the keystone in the development of rechargeable zinc–
air batteries, but raises at least as many questions as it solves 
existing problems. In the case of the zinc triflate electrolyte 
with peroxide chemistry, the deposition of zinc peroxide (ZnO2) 
on the gas diffusion electrode is a critical issue. Although this 
ZnO2 formation is to be reversibly dissolved during the charge 
process, the problem arises of how much zinc peroxide the gas 
diffusion electrode can hold until it is blocked. Besides, ZnO2 
is a strong oxidizing agent that can corrode the gas diffusion 
electrode and thus can cause cell failure. Also, on the part of 
the catalyst there are challenges to be encountered, first and 
foremost a deceleration of the reaction kinetics, which is highly 
detrimental to the formation of overpotentials for an aqueous 
battery system. If no suitable bifunctional catalysts are on 
hand to boost the reaction kinetics, the intensified hydrogen 
evolution leads to a steady drain on the electrolyte and carbon 
corrosion at higher charging potentials affects the vulnerable 
gas diffusion electrode, which seriously limit the battery life.[97] 
Since the range of potentially suitable catalysts for the two-
electron oxygen reduction reaction (ORR) is much more limited 
than for four-electron ORR, the selection of a catalyst tailored to 
the system is challenging to avoid cell dry out. The supposedly 
experimental straightforward solution of increasing the elec-
trolyte volume is not recommended since this is followed by a 

drastic reduction of the specific energy by increasing the total 
mass of the battery without any appreciable energy gain.

5. A View on Cell Design

Due to the inexhaustible open cathode, in which molecular 
oxygen, does not contribute to the total weight of the cell, 
metal–air batteries like the zinc–air battery, are a forward-
looking technology for lightweight applications, especially 
in portable devices. As a result, cell design is a broad field of 
research that is subject to a constant optimization in order to 
adapt the battery system to a wide variety of external condi-
tions. In this context, concepts of flexible batteries are increas-
ingly studied, which includes the cell design of zinc–air 
batteries.[98–104] Despite the manifold of zinc–air battery cell 
types, most of them share a similar shortcoming, the use of 
an excessive zinc anode, which can certainly be attributed to 
the previously discussed KOH-based electrolytes. Again this, 
severely limits further development.[101–104] Many of these cell 
concepts, despite their different geometries, face similar chal-
lenges in optimizing the interface between the anode and the 
electrolyte. For a better comparison, the following considera-
tion of the influence of cell design on the rechargeability in 
zinc–air batteries will focus on two very prominent cell setups, 
which dominate current research, the stack cell, and the coin 
cell. However, elaboration is by no means to be applied only 
to the stack and coin cell, but should rather be understood as 
a generally applicable guideline in the development of a wide 
variety of cell types, also including flexible and solid-state 
devices. (Figures 5 and 6). Both, flexible cell designs as well as 
solid-state electrolytes are of particular interest for zinc–air bat-
teries. The incentive for the development of flexible battery sys-
tems for zinc–air batteries is evident, since the actual cathode 
material, oxygen, does not contribute to the total weight and 
can thus be understood as a lightweight energy storage device. 
Because of these lightweight properties, zinc–air batteries are a 
serious technology for portable energy storage, which can also 
be close to the body and should therefore adapt to the external 
contours, for example when in motion. In the current scientific 
discourse, a wide variety of potential flexible battery systems 
is apparent, ranging from simple setups to demonstrate bat-
tery operation at different bending angles to elaborate battery 
concepts with custom-developed fiber-shaped oxygen electrode 
architectures and zinc anodes tailored to them.

The design of the stack cell can be described in simple terms 
by lining up the individual cell elements with intermediate 
planar housing components, which provide both the electrolyte 
volume and sufficient mechanical stability so that the cell seals 
itself against leaking electrolyte during assembly by pressing 
and screwing the individual components together. Owing to 
this cell structure, only a small proportion of the active material, 
primarily the zinc anode, have access to the electrolyte and can 
therefore participate in the electrochemical process (Figure 5).

Again, this overdimensioning of the zinc anode makes it 
unrealistic to determine the specific capacity and even more so 
the energy density of the entire system. Since all the installed 
components contribute to the total mass of the battery, the inac-
tive mass will unnecessarily skyrocket. Therefore, it is almost 
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essential that the entire zinc reservoir is able to come in con-
tact with the electrolyte, thus maximizing the interface between 
the electrode and the electrolyte. This conceptual problem may 
require sufficient sealing within the stack cell to prevent unin-
tentional electrolyte spillage.

Nevertheless, the operation of a stack cell poses further prob-
lems for current research on electrically rechargeable zinc–air 
batteries, which require a fundamental recap and revision of 
the cell design. Here, too, the type of cyclization plays a more 
decisive role in the development of the cell design again empha-
sizing a pronounced difference between low and high DoD.

At high DoD, the problem is as simple as it is fatal (Figure 5). 
If the DoD exceeds a threshold value of 40%, at which a porous 
zinc anode is obtained that shows a perforation in the order 
of several 100 µm, leakage is the inevitable consequence. This 
eliminates the simultaneous use of the zinc anode once as an 
active material, but also as a current collector to the greatest 
possible extent for deep discharging. For classic zinc metal 
anodes it is not guaranteed that the zinc is removed evenly 
over the complete cross-section thus preventing pitting corro-
sion by controlling the depth of discharge. The use of a cur-
rent collector, as is common in many battery systems such as 
the lithium-ion battery, seems advisable, if a high depth of dis-
charge is aimed for. Certainly, the external, non-zinc based, cur-
rent collector can be understood as extra weight, which lowers 

the specific energy and would increase the Zn-ion deposition 
barrier, so the zinc excess could just as well function as the 
current collector. But this would result in the sacrifice of deep 
discharge. Thus, the benefits of an external electrochemically 
stable current collector clearly outweigh the downside of intro-
ducing an additional dead weight.

Consequently, the present stack cell type cannot be used for 
realistically operated secondary zinc–air batteries. Certainly, the 
scenario of complete oxidation across the entire cross-section 
of the anode is not realistic due to the shielding and passiva-
tion properties of ZnO with typically used zinc foil anodes. 
However, the complete conversion of the accessible zinc must 
continue to be the ultimate goal of a rechargeable zinc–air bat-
tery. This requires a compelling revision of the present stack 
cell concept.

Numerous studies have calculated the specific discharge 
capacity on the basis of the so called “consumed zinc” instead 
of using the total mass of the installed zinc plate when using 
stack cell, as it is common practice in battery research.[54,105–115] 
The discharge capacity in the “consumed zinc”-approximation 
is not determined by battery cyclization but by discharging 
the cell once. The capacity obtained can be taken from the dis-
charge curve, which is shown schematically in Figure 5. Here, 
the voltage drop indicates the end of the discharge. However, 
this drop in the potential does not mean that the cell is already 

Figure 6. Graphic illustration of a zinc–air cell in coin cell configuration. The coin cell is advantageous over the stack cell because the compact design 
guarantees a high energy density by limiting the electrolyte volume. Also the coin cell case encloses the entire zinc reservoir in the cell and thus allows 
the electrochemical reaction access to the anode. The large contact area of the electrolyte with the zinc anode also has disadvantages, e.g., the coin 
cell architecture does not shield the zinc anode against oxidation.

Figure 5. Photographic and schematic depiction of a zinc–air cell in the stack-cell type. The inside view of the cell shows the contact surface of the 
zinc anode, which is in physical contact with the electrolyte and is therefore referred to as electrochemically active area. The schematic comparison of 
the zinc anode at high and low depth of discharge reveals the disadvantages of the stack cell. A 100% DoD with full dissolution of the zinc anode is 
equivalent to a leakage of the cell and proves to be extremely unsuitable. At low DoD, it is only possible to determine the actual discharge capacity by 
referencing the consumed zinc, which represents only an approximation for determining the rechargeability.
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completely discharged but that no more zinc is available for the 
electrochemical reaction. The formation of a passivating ZnO 
layer is the main reason for the termination of the battery oper-
ation (see Section 3), whilst further active zinc material is still 
present.

Based on the mass difference of the zinc anode before and 
after the single discharge, the specific discharge capacity for the 
“consumed zinc” is obtained. The determination of the mass of 
the consumed zinc is not clearly defined and holds pitfalls. On 
the one hand, the zinc oxide formed counts as consumed zinc, 
which in principle increases the total mass of the zinc plate. 
On the other hand, the amount of zincate generated, which is 
in solution and generally reduces the mass of the zinc plate, 
also counts as “consumed zinc.” To determine, the actual con-
sumed zinc, i.e., zinc converted by the electrochemical reac-
tion, the ZnO formation and the zincate conversion counteract 
each other in terms of mass. This makes it non-trivial to deter-
mine the exact amount of zinc consumed. Nevertheless, values 
in the order of magnitude of the theoretic capacity of zinc are 
exclusively obtained, suggesting that zinc has been completely 
converted. However, this is not the case. Rather, it merely indi-
cates that the amount of zinc that has been electrochemically 
oxidized, was converted without electron-consuming side reac-
tions, which is not surprising considering the low turnover. 
Since side reactions usually only come into play with increasing 
anode degradation at elevated DoD as we have shown before. 
The value of information for evaluating the rechargeability 
based on the “consumed zinc”-approximation is limited due 
to a tremendously unrealistic assumption. Correctly, this test 
is declared as a primary cell test, but many reported results 
suggest excellent battery performance without providing valid 
proof of it. Despite the discharge capacity is an important cri-
terion for assessing the performance of a battery, currently too 
little attention is given to the discharge capacity curve over a 
large number of cycles in zinc–air battery research. However, it 
is this discharge capacity over time that allows a quick and valid 
assessment of the battery performance.

In order to assess the reversibility of processes taking place 
under real operating conditions, it is essential that the entire 
zinc reservoir is completely present inside the cell and is in 
contact with the electrolyte in ionic form and contacting the 
current collector electrically. From this point of view, the coin 
cell, which is also frequently used, represents an actual opti-
mization, because here, the entire zinc reservoir is located in 
the cell and is in contact with the electrolyte.[116–125] However, 
the coin cell setup also causes problems in the operation of the  
zinc–air battery and is not to be advocated without further 
ado. The schematic cross-section of a zinc–air battery in coin 
cell configuration illustrates the problem originating from the 
extensive contact between zinc anode and the electrolyte in 
such a configuration (Figure 6).

In a typical coin cell architecture, it is not possible to pre-
vent a back side contact of the zinc anode facing the cell 
housing with the electrolyte. Therefore, zinc oxide also forms 
at the interface case/anode. Consequently, the electron flow 
is inhibited by the lack of sufficient percolation pathways 
and the cyclization is terminated although the zinc reservoir 
is not yet exhausted. Thus, it must be stated that the stack 
cell as well as the coin cell type, although used proves to be 

extremely unsuitable for investigations of rechargeability, 
when zinc turnover is high and the respective zinc oxide for-
mation is massive.

However, there are solutions that try to overcome these obsta-
cles. So in the case of the coin cell, the infiltration of the elec-
trolyte in-between all void spaces is prevented by introducing, 
i.e., a thin flexible layer made of PTFE to isolate the contact 
space between the stainless steel housing and the current col-
lector.[126,127] Nevertheless, this structure is not widely used, 
which is certainly due to the non-trivial arrangement and align-
ment of the individual layers. However, future research should 
take into account the uncontrolled oxidation of the zinc anode 
and take precautions to ensure that the current is supplied and 
distributed continuously during operation irrespective of the 
reactions taking place. However, not only passivation affects the 
cell design, which is predominantly found in alkaline aqueous 
electrolytes, but also the zinc plating, which is significantly 
more prevalent in mild Zn2+-containing electrolytes requires 
an adaptation of the cell design. Especially in zinc–air batteries, 
which feature a well-balanced zinc anode, one must take into 
account that the deposition of the zinc from the electrolyte also 
influences the zinc reservoir. This inevitably leads to the need 
for surface sealing of all metallic or electrically conductive com-
ponents in contact with the electrolyte, so that the zinc deposi-
tion can be exclusively on the active material and not on other 
auxiliary components, i.e., current collector or contact aids 
(springs). Since the zinc reservoir in well-balanced zinc anodes 
is ideally designed for the intended use for instance in terms 
of energy storage capacity, codeposition of the zinc from the 
electrolyte leads to deviations and must be controlled and taken 
into consideration when calculating performance parameters.

Yet, the development of electrically rechargeable zinc bat-
teries lacks a uniform and widely accepted prototypical cell 
system, which could serve as a standard on a laboratory scale, 
that would allow better comparability of research results while 
simultaneously circumventing the pitfalls of coin and stack 
cell. The Swagelok-cell, which has been approved for lithium-
ion batteries as a standard test cell on a laboratory scale, offers 
a solid working basis for future cell development, as it fully 
integrates the zinc anode into the cell system and thus ena-
bles maximum contact with the electrolyte, while at the same 
time keeping the electrolyte volume low. Individual modifica-
tions of the Swagelok-derived cell as a prototype standard have 
recently been devised and show promising properties to further 
advance the development of electrically rechargeable zinc–air 
batteries.[44,64]

6. A Promising New Twist: Sophisticated Anode 
Concepts on the Advance
Looking at the development of rechargeable zinc–air batteries, 
we have outlined before that simple zinc metal anodes show 
decisive disadvantages in the further development of high-per-
formance zinc–air batteries. However, zinc metal anodes are 
still preferentially favored in current studies, which are difficult 
to comprehend due to the known anode degradation.

Why is the current zinc–air battery community still sticking 
to classic zinc anodes?
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One possible explanation for this discrepancy becomes clear 
by comparing the zinc–air battery with the quite similar zinc-ion 
battery (ZIB), which has to overcome largely the same challenges 
on the anode side. However, and in contrast to the zinc–air bat-
tery a multitude of innovative anode concepts are already known 
for the zinc-ion battery and the development of sophisticated 
approaches to overcome anode degradation is a virulent field in 
research.[43,128,129] Here, in the development of new anode con-
cepts for ZIB, some basic principles can be identified which 
have the shared purpose of solving the major issues of zinc 
anodes, i.e., dendrite growth, corrosion, and hydrogen evolution 
reaction. These unique approaches not only focus on the anode 
but also consider the interface between electrode and electrolyte, 
therefore advanced electrolyte optimization is also progressing 
rapidly. Among other things, emphasis is placed on the redis-
tribution of the electric field, the regulation of surface binding 
energy, or the weakening of the solvation effect (Table S1).

It is very likely that the reason for the advanced develop-
ment stage of the zinc-ion battery is probably since the ZIB, 
in comparison to the zinc–air battery, is not operated with a 
highly corrosive electrolyte that attacks all zinc species present 
in the device, but rather relies on chemically mild Zn2+ elec-
trolytes. Consequently, the development of elaborate new anode 
concepts for zinc–air batteries is severely limited by the alka-
line KOH electrolyte, whereby a constant loss of active mate-
rial had to be compensated by an oversized zinc reservoir. If 
alternatively, a limiting zinc anode with a reasonably designed 
zinc reservoir is used, anode degradation mechanisms must be 
strictly prevented, as these cause a reduction of active mass and 

thus have a drastic negative impact on the energy density of 
the cell. For example, nanoscale metallic zinc materials are less 
suitable in KOH electrolytes as potential active material, since 
complete oxidation of active material occurs immediately after 
cell assembly, due to the small particle size and the aggressive-
ness of the KOH electrolyte. Here, the critical size of passiva-
tion is hypothesized to be ≈2 µm.[63] Not only metallic zinc, but 
also ZnO-based anodes are depleted by the electrolyte, which 
further restricts the variety of potential anode materials.

Considerable improvements could already be achieved 
through elaborate anode concepts, in which a zinc sponge anode 
achieved a depth of discharge of >90 % in a primary cell test after 
a single discharge and a DoD of 40% with high rate cyclization, 
even though a KOH electrolyte was used.[130] Nevertheless, the 
difference in DoD achieved between the single discharge and the 
cyclization tests indicates that passivation still remains a chal-
lenge in porous electrodes and reversibility is not yet satisfactory 
in KOH electrolyte. Consequently, purely metallic, porous zinc 
anodes do not solve the underlying problem in its entirety.

Since electrode passivation plays a subordinate role in the 
new Zn2+ electrolyte systems such as the zinc triflate electro-
lyte, as can be seen from the high zinc utilization ratio of up 
to 83.1%, the development of sophisticated anode concepts will 
experience a real upswing due to the use of these electrolyte 
systems.[44]

However, these Zn2+-containing electrolytes might require a 
revision of the zinc–air battery due to a complete change in the 
plating and stripping behavior during battery operation. Here 
classic zinc anodes suffer from a clear disadvantage (Figure 7).

Figure 7. Schematic visualization of the behavior of zinc metal anodes in Zn2+-based electrolyte systems such as Zn(OTf)2 compared to the use of 
novel composite electrodes for rechargeable zinc–air batteries recommended herein. During the discharge, pure metallic zinc anodes are completely 
dissolved by the electrolyte at a targeted DoD of 100% regardless of the morphology used. Inhomogeneous zinc plating takes place in the charge cycle, 
again, regardless of the original shape of the anode. In order to buffer the strong volume change of the zinc metal anode, zinc/carbon composite elec-
trodes could be increasingly used in the future. Here, zinc is homogenously bonded to an electrically conductive framework structure, which is stable 
even during cyclization and does not change its shape macroscopically, thus enabling a controlled environment for reversible zinc plating and stripping.
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For example, if a zinc plate anode in a zinc triflate electrolyte 
is deeply discharged within a zinc–air battery, the zinc plate is 
almost completely dissolved, which exposes the underlying cur-
rent collector. A porous anode, such as a zinc sponge electrode, 
can probably increase the accessibility of zinc during discharge 
and thus increase the DoD. Nevertheless, the morphology of the 
pure metallic zinc anode is largely irrelevant, as it will at best 
be completely dissolved during the desired complete discharge. 
In the charging cycle, the metallic zinc is then deposited from 
the electrolyte solution on the surface of the current collector. 
Here, the deposition is not based on the original morphology 
of the zinc anode, but rather on the local conditions of the cur-
rent collector. Thus, with a high zinc utilization ratio, the mor-
phology of the zinc anode would only be decisive for the initial 
discharge and would ultimately have no far-reaching influence 
on the subsequent cyclability. As irregular zinc plating can ulti-
mately lead to dendrites, which will penetrate the separator, a 
controlled deposition of the zinc species in solution is worth-
while (Figure 7).

Here, porous zinc–carbon composites can certainly be a 
reasonable consideration. When, the cell is discharged and 
the metallic zinc bonded on the carbon dissolves, the porous 
carbon scaffold will remain unaltered in its morphology. The 
porosity of the carbon scaffold allows good ionic accessibility of 
the zinc reservoir, while the electrically conductive backbone of 
the carbon framework guarantees electrical conduction. In the 
opposite charge cycle, the carbon framework enables homoge-
neous deposition of the zinc species. Certainly, the morphology 
of the freshly deposited zinc will differ from the original mor-
phology of the zinc used.

However, this only leads to a change in volume at the micro-
scopic scale. On the macroscopic electrode level, the carbon 
scaffold can buffer this change in volume, so that the separator 
is prevented from being pierced by zinc dendrites, as it would 
be the case with purely metallic zinc anodes (Figure 7).

In contrast to these advantages, there is a downside of each 
composite electrode independent of the respective battery 
system. Because every additive that is not involved in the elec-
trochemical conversion reaction, which is in case of the zinc–air 
battery ultimately everything except of zinc, will raise the dead 
weight. Especially, if other auxiliary agents are introduced, such 
as a binder, which may be necessary to anchor both components 
and thus protects the composite electrode from mechanical 
stress. In the worst scenario, this can lead to a severe impair-
ment of the gravimetric, but also the volumetric energy density. 
Apart from parameters that influence the energy density of the 
overall system, there are also concrete influences on the battery 
chemistry to be expected. Thus, the introduction of a supple-
mentary component is considered to have a significant impact 
on the zinc plating and stripping behavior, which will not only 
have benefits, but also presumably favor the formation of over-
potentials due to the elevated zinc deposition barrier. There-
fore, in the development of composite electrodes, the benefits 
expected from composite electrode must clearly outweigh the 
disadvantages, and optimization should benefit either the depth 
of discharge or the cyclability, in the best case both of them 
simultaneously without lowering the specific energy.

The possibilities for developing new anode concepts seem to 
open new avenues, when following these ideas due to the low 

restrictions imposed by the new electrolyte system and is there-
fore not only limited to zinc/carbon composites. More decisive 
is the overall concept of a porous, electrically conductive matrix 
which allows to host the homogeneously dispersed metallic 
zinc sites.

7. Conclusion

In the present work, we have shed light on the rechargeability 
of zinc–air batteries by considering the interface between the 
zinc anode and the electrolyte. A particular focus is placed on 
the proper electrode balancing of the zinc anode in the inter-
play of high and low DoD. Within this framework, a re-evalu-
ation of the rechargeability is made when using classical zinc 
metal anodes, therefore the resulting challenges that arise for 
the Zn/ZnO interface, the electrolyte, and the cell design are 
critically assessed.

The commonly used combination of a zinc metal anode and 
an alkaline KOH electrolyte has proven to be extremely unsuit-
able for the further development of electrically rechargeable bat-
teries. First and foremost, there is an insufficient reversibility of 
the zinc plating and stripping if the zinc anode is not in surplus. 
At a zinc surplus however, the zinc metal anode thus pretends 
to be rechargeable, which is simply not the case to this extent. 
The use of an excess of zinc is not an adequate solution to the 
problem of achieving rechargeability, as only a limited part of the 
existing zinc reservoir is available for the battery operation due to 
electrode passivation. Thus, the adaptation of the zinc reservoir 
to the operating conditions of the battery, the electrode balancing, 
turns out to be an important parameter. Apart from that, the alka-
line KOH electrolyte requires an oversizing of the metallic zinc 
anode since the harsh electrolyte causes corrosion of the zinc and 
thus severely reduces the available active material. These contra-
dictory conditions limit the reversibility and therefore the devel-
opment of rechargeable zinc–air batteries in a delicate way.

A revision of the anode/electrolyte interface seems inevitable. 
In fact, Zn2+-containing electrolytes show promising properties 
which have the potential to outperform the KOH electrolyte. 
Especially the aqueous zinc triflate electrolyte impresses with 
its resilience against carbonate formation and its excellent 
chemical stability toward zinc while at the same time facili-
tating a high electrochemical reversibility. The development 
of mild, non-corrosive electrolytes is increasingly driving the 
advancement of sophisticated anode concepts, which require 
a reassessment of the anode/electrolyte interface. The well-
established combination of an oversized zinc metal anode and 
the KOH electrolyte seems to be a dead end for achieving high 
performance and technological maturity in secondary zinc–air 
batteries. The time is now to switch gears toward true recharge-
ability of zinc–air batteries. The breakthrough of the secondary 
zinc–air battery as a serious alternative to the lithium-ion bat-
tery could thus be within reach.
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