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ABSTRACT

The increasing global demand for energy and the potential environmental impact of increased energy con-
sumption require greener, safer, and more cost-efficient energy storage technologies. Lithium-ion batteries (LIBs)
have been successful in meeting much of today’s energy storage demand; however, lithium (Li) is a costly metal,
is unevenly distributed around the world, and poses serious safety and environmental concerns. Alternate bat-
tery technologies should thus be developed. Zinc-ion batteries (ZIBs) have recently attracted attention due to
their safety, environmental friendliness, and lower cost, compared to LIBs. They use aqueous electrolytes, which
give them an advantage over multivalent ion batteries (e.g., Mg®*, Ca®*, AI**) that require more complex
electrolytes. However, as with every new technology, many fundamental and practical challenges must be
overcome for ZIBs to become commercial products. In this manuscript, we present a timely review and offer
perspectives on recent developments and future directions in ZIBs research. The review is divided into five parts:
(i) cathode material development, including an understanding of their reaction mechanism; (ii) electrolyte
development and characterization; (iii) zinc anode, current collector, and separator design; (iv) applications; and
(v) outlook and perspective.

1. Introduction

Most renewable energy sources, including solar, wind, tidal and
geothermal, are intermittent by nature and thus require efficient energy
storage systems to store the energy when renewable sources are not
available [1-3]. Since the success of commercial LIBs by Sony Company
in the 1990s, rechargeable lithium-ion batteries (LIBs) have dominated
the energy market, ranging from handheld electronic devices and
electric vehicles to intelligent grid storage [4-6]. However, the poten-
tial safety issues, high cost, and limited supplies of lithium (Li) still pose
a significant challenge to the long-term viability of LIBs [7-9].

There has recently been a surge of interest in developing other kinds
of mobile ion batteries, such as sodium- and potassium-ion batteries,
due to the abundance of these elements and their low cost [10-12].
However, the high activity of Na and K still pose significant safety
concerns, and their larger radii make it difficult to find appropriate
cathode and anode materials that can reversibly accommodate these
cations. Meanwhile, rechargeable, multivalent, metal-ion (Mg2+, Ca™,
Zn?*, AI®") batteries have also attracted great attention, not only be-
cause they use earth-abundant polyvalent cations but also because of
their improved safety and high volumetric energy density. However,
the availability of compatible electrolytes for the reversible plating/
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stripping of Mg, Ca, or Al is still one of the main challenges facing such
batteries, since current electrolytes cause the corrosion of metallic
anode/current collectors and lead to the formation of inactive surface
layers [13-16]. In addition, many of the proposed cathodes cannot
easily accommodate the mobile cations because of a strong electrostatic
interaction between multivalent metal ions and host cathodes.

In contrast, zinc-ion batteries (ZIBs), which consist of a zinc metal
anode, a zinc-containing electrolyte, and a cathode for hosting Zn ions,
are quickly gaining attention by many research groups. This is because
of the following attractive features: (1) the diversity of potential elec-
trolytes, including aqueous and non-aqueous electrolytes; (2) the higher
redox potential of zinc (-0.763V vs. a standard hydrogen electrode
[SHE]), which can allows the battery to work in aqueous electrolytes
[17], which is difficult to be realized for other mobile ion batteries; (3)
the improved safety and reduced toxicity of ZIBs; and (4) the reversi-
bility of Zn plating/stripping, where the near-neutral or slightly acidic
electrolyte (e.g., pH = 3.6-6.0) can avoid the formation of zinc den-
drites and ZnO byproducts, unlike the case of an alkaline Zn battery
(e.g., Zn + 40H™ <> Zn(OH),> + 2~ < ZnO + 20H~ + H,0 +
2e7) [18]. Therefore, a long cycle life can be achieved; (5) a higher
volumetric energy density (i.e, 5855mAh cm™ compared to
2061 mA h cm™ for LIBs) can be achieved due to the high density of Zn
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Fig. 1. Components and applications of zinc ion battery.

and the fact that two electrons are involved in the electrochemical re-
actions. Making ZIBs that are small in size is essential for deployment in
miniaturized devices such as epidermal, implantable, and wearable
sensors. All the above features mean that there is great potential for the
commercialization of Zn-ion batteries.

However, fundamental knowledge in the cathode material inter-
calation of Zn, reaction mechanisms, and electrolyte performance as
well as the details of the manufacturing process need to be better un-
derstood, scaled up, and made more reliable. In this article, we sum-
marize the state of the art of Zn-ion batteries, and we provide a per-
spective about the important issues (Fig. 1) and future directions on
which the community should focus to make the commercialization of
ZIBs a reality. The review is divided into five parts: i) cathode material
design, synthesis, and reaction mechanism; ii) electrolyte development
and characterization; iii) zinc anode, current collector, and separator
design; iv) ZIB applications in conventional and miniaturized applica-
tions; and v) prospects and perspectives.

2. Cathode materials and reaction mechanism
2.1. Manganese-based cathodes

To date, the most commonly studied cathode for ZIBs is manganese
oxide (MnO,), which exhibits a remarkable diversity of crystal struc-
tures and multivalent states of Mn. The performance and stability of a
MnO, cathode for ZIBs has been found to strongly depend on its crystal
structure. A summary of the comparative performance of the various
crystalline structures of manganese oxide cathodes in ZIBs is presented
in Fig. 2 [19-44]. It is interesting to see that the capacity of manganese
oxide is quite different, even for compounds with the same chemical
formula and crystal structure. The theoretical capacity of Mn** 0, can
be calculated as a starting point according to the step-wise reactions
G.e, Mn**0, + Zn** + 2~ — ZnMn3*0O,, 308mAh gV
ZnMn3* 04+ Zn®** + 2e” — 2ZnMn** 0,, 308 mA h g1). These results
demonstrate that MnO, can, in principle, deliver a capacity of 308 mA h
g! and 616 mAh g* in the redox reaction Mn**/Mn>* and Mn**/
Mn?", respectively, (Fig. 2a), regardless of where the Zn>* is finally
located. Based on these two reactions and their corresponding capa-
cities, we can understand the behavior of other MnO, cathodes with
varying crystalline structures.

2.1.1. a-MnO, (2*2 tunnels)
Hollandite-type MnO, (a-MnO,) is the most commonly studied
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manganese oxide (Fig. 3a), with a crystal structure that consists of
MnOg octahedra connected by corner sharing in double chains. Al-
though it has a symmetric tunnel structure of a [2 X 2] cross section,
the reaction mechanism is still controversial. The Zn?" (de-)intercala-
tion mechanism within the partial crystalline a-MnO, (§Zn** + 28e~
+ MnO, <> ZngsMn“?¥+0,) was proposed for the first time in 2009
[19]. The ZIBs with the configuration of Zn/a-MnO, were introduced,
and good (dis-)charge curves with a specific capacity of 210mAh g™
(i.e., Zng ¢s Mn*%** 0,) were demonstrated (Fig. 3a—c) [20]. Later, the
formation of a new phase was confirmed by electrochemical impedance
spectroscopy (EIS) [45], where a different intercalation process (i.e.,
Zn®** + 2e” + 2Mn**0, < ZnMn3*0,4) was proposed [21]. This
speculation was proved by the reversible formation/disappearance of
ZnMn,0O, during the (dis-)charge process, as observed by X-ray dif-
fraction (XRD). In addition, the reversible variation of Mn**/Mn®*,
characterized by ex-situ synchrotron X-ray absorption spectroscopy
(XAS), also supported this conclusion (Fig. 3d—e). All these results de-
monstrate reversible Zn?* (de-)intercalation within a-MnO,, with a
capacity of approximately 200 mAh g'; however, the exact details of
the intercalation process and discharge products are disputed.

For example, the presence of dissolved Mn>™ in electrolytes chal-
lenges the intercalation mechanism of ZIBs using a-MnO, cathodes. Oh
et al. found that approximately one third of the total Mn in the cathode
was dissolved in electrolytes [22]. A reversible phase transition be-
tween the tunneled a-MnO- and the layered Zn-birnessite (ZnsMnO,)
was thus proposed (Fig. 4a). The formation of Zn-birnessite is a ther-
modynamically favorable process because the bridge-like double chains
of Mn®* Og units can be gradually destroyed as the dissolution of Mn?*
occurs (e.g., MnO,(s) + e~ <> Mn3* O5(s); Mn3 * O5(s) <> Mn** 04(s) +
Mn?*(aq.)) due to the Jahn-Teller effect. These results were confirmed
by XRD and selected area electron diffraction (SAED) patterns
(Fig. 4b—c) [22]. In addition, the discharged product was further con-
firmed by in-situ XRD [23], which revealed that the Zn-birnessite is
formed by the loss of the intercalated Zn** and water molecules from
the layers. However, we have to note that the theoretical capacity
should be as high as 616 mAh g due to the Mn**/Mn?* redox reac-
tion. Nevertheless, the measured capacity is only about 200 mAh g™,
which means only 32.5% of a-MnO, has reacted.

In addition to the intercalation and phase transition mechanism, a
precipitation process (i.e., Zn®** + SO42~ + 60H- + 5H,0 <
Zn4(OH)6(S04)-5H,0 (s)) was also proposed, which leads to the con-
firmation of Zn4(OH)e(SO4)-5H,0 (ZHS) on the surface of a-MnO, [24]
(Fig. 5). Moreover, there was no Zn?" intercalation in a-MnO, because
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Fig. 2. Specific capacity of manganese oxide with different crystal structures and different electrolytes: (a) a-MnO5, (b) other MnO, crystal structure.

Fig. 3. Different Zn?* (de)intercalation mechanisms in a-MnO,. (a) Schematic chemistry of the ZIB. Zn>* ions migrate between tunnels of an a-MnO, cathode and a
Zn anode. The inset in the upper left corner depicts the basic structural unit of the MnOg octahedra of MnO,. (b) Cyclic voltammogram of the zinc anode (red line)
and the a-MnO, cathode (blue line). (c) Discharge curves of the ZIB measured at various rates. A rate of nC corresponds to a full discharge in 1/n h. (d, e) Ex-situ
XANES and EXAFS spectra of an a-MnO, electrode recorded at various discharge/recharge states in zinc-ion cells. Reproduced with permission [20,21] (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).
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Fig. 4. Phase transition mechanism in a-MnO, during Zn?>* (de-)intercalation. (a) Schematic mechanism of zinc intercalation into a-MnO,. (b) Potential profiles of
the zinc/a-MnO, Zn-ion battery during the first (black line) and the second (red line) cycles, and their cycling performance up to 30 cycles (inset). (c) Ex-situ XRD
patterns of the electrodes at various charge and discharge stages: original electrode (A), half-discharged electrode (B), fully discharged electrode (C), fully recharged
electrode (D), and fully re-discharged electrode (E). Reproduced with permission [22] (For interpretation of the references to colour in this figure legend, the reader is

referred to the web version of this article).

of the absence of Zn?>* within the a-MnO, cathode after washing off the
ZHS layer. In this reaction, the hydroxide groups result from the pH
variation with the dissolution of Mn?* in electrolyte (MnOy(s) + 2H,0
<> Mn2"(aq.) + 40H-), where the effect of pH variation on cations was
operando-studied for the first time [24]. The mechanism of forming ZHS
is supported by recent results, in which the ZHS was in fact used as a
cathode directly [46]. Regardless of which mechanism takes place, it

seems there is consensus that the capacity values are almost the same
for a-MnO, (195-210mAh g™).

Surprisingly, a-MnO, exhibited an exceptionally high rate cap-
ability, reaching as high as 126 C, as illustrated in Fig. 3c. The ZHS
product can quickly form in solution; however, the conversion rate of a-
MnO,(s) to Mn2+(aq.) cannot occur at such a rapid rate. Therefore, an
H" intercalation mechanism within a-MnO, was proposed, in which

Fig. 5. Precipitation mechanism of a-MnO, during Mn?* dissolution. (a) Schematic depiction of crystal structure conversion of a-MnO, and Zn4(OH)sSO45H,0. (b)
Schematic depiction of reactions that take place during the discharge process for an a-MnO,/Zn cell employing an aqueous ZnSOy, electrolyte. Zinc hydroxide sulfate
precipitates as a result of a pH increase caused by Mn dissolution from the cathode. Reproduced with permission [24].
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Fig. 6. H* (de-)intercalation mechanism within a-MnO,. TEM/HRTEM images of MnO, electrodes discharged to (a—c) 1 V and then charged back to (d—f) 1.8 V in the
first cycle. (g) Charge/discharge curves of a Zn/MnO,, battery in the initial two cycles. (h) Rate performance. Electrolyte is a 2M ZnSO4 aqueous electrolyte with a

0.1 M MnSO, additive. Reproduced with permission [25].

MnOOH forms (i.e., H,O < H* + OH™; Mn**0, + H* + e~ <
Mn®* OOH), where the Zn?>* can react with hydroxide groups (OH ") to
form HZS (ie., 1/2Zn** + OH~ + 1/6ZnSO4; + 6/xH,0 < 1/
6ZnS04[Zn(OH);]-xH,0) [25]. As a result, H* intercalation seems to be
a reasonable way in which to interpret the fast reaction rates observed
in a-MnO,. The reversible conversion of a-MnO,/MnOOH was con-
firmed by high resolution transmission electron microscopy (HR-TEM)
according to the lattice spacing (Fig. 6a—f), and the presence of ZHS was
confirmed by nuclear magnetic resonance (NMR) and XRD. In that
study, a high capacity of 285 mAh g was obtained (Fig. 6g-h), which
is higher than previously reported capacities of around 200 mAh g.
This higher capacity could be due to the additives in the 0.1 M MnSO,4
electrolyte, as will be discussed in the electrolyte part. Note that high
capacities of over 300 mA h g were demonstrated for ZIBs using an a-
MnO,-based cathode with specific nanostructures, compositions, or
battery configurations, such as nanostructured a-MnO, [26], a-MnO,/
CNTs [27], a-MnO,/3D N—C [28], a-MnO,/Graphene [29], and a-
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MnO,/CNTs [30,31] in flexible batteries. Herein, we speculate that the
dominant redox couple is Mn**/Mn>*, otherwise the capacity could
not reach over 308 mAh g?. It is clear that more work needs to be
carried out to understand the reaction mechanism in a-MnO..

2.1.2. &-MnO,

The H* intercalation was also observed in akhtenskite-structure
MnO, (e-MnO-) [32]. A successive H" and Zn?" intercalation was
verified by the galvanostatic intermittent titration technique (GITT)
(Fig. 7a). Furthermore, the intercalation of H* and Zn>* was proved
using different electrolytes with and without H* and Zn** (Fig. 7b).
Meanwhile, the presence of discharged products of Mn®"OOH and
ZnMn3* 0, also support this conclusion (Fig. 7c). Benefiting from the
uniqueness of the structure and morphology of e-MnO,, a high capacity of
300mAh g1, close to the theoretical capacity of 308 mAh g~?, was
obtained through the Mn**/Mn®" redox reaction. This type of elec-
trodeposited e-MnO, on carbon fiber paper (e-MnO,/CFP) displays an
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Fig. 7. H*/Zn?* co-intercalation within e-MnO, and phase transition of 3-MnO, during Zn?* intercalation. (a) GITT profiles of MnO,@CFP cathode, (b) discharge
curves in 0.2 M MnSO, solution with or without ZnSO, as electrolytes, and (c) ex-situ XRD patterns at depths of discharge at 1.3 V and 1.0 V, respectively. Reproduced
with permission. [32] Copyright 2016, American Chemical Society. (d) Rechargeable Zn/B-MnO, cell, (e) cyclic voltammograms, and (f) typical charge/discharge
curves for the initial two cycles. The points A-J marked the states where data were collected for XRD analysis. (g) XRD patterns of a -MnO,, electrode at selected

states during the first and second cycles. Reproduced with permission [34].

extremely long cycle life, with a 99.3% capacity retention after more
than 10,000 cycles. Although the possibility of H* /Zn?" intercalation
was confirmed, the reaction kinetics of H* and Zn?* intercalation need
to be further explored because of the different structure of e-Mn** 0,
from the tunnel-type a-MnO,.

2.1.3. B-MnO; (1*1 tunnel)

H* intercalation was reported in a-MnO, and e-MnO,; however,
this phenomenon does not appear to occur in pyrolusite-type MnO» (-
MnO,) due to the absence of MnOOH formation. Kim et al. demon-
strated that Zn?* can be intercalated into the B-MnO, framework even
with the limited space of [1 X 1] tunnels, followed by the formation of
Zn-inserted phases (e.g., ZnMn,0,4, Zn-buserite, or Zn-birnessite) along
with the precipitation of HZS on the electrode surface [33]. Chen et al
also confirmed the phase conversion of tunneled 3-MnO, to layered Zn-
buserite (B-Zng s Mn®*05-5H,0) during the first discharge, and then a
reversible Zn%* (de)intercalation occurred between B-
Zng.s Mn®* 0,-5H,0 and B-Zng 5., Mn® ™2+ 0,5H,0 (Fig. 7d) [34]. The
structural variation can be observed from the difference in CV char-
acteristics and discharge-charge curves in the initial cycles (Fig. 7e-f).
The results were also confirmed by XRD (Fig. 7g). The reaction me-
chanism of 3-MnO, thus appears to involve a phase transition from a
tunnel structure to layered Zn-buserite, with an initial capacity of
around 250-270 mAh g,

2.1.4. Spinel MnO, (3D structure)

Zn?>* and/or H* intercalation has been confirmed within haus-
mannite-type MnO,. Such MnO,, has a spinel structure, with Mn2* (or
Zn2") located in the tetrahedral sites and Mn® ™" in the octahedral sites
(e.g., ZnMn3* 0,4, MnMn3* Q,) (Fig. 8a—-d). Therefore, a charge process
is a prerequisite because there is no space to accommodate the inter-
calated Zn2" within the 3D structure with the reduction of Mn®* to
Mn?*. The reaction mechanism of ZnMn; g6Y0 1404
Zny.,Mn; g¢Y01404 + 2xe + xZn?* was recently confirmed in cation-

<«
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deficient spinel ZnMn; gsY0.1404 (ZMO, Y denotes vacancy) [35]. The
results indicate that the Mn vacancies or deficiencies not only facilitate
Zn2™ transport owing to the low electrostatic barrier, but also mitigate
the dissolution of Mn species because of the higher mean Mn valence
(+3.22) [47]. A moderate capacity of 150 mAh g’1 was delivered, and
no structural evolution was observed (Fig. 8a, c). In contrast, a struc-
tural change was found in MnzO,4 (i.e., Mn*>*Mn3* 0,). The Mn?* in
the tetrahedral sites was removed to form MnsOg (2Mn304 — MnsOg +
Mn?* + 2e-), which was then transformed to birnessite-type MnO,,
triggered by the Mn?* dissolution and H,O insertion (MnsOg + H,0 —
4Mn** 0,xH,0 + Mn?* + 2e-) (Fig. 8b) [36]. The Zn-birnessite was
thus formed upon Zn2?" intercalation during the discharge process,
accompanied by the reduction of Mn** to Mn®*. However, the MnOOH
and HZS phases were observed, demonstrating that H* intercalation
takes place. Therefore, the phase transition of Mn3;0, (Mn?*Mn3+0.)
to the layered birnessite is similar to that of 3 Mn4+02 [34], leading to
a higher capacity of 239 mAh g~ ! (vs. 150 mAh g~ ! of ZMO) (Fig. 8d).

2.1.5. v-MnO, (1*1 and 1*2 tunnel)

Nsutite-type MnO, (y-MnO-) is the first example of manganese
oxide to be used for ZIBs in 2003 [37]. A reversible (de-)intercalation of
Zn>" was first proposed when a gel polymer electrolyte (GPE) and Zn
(CF3S03), salt were used; however, a different H" intercalation me-
chanism was presented later in an aqueous electrolyte of ZnSO, and Zn
(NO3), [20]. In 2014, Kim et al. presented a detailed Zn%* (de-)inter-
calation process, in which the intermediates of spinel ZnMn3 " 0,4/y-
Mn?*0,, spinel ZnMn3*Q,/tunnel-type y-Zn, Mn?*0Q,, and the final
products of spinel ZnMn3 * O,/tunnel-type y-Zn, Mn?*0,/layered-type
Y-Zn, Mn?*0, were demonstrated (Fig. 9) [38]. The structural varia-
tion is reversible, and a high capacity of 285 mAh g~ ! can be achieved.
However, the cycle performance was not so optimal. The controversial
Zn?" or H" intercalation may be dependent on the crystal structure,
which is an intergrowth between B-Mn** 0, and ramsdellite-type R-
MnO,, with the co-existence of [1 x 2] and [2 X 2] tunnel structures.
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Fig. 8. Zn?* and/or H* (de-)intercalation within spinel-structured MnO,. (a) Schematic illustration of Zn?" insertion/extraction in an extended three-dimensional
ZMO spinel framework. (b) Proposed Zn?* diffusion pathway in ZMO spinel without and with Mn vacancies. (c) Schematic reaction pathway of MnsO, within the
first cycle. (d) Galvanostatic charge/discharge curves of ZMO/C at 50mA g~ . (e) Rate capability of Mnz0,. Reproduced with permission [35,36].

2.1.6. §-MnO,

In addition to (-MnO,, layer-type MnO, (8-MnO,) is another case
where H™ intercalation is not observed. The Zn?" can intercalate into
the layered structure (which consists of sheets of MOg octahedra con-
nected by edge sharing), similarly to Li* intercalation into Li-layered
oxide cathodes (e.g., LiCoO,) [48], However, a different structural
evolution is observed as Zn>* intercalation takes place because of the
diversity of 8-MnO, phases (e.g., chalcophanite, birnessite, buserite,
and vernadite), which leads to different cations and varying numbers of
water molecules within the interlayer. For example, spinel-type
ZnMn3 0, (i.e., 28-Mn* "0, + Zn2* + 2e~ — ZnMn3* 0,) was found
when nano-flake 8-MnO, was used in an aqueous electrolyte (Fig. 10a)
[39], while a reversible variation of MnO,/ZnMnO, was observed for
hydrated 6-MnO, (Ko11 Mn®®°*0,0.7H,0) in a non-aqueous
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electrolyte (Fig. 10b—c) [40]. The capacity of 8-MnO, in an aqueous
electrolyte was found to be about 250 mAh g!, while that in a non-
aqueous electrolyte is only about 120 mAh g (Fig. 10a—c), confirming
the considerable effect of a solvent in ZIBs. However, both capacities
are lower than the theoretical value, demonstrating the limited utili-
zation of MnO,. A high capacity of 305mAh g*, which is close to the
theoretical value (308 mA h g'l), was recently obtained; this is mainly
due to the reversible Zn?" (de-)intercalation within Zn-birnessite-type
manganese oxide and the additional pseudocapacitive contribution of
Na™ [41].

2.1.7. Other Mn oxides
Although Zn?* intercalation is speculated to be limited within A-
Mn**0, because of the limited 3D tunnels, a high capacity of
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Fig. 9. Controversial Zn?* or H* (de-)interaction mechanism within y-MnO, and one typical phase transition. Schematic illustration of the reaction pathway of a Zn

insertion in the prepared y-MnO, cathode. Reproduced with permission [38].

442.6 mA h g~ ! was reported for A-Mn** O, prepared from the leaching
of LiMn,O,4 [42]. This means that the electrochemical performance is
difficult to accurately predict based solely on the crystalline structure,
since a phase transition may exist after the dissolution of Mn®* during
Zn?" intercalation. This point is further confirmed in the case of to-
dorokite-type MnO,, which has a larger [3 x 3] tunnel and should in
theory have a higher capacity to accommodate Zn>*. However, only a
low capacity of 108 mAh g~ ! was obtained in the Mg1 sMngO;,4.8H,0
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cathode [43]. The prevailing mechanism in this cathode is thus unclear
at present; however, it is highly likely that only a small proportion of
Mn** was reduced to Mn®* or Mn2". In addition, the Zn2?" inter-
calation was confirmed within the Mn3* O3, where a transformation of
bixbyite Mn,O3 to layered-type Zn-birnessite takes place upon the re-
duction of Mn®** to Mn>* (Fig. 10d) [44]. The measured capacity was
about 140 mAh g_1 (Fig. 10e), demonstrating that less than half of the
Mn>* reacted during discharge. Finally, the phase transformations of
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Fig. 10. Phase transition of §-MnO, and other types of manganese oxide upon Zn?"* intercalation. (a) Potential vs capacity profiles of §-MnO, using a non-aqueous
AN-Zn(TFSI), electrolyte. (b) Initial five voltage profiles of §-MnO, using an aqueous electrolyte of 1 M ZnSO,. (c) Ex-situ XRD patterns of the cathodes recovered
from the Zn/8-MnO, cells after the first and fifth discharge cycles. (d) Schematic Zn?* (de-)intercalation within an a-Mn,03 cathode and (e) a galvanostatic charge-

discharge curve. Reproduced with permission [39,40,44].

most types of manganese oxide are summarized in Fig. 11. It can be
seen that the reactions and conversion processes are complex, and more
studies are needed to understand the intercalation processes in man-
ganese oxides.

2.2. V-based cathodes

V-based cathodes for ZIBs offer two key advantages over Mn-based
cathodes, including stability and diversity. Different from the typical
MOg octahedral units occurring in MnO,, V-O coordination polyhedra
can adopt different units, including tetrahedron, trigonal bipyramid,
square pyramid, distorted octahedron, and regular octahedron, which
can change based on the V oxidation state [49,50]. As a result, a large
family of vanadium oxides with different frameworks can be con-
structed by corner and/or edge sharing of these polyhedra, which allow
for reversible Zn?" (de-)intercalation. A summary of V-based cathodes
used for ZIBs is compared in Fig. 12. The theoretical capacity of V3* 05
(i.e, V305 + Zn®** + 2e” — ZnV3' 05 is 147.4mAh g, and V3* 05
+ 2Zn%" + 2e” — Zn,V3'O0s is 294.8mAh g) is calculated as a
reference point to compare the measured electrochemical performance
of various V-based cathodes. This is because V,0s is the simplest and
lowest molecular-weight V-based ZIB cathode.

2.2.1. Vanadium oxides

2.2.1.1. V5,05 and M,V,05nH,0. The V,05 and M,V,05 compounds
(M = alkali, alkaline earth metals) generally consist of square
pyramidal (VOs) or octahedral (VOg) units in which the V oxidation
state can be varied from V°* to V** or even to V3" while maintaining
the frameworks. The feasibility of Zn>* intercalation into vanadium
oxide can be judged from ZnxV,05yH,0, which was prepared by the
ionic exchange reaction between V,0s and ZnCl, in an aqueous solution
[51]. Later, the electrochemical intercalation of Zn?", comparable to
that of Li™ ions, was confirmed by cyclic voltammetric analysis [52].
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While the fourfold coordination of Zn?* with four apical oxygens in the
V,0s5 layer and the location of Zn®** in quasi co-planar positions were
confirmed by X-ray absorption spectroscopy (XAS) [53]. Several studies
recently reported high performance V,0s as a cathode for ZIBs [54-58].
Johnson et al. reported a high-power, rechargeable, non-aqueous,
multivalent Zn/V,Os battery with a reversible capacity of 170mAh
g_1 and a voltage at 0.85V (Fig. 13a-b) [55]. Then, a hybrid ZIB of Zn/
V,0s using the concentrated Li/zinc salt electrolyte was introduced,
giving rise to an increased capacity of 239 mAh g~ * [56]. This was the
first time a hybrid-ion battery using concentrated electrolytes in ZIBs
was introduced (Fig. 13c—d), and it triggered numerous follow-up
studies [15,59,60]. However, the details of Li* and/or Zn2*
intercalation within V,Os during the (dis-)charge process still need to
be explored further. As the development of cathode material synthesis
and electrolyte design improved, higher capacities of 372mAh g~ ! and
470mAh g~ ! were obtained for the V,05nH,0/Graphene [57] and
V,05nH,0 [58], respectively, where the battery could cycle more than
a few thousand cycles. Although high capacities were obtained, we
should keep in mind that the capacity is much higher than the
theoretical 294.8mAh g~! calculated based on the V°*/ve™*
variation of the V oxidation state.

The framework stability of V,0s-based compounds can be further
improved by introducing cations and water molecules within the layer
of V,05 (e.g., Zng 55V,051nH50). As illustrated in Fig. 14, Nazar et al.
reported that the interlayer of Zng 55V>05nH,0 (10.8 ;\) could increase
to 12.9 A after being immersed in an electrolyte and then reduced to
11 A during discharge [61]. This occurred because the water molecules
were inserted into the cathode and expanded its layer spacing before
the discharge, but were removed upon Zn?* intercalation during dis-
charge, thereby reducing the interlayer spacing of the cathode. Re-
versibly, the de-intercalation of Zn?>* and the insertion of water mo-
lecules can be observed in the following charge process (Fig. 14a-b). In
this study, a high capacity of 300 mA h g~ ! was obtained with a voltage
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Fig. 11. A summary of phase transition and conversion of most manganese oxides. The green octahedral is MnOg, in which the red and yellow dots represent oxygen
and zinc atoms, respectively. The arrows pointing to the center means that there is a phase transition to layered Zn-birnessite. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article).

of 0.85V (Fig. 14c), where more than one Zn2* per formula unit can be
involved in the reaction even at an extremely high rate.

It is speculated that the interlayer spacing can be further enlarged if
other types of cations with larger radii were located within the cathode
interlayers. Cag 24V2050.83H,0 represents a prime example that has been
recently used as a cathode in ZIBs [62]. In this compound, one Ca atom
coordinates with four coplanar oxygen atoms from the water and three
apical oxygens from the V,Os layers to form CaO, polyhedra (Fig. 15a)
[63]. A larger interlayer spacing was therefore obtained with hydrated
water, as demonstrated by XRD and TGA analysis (Fig. 15b-d). Benefiting
from the unique morphology of Cag4V2050.83H,O nanobelts and
fourfold higher electrical conductivity than Zng »5V>0snH,0, a high ca-
pacity of 340mAh g~' at 0.2 C and 155mAh g~ ! at 30 C was achieved
(Fig. 15e-h). Furthermore, 76% of the capacity of this cathode material
was demonstrated to be capacitive in nature (Fig. 15i), thereby explaining
the reason for a higher capacity than the theoretical value. Another useful
feature of Cag 24V2050.83H,0 is its extremely long cycle life, where over
8000 cycles were shown. The stability of M,V,0snH,0 is further con-
firmed in the case of Nag33V,0s, in which the quadruple octahedral
chains are linked by double chains of square pyramids through sharing
their corners [64]. Although a new phase of Zn,Nay 33V>0, appeared and
a large capacity decay existed in the initial two cycles due to the crystal
distortion and presence of Zn?" in “dead sites,” a reversible high capacity
of 270mAh g~! at ~0.70 V could be maintained over 1000 cycles. In
addition to the Zn?*-, Ca®*-, and Na*-doped V,Os-based compounds,
two other derivate compounds, namely K,VgO,; and Agp4VoOs, dis-
played capacities of around 247 mAh g~! [65,66].
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2.2.1.2. M,V30g. The M,V30g (M = alkali ion or H) compounds are
composed of VOg octahedra and VOs square pyramids, where the
difference in crystalline structure depends on which corner these two
kinds of polyhedra share. Herein, we classify two types of structures
according to their connectivity: (1) edge-sharing octahedral (VO¢) and
square pyramidal (VOs) chains constructing the V30g layers along the z
axis by sharing their corners, with the alkali ions (e.g., Li*, Na*)
located in the interstitial sites linking the V30g layers together, thereby
giving rise to LiV3*Og or NaV3*Og [67]; (2) VO and VO5 connected to
each other by different ways to form V30g layers, where an H atom is
bonded to the oxygen of VOg octahedra [68]. Therefore, H,V30g (i.e.,
V30,-H,0) consists of V°* and V* in a ratio of 2:1. As a result, the
average voltage plateau of LiV;0g and NaV;Og (i.e., 0.75V, V>*/V3+)
is higher than ~0.60V of HyV30g (i.e., VAP /v3+) as Zn?* (de-)
intercalation occurs due to the difference of V oxidation state.

The layered-type LiV30g (LVO) is confirmed to experience a solid-
solution behavior where Zn?" intercalation changes the cathode to
ZnliV30g, ZnLiV30g-Zn,LiV30g to the final Zn,LiV3Og (y=1) during
discharge (Fig. 16a) [69]. The 7Zn2* (de-)intercalation is reversible, and
a specific capacity of 172mAh g~ ! could be achieved (Fig. 16c).
However, the cycling performance of this type of V,Os-based com-
pound displayed only 75% capacity retention in the initial 65 cycles.
For the Na,V30gyH,O cathode, superior capacities of 352mAh g_1
and 361mAh g~ ! were obtained for the cathodes NaV;Og'1.63H,0
[70] and NayVgO143H,0 [71], respectively. The 7Zn?* (de-)intercala-
tion is reversible, and a high rate capacity of up to 2000 mA g~ !

was
observed (Fig. 16b, d). Note that the cycle performance of
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Fig. 12. Specific capacities of ZIBs using V-based cathode materials with different crystal structures and electrolytes.

Fig. 13. Electrochemical performance of V,Os-based cathode. (a) Schematic depiction of a Zn/BL-V,0s cell (red: oxygen, green: zinc, blue: vanadium). (b) Potential
versus capacity profiles. (c) Schematic illustration of a Zn/V,0s aqueous hybrid-ion battery. (d) Comparison of porous V,Os with a recently reported vanadium-based
cathode for ZIBs in terms of specific capacity and voltage platform. Reproduced with permission [55,56] (For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this article).
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Fig. 14. Electrochemical performances of Zng »5V,0snH,0 and structural variation during Zn?* intercalation. (a) Schematic depiction of the Zn metal/Zng ,5V20s
cell in discharged state in aqueous 1 M ZnSO,. (b) Galvanostatic discharge and charge profiles at a 1 C rate and (c) structural variation of Zng »5V2,05nH,0 as Zn?*

(de-)intercalation. Reproduced with permission [61].

NaxV30gyH,0 is much better than LVO [72], and this may be ascribed
to the existence of intercalated water molecules in the interlayers. The
vital role of crystal water to improve stability is further confirmed by
the compound Na; 1V30;.9/graphene [73] and the
FesV15039(OH)99H,0 nanosheet [74], which display capacities of
225mAh g~ ' and 385mAh g~ !, respectively. Benefiting from the
crystal water, the H,V30g could deliver a high capacity of around
375-400mAh g~ ' and exhibit an extremely high rate capability, even
up to 20 C, with a capacity of 250 mAh g~! (Fig. 17) [75-77]. A de-
tailed characterization confirmed that Zn?* (de-)intercalation is re-
versible and that a new phase of Zn,V3;0,H,0 was formed during the
discharge process [77].

2.2.1.3. M,\V,0,. The crystalline structure of M,V,0, consists of
connected [V,0;] groups along the z-axis, in which five-coordinated
[ZnOs] and water molecules within the layer can stabilize the
frameworks [78]. Two kinds of chemical compounds, including
ZnsV3+t0,(OH)yH,O [79] and a-Zn,V3T0O, [80] with nanowire
morphology, have recently been studied in ZIBs. A high capacity of
213mAh g~ !at 50mA g}, a capacity retention of 68% at 200 mA g !
over 300 cycles, and a robust rate capability even up to 3000 mA g~*
were demonstrated for ZnzV,0,(OH)2'H,0 (Fig. 18) [79], while for the
a-Zn,V,0, [80], an average capacity of 220 mAh g_1 was delivered,
where 81% capacity retention was maintained at 4000 mA g~ ' over
1000 cycles. Furthermore, the voltage could be maintained as high as
0.75V on the merit of the initial V°* oxidation state. Note that HZS,
which was always observed in the case of Mn-based cathodes, was

69

found in the discharged products for the first time in these two
cathodes. The formation of HZS can generally be triggered when H™
intercalation exists during discharge. Therefore, more studies are
needed to confirm whether H* or Zn?" intercalation is preferred.

2.2.1.4. M,VO, and M,VO,. Hollandite-type V;,Al, 01 52(0OH)g 77,
derived from the chemical compound of M?*, V“4~**2*0, with a
[2 x 2] tunnel structure composed of a square pyramid, was also
applied as a cathode in ZIBs [81]. An improved capacity of 156 mAh g™
and cycle performance were confirmed in Al-doped V.
«ALO152(OH)o 77, due to the stabilization effect of stronger Al-O
bonds in the crystal structure. However, the work voltage around at
~0.6V (i.e., V**/V3™ redox reaction) is still low even after Al doping.
A higher voltage of 0.75-0.8V with a capacity of 205mAh g was
obtained recently in the compound of MZ* V&**2*(Q,, such as Zn,(OH)
v3*0, [82,83].

2.2.2. Other V-based materials

Other V-based cathodes such as vanadium sulfide (e.g., VS,) [84]
and vanadium phosphate (e.g., NazV,(PO,4)3 [85], NasV,(PO4)sF3 [86])
have recently been applied in ZIBs. The V**S, is a typical layered
transition-metal di-chalcogenide (TMD) with an interlayer spacing of
5.76 A, in which the Zn?* can be intercalated to form Zng ooVS» and
then Zng »3VS, in discharge. A high capacity of 190.3mAh g~ ' and a
robust rate capability were demonstrated (Fig. 19a-b), while the voltage
around 0.6 V (i.e., V** /V3™ redox reaction) is somewhat low compared
to that of V,0Os-based compounds [84]. Benefiting from the stable
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Fig. 15. Electrochemical performance of Cag 24V2050.83H20 (CVO). (a) Crystal structure viewed along the b-axis of CVO. (b, ¢) XRD pattern and (d) TGA results of
as-synthesized CVO. (e-f) SEM and TEM images of CVO nanobelts. Inset in (f) is the EDS spectrum CVO. (g) Galvanostatic charge-discharge profiles at different
current densities. (h) Cyclic voltammetry curves recorded at various scan rates. (i) Capacity separation analysis at 0.3mV s~ . The red-shaded data show the
contribution to capacitive charge storage as a function of potential. Reproduced with permission [62] (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article).

NASICON structure, the Na™ in the NasV,(PO,); can be extracted, and
the framework of NaV,(PO4); can accommodate Zn?* ions reversibly
with V**/V3* redox reactions [85]. This cathode exhibits a specific
capacity of 97 mAh g~ ! with a high voltage of 1.0V (Fig. 19¢-d) [85].
The higher voltage (vs. 0.6 V of VS,) is ascribed to the larger electro-
negativity difference of V-O than that of V-S in the V**/V3* redox
reaction. To seek a higher voltage, the NASICON Na3V5(POy4)sF3 is an
ideal candidate because of the higher oxidation state of V4" and larger
electronegativity resulting from the fluoride ion [87]. As a result, an
impressive voltage of 1.65V with a capacity of 61 mAh g~ was de-
monstrated (Fig. 19e).

In summary, the capacity and stability of most V-based cathodes are
higher than those of Mn-based cathodes because the capacitive con-
tribution to overall capacity is larger, and the structures are inherently
more stable. However, the voltage of the V-based compound is ap-
proximately 0.75 V, which is lower than ~ 1.3V often obtained for Mn-
based cathodes. Therefore, there is still room for improvement of the V-
based cathodes for ZIBs.

2.3. Prussian blue analog-based cathode

A high voltage can be achieved in ZIBs in which Prussian blue
analogs (PBAs)—MFe(CN)¢ (M = Fe, Co, Ni, Cu, Mn)—are used, where
F(III)C¢ and MNg octahedra are linked by C=N bridges to form an open
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3D framework [88]. The PBAs refer to the transition-metal hexa-cya-
noferrates (MHCFs), and different types of PBAs can be prepared by
varying the metal (M). Up to now, NiHCF, CuHCF, and FeCHF with the
typical cubic structure and ZnHCF with a rhombohedral framework
have been studied as cathodes for ZIBs. The relative performance of PB
compared with other ZIB cathodes is summarized in Fig. 20.

The exploration of Zn3[Fe(CN)gl> (i.e., ZnHCF) as a cathode in ZIBs
was proposed in 2015 [89]. A high operation voltage of 1.7V with a
capacity of 65.4mAh g~ ! was achieved (Fig. 21a-b). The results reveal
that 0.85mol Zn?" can intercalate into ZnHCF and that the perfor-
mance can be further improved through controlling the morphologies
and exposed facets [90]. Furthermore, a higher voltage of 1.73V was
demonstrated in the CuHCF nanoparticles (Fig. 21c-d) [91], but with a
low capacity of 56 mAh g~! and a cycle life around 100 cycles [92].
The capacity decay was initially ascribed to the materials dissolution,
affected by the electrolyte and current density [93]. Later, a phase
transition and nucleation within CuHCF was confirmed to be the root
cause [94]; however, more details about the phase transformation
should be investigated. For example, the structural changes associated
with the possibility of Zn®* swapping positions between the tunnels
and the vacant Fe(CN)g sites in the CuHCF has recently been confirmed
by operando synchrotron XRD [94], whereas for the FeHCF, an im-
pressive capacity of 120 mAh g~ ! was achieved through the Fe®* /Fe?™*
redox reaction (Fig. 21e) [95,96]. However, the voltage of FeHCF is
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Fig. 16. Zn?* (de-)intercalation mechanism within M,V30g (M = Li*, Na*). Schematic depiction of the Zn?* (de-)intercalation mechanism in (a) the LiV;0g and
NaV30g1.63H,0 cathode. (b) Initial five voltage profiles of the LVO electrode at a current density of 16 mA g~ . (c) Charge-discharge curves of the NaV30g1.63H,0
at various current densities, ranging from 50 to 2000 mA g~ '. Reproduced with permission [69,70].

~1.1V, which is lower than ~ 1.7 V obtained for ZnHCF and CuHCF. In
addition, the potassium nickel hexacyanoferrate KgggNi[Fe
(CN)6lo.954(H20)0.766 (KNF-086) [97] demonstrates a limited voltage
plateau around 1.2 V and a low capacity of ~56 mAh g~! even though
the Zn?" (de-)intercalation is reversible.

To improve the performance of PBA cathodes in ZIBs, a new re-
chargeable Na-Zn hybrid aqueous battery has been introduced. In this
design, Na™ rather than 7Zn?* (de-)intercalation occurs within the
NiHCF cathode, and a Zn/Zn?" redox reaction occurs at the zinc anode
in the (dis-)charge process. Benefiting from this hybrid concept [98],
the battery can cycle more than 1000 cycles with a higher capacity of
76.2mAh g~! and an operational voltage close to 1.5V (Fig. 22a-b)
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[99]. Alternatively, the composite of ZnHCF@MnO, with a wrapped
structure has also been introduced (Fig. 22c), in which the unique
structure can modulate the Zn>* storage because of the incorporation
of the capacitive and intercalative properties of both components to-
gether with the redox reactions [100]. A high capacity of 118 mAh g !
and a voltage of 1.7V were thus achieved on the merits of these sy-
nergistic effects (Fig. 22d). These two strategies can be widely extended
to seek more reliable battery configurations and performances.

2.4. Spinel-structured oxide

Operational voltage is critical to pursue a high energy density in
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Fig. 17. Zn?®" (de-)intercalation behavior within HyV30g. (b) Crystal structure viewed along the [010] direction, showing the large interlayer gallery between V50,
sheets perpendicular to the [100] direction for Zn?" intercalation. VO, polyhedra are depicted in green and blue for the pristine and the Zn>* intercalated materials,
respectively. ZnO, polyhedra, gray; O, red spheres. (b) SEM image of the H,V30g nanofibers. (c¢) Galvanostatic discharge and charge profiles of the V30,-H»0
freestanding cathode at 1 C. (d) Galvanostatic charge-discharge profiles of H,V30g/graphene at different C rates. Reproduced with permission [76,77] (For inter-
pretation of the references to colour in this figure legend, the reader is referred to the web version of this article).

rechargeable batteries, while the average voltage in ZIBs is limited.
Although PBA-based cathodes display a voltage as high as 1.7V, they
still suffer from poor cycling performance and structural stability. A
new series of spinels, ZnAl,Co, 04 (Fig. 23a) [101], were recently re-
ported as cathodes for ZIBs. This new spinel compound demonstrates a
high voltage of 1.7V, and it can cycle more than 100 cycles with a
capacity of 114mAh g%, in which the Zn®* can intercalate into the
spinel structure reversibly, accompanied by the reversible Co**/Co*
conversion within the lattice (Fig. 23b). In addition, AI** doping can
stabilize the spinel structure due to the stronger Al-O bonds—an effect
that was also observed in the compound V; ,Al,O; 5,(OH)q 7, [81].
Analogous to LiNig gCop 15Alp.0502 (NCA) in LIBs [102], the compound
ZnNi,Mn,Co» 5,0, may be another compound that is suitable as a
cathode for ZIBs [103]. As a result, the new spinels of ZnNi,Mn,Co,.
2x04 (x = 1/2) were prepared and cycled over 200 cycles as cathodes in
ZIBs (Fig. 23c—e) [104]. The obtained capacity was about 174 mAh g'l,
and the voltage was as high as 1.8 V. Multiple reversible conversion
reactions involving Co**/Co®*, Ni**/Ni®*/Ni**, and Mn**/Mn®"*
oxidation states were observed in the Zn2" (de-)intercalation, and a
superior rate capability was demonstrated. The ZIBs using such spinel
compounds and zinc anodes are promising not only thanks to improved
safety over Li, but also thanks to a high energy density of ~305 Wh kg™
(vs. cathode), which is the highest energy density yet reported for a Zn-
intercalated cathode. However, the performances of these new spinels
were not studied in an aqueous electrolyte.
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2.5. Organic and other cathode materials

Organic electrodes have recently attracted great attention in re-
chargeable batteries because the organic network can readily buffer the
structural variation and give rise to a long cycle life (Fig. 20). The 9, 10-
di(1,3-dithiol-2-ylidene)-910-dihydroanthracene (exTTF) was the first
organic electrode used as a cathode in ZIBs [105]. A high capacity of
130mAh g~! with a voltage of 1.05V was demonstrated, and a long
lifespan over 10,000 cycles was achieved (Fig. 24a). Furthermore, a
quinone electrode was recently introduced, in which the Zn?" can be
stored in quinone compounds through coordination with the negatively
charged oxygen atoms in the electrochemically reduced carbonyl
groups. The process is named an “ion-coordination” mechanism, where
the calix [4]quinone (C4Q) delivers a high capacity of 335mAh g1, a
relatively high voltage of 1.0V, and a lone cycle life over 1000 cycles
(Fig. 24b-c) [106]. Note that the polarization in (dis-)charge curves is as
low as 0.07 V, where the flat voltage plateau is similar to that of lithium
iron phosphate (LiFePO,) [107]. However, the dissolution of dis-
charged products and the poisoning of the zinc anode by quinone limit
the cycle life. Moreover, poly(benzoquinonyl sulfide) (PBQS) was also
used as a cathode in ZIBs, and the redox reactions of PBQS molecules
can be regarded as the reversible bonding of Zn>* ions with O atoms in
PBQS (Fig. 24d) [108]. As a result, a high capacity of 203mA h g~!
with an average voltage of 0.9V was demonstrated. This concept of
using polymer-based cathodes in ZIBs can be widely extended. In ad-
dition to the organic and aforementioned inorganic cathodes, another
compound of MogSg was also used as a cathode for Zn?* (de-)inter-
calation. The process from MogSg over ZnMogSg to Zn,MogSg in the
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Fig. 18. Zn>* (de-)intercalation behaviors within M,V,0, (e.g., Zn3V,0,(0OH)>2H,0 ZVO). (a) Crystal structure of ZVO viewed along the b-axis of ZVO. The Zn
atoms in ZnOg and the V atoms in V,0; polyhedra are depicted in blue and yellow, respectively. The gray atoms in the crystal cavities represent the lattice water. (b)
XRD pattern and (c) SEM images of ZVO nanowires. (d) Galvanostatic charge-discharge profiles for ZVO electrodes at a current density of 50mA g~ '. B) Cycle
performance at a current rate of 200 mA g~ '. C) Rate capability of the ZVO cathode. Reproduced with permission [79] (For interpretation of the references to colour
in this figure legend, the reader is referred to the web version of this article).

discharge and charge is reversible; however, the voltage around 0.35 is compound of Zn,Moy 5, ,VOq ,, [110], which has a voltage of ~0.2V
somewhat low, even though a capacity of 90 mA h g~ ! can be delivered with a capacity of 220 mAh g~ . While these chemical compounds are
[109]. The same low-voltage cathode was also found in the chemical not particularly attractive due to the low voltage, they may be

Fig. 19. Zn** (de-)intercalation behaviors in other V-based compounds. (a) SEM image and rate capability of VS,. (b) Charge-discharge curves at different C rates
and Zn?* intercalation mechanism within NASICON NasV,(PO4)s. (d) Rate capability of NASICON Na3V,(PO4).F3 battery. Reproduced with permission [84-86].
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Fig. 20. A summary of the specific capacities of PBAs and other cathodes in different electrolytes.

candidates for storing Zn>"* as anodes.

Based on the above analysis, we can now compare the average ca-
pacity and voltage for the various reported ZIB cathodes: MnO, (240
mAh g’l, ~1.3V) > V-based cathode (245 mA h g’l, ~0.75V) > new
spinel oxide (170mAh g~!, ~1.6V) > organic cathode (335mAh
g !, ~1.0V) > PBAs (~70mAh g™, 1.7V), in which the V-based
compound demonstrates the best stability.

3. Electrolyte development and characterization
3.1. Electrolyte development

Aqueous electrolytes have dominated research on ZIBs because they
are safer and cheaper, and they provide better stability for both anodes
and cathodes. Furthermore, a neutral or mildly acidic aqueous elec-
trolyte is preferred for ZIBs because zinc dendrite and ZnO can form
more easily in alkaline aqueous electrolytes, while a strong acidic
electrolyte can corrode the zinc anode and current collector. Up to now,
different zinc salts, including ZnSO,, Zn(CFs3SOs3),, Zn(NOs),, Zn
(TFSI)z, Zn(CH3COO)2, Zn(ClO4)2, ZH(BF4)2'XH20, Zan, and chlg,
have been widely investigated as ZIB electrolytes. These electrolytes are

summarized in Fig. 2, Fig. 12, and Fig. 20. Among these, ZnSO,4 and Zn
(CF3S03), are the most commonly used because of their stability and
compatibility with the electrodes. However, Zn(CF3SO3), is sig-
nificantly more expensive than ZnSO,4, which may limit its commercial
viability. Zn(NO3), was initially used with various ZIB cathodes, in-
cluding MnO, [20,111,112], V,0s [54], and PBAs [93]. However, its
inferior performance [54] and its degradation of Zn anodes and CuHCF
cathodes were observed due to the strong oxidant property of the ni-
trate ions [93]. The Zn(CH5COO), salt was investigated with various
cathodes, including NasV,(PO4) [85], NazVo(PO4)sF; [86], FeHCF
[95,96], and Nag 9sMnO, [113]. On the other hand, Zn(TFSI), salt was
tested with the cathodes &-MnO, [40], V.OsnH,O [55], and
FesV15039(OH)o'9H,0 [15] [74]. Due to the inferior structural stability
of MHCFs, the salt of Zn(ClO4), was further investigated for the cath-
odes of CuHCF [93] and NiHCF [97]; however, a large polarization was
observed, which could be ascribed to the formation of a ZnO layer on
the zinc anode surface. Although the salt ZnCl, was successfully used in
a gel electrolyte for flexible batteries [114], the narrow anodic potential
window limits its further applications [115]. Other salts, such as Zn
(BF4)2'xH>0, were studied in the organic electrode exTTF [105], while
the low solubility of ZnF, in water was limited [93]. Finally, the organic

Fig. 21. Zn?>* (de-)intercalation behaviors within the PBA cathodes. (a) Crystal structure and (b) rate capability of rhombohedral zinc hexacyanoferrate (ZnHCF). (c)
Framework and (d) galvanostatic charge-discharge profiles of copper hexacyanoferrate (CuHCF). (e) Galvanostatic charge-discharge profiles of ferric hex-

acyanoferrate (FeHCF). Reproduced with permission [89,92,94,96].
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Fig. 22. Strategies to improve performance of PBA cathodes. (a) Schematic illustration of the redox process for the NiHCF//Zn battery and (b) charge and discharge
curves at different current densities. (c) Schematic diagram for the fabrication procedures of the ZnHCF@MnO, composite and the flexible solid-state Zn-ion battery
consisting of a ZnHCF@MnO, cathode, a ZnSO4/PVA gel electrolyte, and a Zn foil anode. (d) Comparative charge-discharge curves of different materials tested under

the same conditions. Reproduced with permission [99,100].

solvents acetonitrile (AN) and propylene (PC)/dimethylsulfoxide
(DMSO) were used with several cathodes, including 8-MnO, [40], KNF-
086 [97], ZnAl,Co,,0O, [101], ZnNiMn,Cos.,,04 [104], and
anM02.5+yVO9+z [110]

In addition to the choice of solvent and salt, other effects are im-
portant for obtaining optimal ZIB performance: i) the salt effect, such as
the difference in de-association/coordination behaviors for different
salts (e.g., ZnSO,4 and Zn(CF3S03)5,); ii) the concentration effect, where
the electrolyte concentration can affect electrode performance; iii) the
solvent effect, including the different solvation capabilities and re-
sultant ZIB performance in aqueous and non-aqueous electrolytes; iv)
the additive effect, such as MnSO, [61], Mn(CF3SO3), [34], and Na,SO4
[116], and; v) a concentrated electrolyte, such as the “water-in-salt”
concept to design electrolytes [15].

The comparative difference between ZnSO, and Zn(CF3SO3), was
presented in the cathode of cation-deficient spinel ZnMn; ggY(.1404
[35]. Compared to the salt of ZnSOy,, a higher reversibility and faster
kinetics of Zn deposition/dissolution were observed in the electrolyte
containing Zn(CF3S03),. The superior performance could be attributed
to the bulky CF3;SO5;~ anions (vs. SO,% with a double charge) that
decrease the number of water molecules surrounding Zn>* cations and
reduce the solvation effect, thereby facilitating Zn®* transportation and
charge transfer (Fig. 25a—c). Furthermore, the concentration of salt can
significantly affect performance, and this can be optimized depending
on the specific properties of the electrode (Fig. 25d) [35]. In addition to
the effect of salt and concentration, different electrochemical behaviors
can also be observed in aqueous and non-aqueous electrolytes. For
example, the V30,-H,0 cathode delivers a high capacity of 375mAh g'1
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at 1 C in an aqueous electrolyte containing Zn(CF3S03),, while only a
low capacity of 60mAh g and slow rate capabilities could be deliv-
ered in a non-aqueous electrolyte using AN (Fig. 14c, Fig. 25e) [77].
The reason for this difference could be the different de-solvation energy
of Zn®* on the electrode surface, where the type and number of mo-
lecules around Zn?" are different. However, this result does not mean
that the aqueous electrolyte is always better than the non-aqueous one,
as we have to consider the interplay between the electrolyte and elec-
trode.

The ZnSO,4 aqueous solution is the most commonly used electrolyte
due to its low cost and stability, even though in some cases a better
performance was obtained using a Zn(CF3S03), aqueous solution [35].
Fortunately, the addition of MnSO, can significantly improve the sta-
bility and capacity of ZIBs, particularly for the Mn-based cathode
(Fig. 25f) [25]. The positive additive effect was also demonstrated in
the case of B-MnO, using 0.1 M Mn(CF3S03), in Zn(CF3S03), (Fig. 25g)
[34]. Most researchers consider that the presence of Mn?* or Na®t
species in an electrolyte can alleviate the dissolution of cathode mate-
rials [116]; however, more detailed studies are required.

In addition to the study of salt, solvent, moderate concentration,
and additives, a super-concentrated electrolyte (e.g., 1 M Zn(TFSI),,
20 M LiTFSI aqueous solution) was also recently developed for high
reversibility of a zinc anode in stripping/plating, in which superior
performances were demonstrated in a Zn/LiMn,O4 hybrid battery
(Fig. 26a) [15]. This concentrated electrolyte idea originated from the
recently reported “water-in-salt” concept [56], in which the V,Og
cathode was stabilized in hybrid ZIBs. Note that the concentrated or
“water-in-salt” electrolyte concept follows similar development in LIBs
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Fig. 23. Zn?>* (de-)intercalation behavior within new spinel oxide cathode. (a) Schematic of the Zn-ion battery using a ZnAlL.Co,_.O, cathode. (b) Typical charge-
discharge curves at a 0.2 C rate for ZnAl,Co,,04 (x = 0.67). (c) Schematic charge and discharge processes for a ZnNi, »Mn; ,»,CoO, electrode. Zn/Ni: silver, O: red,
Mn/Ni/Co: green. (d) CV cycles for ZnNi; ,,Mn; ,,Co0,4, with initial cycles in red. (e) Typical charge-discharge curves at different C rates. Reproduced with permission
[101,104]. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article).

because it can improve the electrode stability [117,118] and/or widen
the electrochemical stability window of aqueous electrolytes [119].

3.2. Electrolyte characterization

The design of an appropriate electrolyte for ZIBs must take into
account the cathode, the anode, and even the current collector.
However, there is no “guiding principle” that can be followed in ZIBs at
present, since most researchers use ZnSO, or Zn(CF35S03), electrolytes,
in which the additives, salt, solvent, and concentration were optimized
based on trial and error [54]. For the cathode, we can identify the
electrochemical performance (vs. the zinc anode) in ZIBs to determine
which electrolyte works best, whereas for the anode, the plating/
stripping process and the Coulombic efficiency (CE) of zinc were stu-
died in the electrolyte. For example, a high reversibility and stability of
the Zn anode were demonstrated in a concentrated electrolyte using a
Zn/Zn symmetric cell under galvanostatic conditions (Fig. 26a), where
a dense, ZnO-free, and dendrite-free Zn anode was demonstrated even
after 500 cycles [15]. Furthermore, the intrinsic properties of the
electrolyte (e.g., Zn>* solvation structures) were investigated and
correlated with the electrode performance (Fig. 26b). Several char-
acterization methods such as Fourier-transform infrared spectroscopy
(FITR), the '®0- NMR of water (Fig. 26¢), and a Raman spectrum were
used to collect the variation of binding information coordinated with
cations (e.g., Zn?"). Meanwhile, the solvation shell of Zn?*, the co-
ordination numbers (Fig. 26d-e), the anodic stability (Fig. 26f), the
binding energy of Zn?* with solvent and anions, the hydration-free
energy, and the de-solvation energy of Zn?* (Fig. 26g) were calculated
by molecular dynamics (MD) simulations [97] and Arrhenius equations
through charge transfer resistance (Rcr) [77]. In addition, Burrell et al

76

presented work on the stability and electrochemical window, ionic
conductivity, diffusion coefficient, and Zn?" transference number in
different types of electrolytes, which were measured by electrochemical
analysis and simulations [120].

4. Zinc anode, current collector, and separator design

For the anode in ZIBs, most researchers use zinc foil directly, while
few studies have used a home-made zinc anode. In addition to the
common zinc foil, other different forms were used, including the mix-
ture of zinc powers, a conductive carbon and binder casted on a con-
ductive support layer [20,90,95], zinc foil [27], or a freestanding thin
layer [86]. In addition, zinc nanoparticles electrodeposited on a 3D,
porous, nitrogen-doped carbon cloth (N—CC) substrate were used as
the anode versus the cathode of MnO, nanorod arrays [28]. Further-
more, novel zinc anodes were also synthesized via electroplating with
organic additives (e.g., cetyltrimethylammonium bromide [CTAB], so-
dium dodecyl sulfate [SDS], polyethylene-glycol [PEG-8000], and
thiourea [TU]) in the plating solution [121]. Each additive produces a
distinct crystallographic orientation and surface texture, where the
electrodeposited zinc using organic additives all exhibit 6-30 times
lower corrosion currents, lower float currents and higher capacity re-
tentions than the commercial zinc foil in the hybrid Zn/LiMn,0O4 aqu-
eous battery (Fig. 27a). In particular, Zn-SDS was confirmed to be the
most suitable due to its low corrosion rate, low dendrite formation, low
float current, and high capacity retention after 1000 cycles. In addition
to the organic additives, the effect of inorganic additives (e.g., indium
sulfate, tin oxide, and boric acid) during Zn electrodeposition were
studied [122], where the corrosion currents on the synthetic zinc sur-
face decreased by 11 times, and the float charge current density
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Fig. 24. Reaction of Zn?" with organic cathode. (a) The capacity development during extended charge/discharge cycling of a zinc-organic hybrid battery using an
exTTF cathode. (b) Galvanostatic discharge/charge curves of a Zn-C4Q battery at the current density of 20 mA g~ *. The upper x axis represents the uptake number of
Zn ions. One Zn?* with two electron transfers generates a specific capacity of 112mA h g~ '. () Optimized configurations of C4Q before and after Zn-ion uptake. (d)
The optimized structure of a segment on the PBQS chain after combination with Zn. Reproduced with permission [105,106,108].

decreased threefold (Fig. 27b). Meanwhile, the electrodeposited zinc
anode demonstrated a higher capacity retention in the model of the Zn/
LiMn,04 aqueous battery. Besides, engineering zinc anode on nanoscale
has also attract considerable interest because the designed shape,
morphology, pattern and curvature can affect the final zinc anode
performance, and can be utilized for various specific applications. For
example, Zn array anode was fabricated onto conductive porous gra-
phene foam via electro-deposition and applied to configure a high-rate
and ultrastable flexible quasi-solid-state ZIB [83].

The selection of a current collector is critical in ZIBs for practical
applications. In commercial LIBs, the cathode and anode can be cast on
flexible aluminum and copper foil, respectively, for manufacturing the
batteries. However, these two types of current collectors are not sui-
table for ZIBs because of the mild acidic environment in the electrolyte.
Therefore, a steel foil or mesh [20-24,26,27,36,38,39,43,44,62,65,69,
73,75,80,90,106,108], a titanium foil or mesh [34,35,56,57,
64,71,86,106], a nickel grid or foam [37,85,100], carbon sheets
[25,55,89,92], a carbon cloth [28,42,91,95], carbon paper [32,41,104],
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carbon-coated aluminum [40], carbon-coated steel [97,109], and gra-
phite foil [94,105] have been widely used as current collectors to
support the cathode, or the cathode was prepared as a freestanding film
[61,76,77,79] or pellet [29,84,101] directly without the current col-
lector (Fig. 27c). The mass loading of the cathode has mostly been kept
around 5 mg cm ™2, and for the zinc anode, the zinc foil can fortunately
be used as the anode and current collector directly in most ZIBs.
However, the possible corrosion issue of zinc needs to be investigated
because the amount of zinc has to be strictly controlled, considering its
weight and cost in applications. On the other hand, the separator is
another important component in batteries to separate electrodes and
prevent shorting; more than 98% of studies on ZIBs use glass fiber or
filter paper (Fig. 27d-e). Only a few studies have used a polymer-based
separator such as Celgard [79,101,104] and Nafion membrane [106].
To date, there is a lack of systematic studies of separator materials in
ZIBs. It is easy to understand the good compatibility of glass fiber and
an aqueous electrolyte; however, the glass fiber is fragile and not as
flexible as polymer-based separators. While the effect of separator
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Fig. 25. Electrolyte effect on the performances of ZIBs. (a) Galvanostatic cycling of Zn/Zn symmetrical cells in 3 M ZnSO4 and 3 M Zn(CF3S053), electrolytes. Insets

enlarge the voltage profiles of the first and 25th cycles. Different anions of (b) SOy4

2

and (c) CF3S0s3-. (d) Comparative CE of a ZnMn,0, electrode using an

electrolyte with different concentrations of Zn(CF3SO3).. (e) Charge/discharge polarization curves of a V3;0,H,O electrode in a non-aqueous electrolyte. (f)
Comparative cycling performance of a-MnO, electrodes with and without 0.1 M MnSO, additive in a 2M ZnSO, aqueous electrolyte at C/3 and 1C, respectively. (g)
Comparison of the cycling performance of Zn/f-MnO, cells with electrolytes of 45 wt.% KOH (at 0.32 C), 3M ZnSO,4, 3 M Zn(CF3S03),, and 3M Zn(CF3S03), with

0.1 M Mn(CF5S03), additive at 0.65 C. Reproduced with permission [25,34,35,77].

compositions on battery performance may be not be as critical as
electrolytes, researchers must address this issue for the successful
commercialization of ZIBs.

5. Applications

The energy density of ZIBs, calculated assuming Mn-based and V-
based cathodes, can reach as high as 85 Wh/kg and 75 Wh/kg, re-
spectively, using assumptions similar to those used in LIBs [123]. These
values are comparable to those of a Ni-H battery and are much higher
than 30 Wh/kg for lead-acid batteries. Although these energy densities
are smaller than the 180-230 W h/kg of LIBs, the safety, low cost, and
environmental friendliness of ZIBs are sufficient incentives to adopt
ZIBs in some applications. There has recently been a trend to develop
flexible batteries because of the rapid growth in wearable devices,
which require a reliable and safe energy storage unit. This could be an
excellent opportunity for ZIBs. As illustrated in Fig. 28, the number of
research papers on flexible batteries increased from 11 in 2010 to 253
in 2017, with 188 published in the last six months alone. Up to know,
two types of flexible ZIBs have been reported, including standard
[30,31,83,114] and hybrid ZIBs [124]. The main component to fabri-
cate a successful, flexible ZIB is preparing a good gel polymer electro-
lyte (GPE). The gel electrolyte in ZIBs was actually used for the first
time in 2003, where GPE films consisting of poly(vinylidenefluoride)
(PVDF), propylene carbonate (PC), ethylene carbonate (EC), and zinc
trifluoromethane sulfonate (ZnTFSI) were prepared and characterized
using a y-MnO, cathode [37]. Later, an extremely safe and wearable
solid-state ZIB comprising a gelatin/polyacrylamide (PAM)-based
hierarchical polymer electrolyte (HPE) and an a-MnO, nanorod/carbon
nanotube (CNT) cathode was introduced (Fig. 29a-b) [30]. This type of
electrolyte was further extended to stretchable yarn ZIBs, in which the
MnO, cathode and zinc anode were both coated on the CNT yarn
(Fig. 29c-e) [31]. Interestingly, the capacity of these two types of
flexible batteries could reach 250-300mAh g~ !, and their cycle life
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could reach more than 500 cycles with a high capacity retention. These
performances are much better than those reported previously in coin
cells, and the reason should be explored. More importantly, benefiting
from the flexible features, these batteries could be widely applied in
wearable devices, such as smart watches, fitness tracking devices, and
wearable and implantable medical devices (Fig. 29f-j). Recently, a
high-rate and stable quasi-solid-state zinc-ion battery with novel 2D
layered zinc orthovanadate array was also reported [83]. This was the
first application of V-based cathode in flexible ZIBs.

As mentioned before, the voltage window of ZIBs has much room to
improve. Therefore, hybrid, flexible ZIBs, using lithium manganese
oxide (LiMn,04, LMO) and lithium iron phosphate (LiFePO,4, LFP) as
cathodes, were reported, in which Pluronic hydrogel electrolytes
(PHESs) consisting of a Pluronic polymer (F77, PEO53-PPO34-PEOs3) and
an aqueous solution of mixed salts (0.25M ZnSO,4 and 0.25M Li,SO4)
were used [124]. As a results, high voltages of 1.8V and 1.18 V were
obtained for the hybrid Zn/PHE/LMO and Zn/PHE/LFP, respectively.
Using these batteries, a wearable, self-charging system, which in-
tegrated flexible ZIBs and solar cells (or other energy harvesters), was
successfully demonstrated; this highlights the vast potential of ZIBs for
wearable applications (Fig. 30).

6. Summary and perspective
6.1. Cathode

Significant advances have been made in the developments of
cathode materials for ZIBs in the past two decades. Nonetheless, there
are still many missing details that are yet to be revealed. For example,
the reaction mechanism of Mn-based cathodes remains controversial,
where the variation in the Mn oxidation state is still not clear (e.g.,
Mn**—Mn®*, or Mn**—Mn?*, or both). The realized capacity of
MnO, cathodes, which is around 240mAh g~ ', and the voltage
window at ~1.3V are attractive; however, more work is needed to
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Fig. 26. Electrolyte characterizations in ZIBs. (a) Galvanostatic Zn stripping/plating in a Zn/Zn symmetrical cell. (b) Chemical shifts for 170 NMR in solvent (water)
as the salt concentration is varied. (c) Representative Zn>" -solvation structures in electrolytes with 1 M Zn(TFSI), and three concentrations of LiTFSI (5M, 10 M, and
20 M). Coordination numbers of Zn anion and Zn solvent in the first solvation shell for the (d) Zn(TFSI), and (e) Zn(CF3S03), electrolytes with four different solvents
(0.1 M ([filled bars] and 0.5M [hollow bars] concentrations). (f) Arrhenius plots of inverse Rcr(Rcr ™~ ') values at different temperatures for a working electrode. (g)
Calculated electrochemical windows (vs. Zn/Zn?") of different salt anions in different solvent dielectric media. Reproduced with permission [15,77,120].

reach consensus on the operating mechanism of Mn-based cathodes in
ZIBs, especially the relationship between the Mn oxidation state var-
iation and the voltage plateaus. This is critical both for understanding
the electrode evolution and in order to develop strategies to improve
electrode performance. In addition, the method of preparing Mn-based
cathodes has to be standardized because a single phase of MnO, is much
easier and safer for practical applications. Meanwhile, the occurrence of
multi-phases in the cathode and their effect on performance has to be
more fully understood. Furthermore, the temperature effect on the
electrochemical performance of ZIBs must be considered more care-
fully, since the dissociation of H,0 (H,0 <= H* + OH™) and the de-
association of the Zn>* solvation structure are a function of tempera-
ture. In addition, more in-situ characterization techniques such as in-situ
TEM need to be utilized to reveal the reaction process in detail.

In contrast, V-based cathodes have good stability and a higher ca-
pacity, beyond the theoretical value, due to the capacitive con-
tribution—a point that is rarely discussed in Mn-based cathodes. In
addition, the moderate voltages of around 0.6-0.8 V for V-based cath-
odes need to be improved. Although a consensus seems to be devel-
oping about the 7Zn?* (de-)intercalation mechanism within V-based
compounds, the details of the capacitive contribution are lacking.

Furthermore, the nature of the electrode/electrolyte interphase in
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ZIBs needs to be studied in more detail. The relationship between the
cathode structure, morphology, vacancies, and electrochemical per-
formances must be linked together. In addition, only less than 30 che-
mical compounds have been introduced in ZIBs up to now (Fig. 12),
while hundreds of V-based compounds with layers or tunnels remain to
be explored. For the PBA cathodes, improving the cycling stability by
either modifying the electrolyte or increasing the robustness of their
crystalline structure remains challenging even though they exhibit an
attractive voltage window of approximately 1.2-1.73 V.

The introduction of spinel oxides such as ZnAl,Co,,O, and
ZnNi,Mn,Co, 04 opens a new avenue to design cathodes with a high
capacity and a higher voltage. However, these are some of the least
studied ZIB cathodes, and more compounds should be investigated and
mechanistic studies conducted. Finally, organic cathodes have attracted
great attention because of their long lifespan; however, their flamm-
ability is a serious issue, and their compatibility with zinc anodes needs
to be carefully considered. In fact, a stable polymer-based organic
electrode has good potential for flexible battery applications because
the flexible molecule has a much higher machinability in production
and better compatibility in deformation conditions for wearable de-
vices. Finally, we need to gain more insight into Zn?* behavior within
the cathode and at the cathode-electrolyte interface through detailed
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Fig. 27. Zinc anode, current collector, and separator design for ZIBs. Performances of battery using a zinc anode with (a) organic and (b) inorganic additives and
commercial zinc foil. (c¢) Types of current collectors and the form of cathode. (d, e) Comparative Celgard microporous membrane and glass fiber. Reproduced with

permission [121,122].

Fig. 28. Number of publications on flexible batteries and ZIBs reported in the
period from 2010 to 2018.

characterization and simulations. In addition, strategies need to be
developed to detect and distinguish H* intercalation in the 7Zn?* (de-)
intercalation process in aqueous electrolytes and Zn-intercalated com-
pounds.

6.2. Electrolyte

For the electrolyte, the compatibility of electrolytes with zinc anodes
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and cathodes should be the first consideration. Then, fundamental stu-
dies are required to understand the electrolyte properties and behaviors.
The cation’s solvation structure, anJr(solvent)x(A)y(B)Z (%, y, and z are
coordination numbers; A represents anions from solute; and B denotes
additives), provides a link between molecular-level interactions and
electrolyte properties. These interactions can directly affect the zinc-ion
diffusion coefficient, ionic conductivity, oxidation/reduction potential,
and stripping/plating of zinc, and they should therefore be systematically
characterized. The information on solvation structure could thus be
collected by spectroscopy (e.g., FTIR, Raman) and simulated by MD si-
mulation. In addition, electrolyte properties such as the stability, elec-
trochemical window, ionic conductivity, diffusion coefficient, and Zn?*
transference number need to be characterized in detail. The molecular-
level interactions, such as determining how the solvent, solute, and ad-
ditives work in the electrolyte, must be addressed thoroughly.
Considering the difference in the Zn®* solvation structure in the bulk and
at the cathode-electrolyte interface regions, the coordination behaviors
and the de-association of Zn>* (i.e., Zn®* (solvent)x(A),(B), <> Zn** +
solvent + A + B) on the interphase also need to be characterized in de-
tail. Besides, mixed and/or multi-phase aqueous/non-aqueous electro-
lytes can be explored as has been recently shown for the effect of water
content in electrolyte on ZIB performance [125]. This is because the
solvation structure and de-solvation capacity could be tuned through the
type of solvent used. Furthermore, the performance of ZIBs in aqueous
electrolyte at extreme temperatures should also be studied because the
aqueous electrolyte can maintain a safe liquid state (vs. non-aqueous
electrolyte), so the ZIBs can work in harsh conditions.
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Fig. 29. A flexible and yarn-based ZIB for wearable devices. (a) Schematic depiction of the synthesis route to the HPE. (b) Schematic illustration of the structure of
the solid-state flexible ZIB. (c) MnO,-coated CNT yard. (d) Zn-coated CNT yard. (e) Schematic diagram of the fabrication and encapsulation of the yarn ZIB. (f) Three
ZIBs were connected in series to power a commercial smart watch. (g) Four ZIBs were integrated in series to power a pulse sensor. (h) Schematic diagram of the ZIB-
powered smart insole. (i) Optical photo of the ZIB-powered smart insole (top), the bending status of the smart insole (middle), and the pressure distribution when
standing on the insole (bottom). (j) The running path (left) and the sport analysis results (right) obtained from the ZIB-powered smart insole. Reproduced with

permission [30,31].

6.3. Anode

For the zinc anode, at least two issues should be addressed: i) the
morphology and amount of zinc that should be used and ii) the cor-
rosion rate of Zn in the electrolyte. As demonstrated in previous lit-
erature, the electrodeposited zinc exhibits better anti-corrosion and
capacity retention than commercial Zn powders. However, most re-
searchers have avoided the zinc anode problems by simply using zinc
foil, which leads to both significant underutilization of the Zn anode
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and substantial waste. In fact, the amount of zinc anode should be
controlled strictly in practical applications to maintain low-cost and
high gravimetric energy density. Therefore, the corrosion rates of zinc
anodes need to be studied in various electrolytes, and based on the
results, the minimal required amount of zinc should be used.
Furthermore, developing efficient strategies to synthesize a specialized
zinc anode (e.g., electro-deposition, atomic layer deposition, thermal
evaporation, etc.), to modify Zn anode surface by methods such as
plasma treatment, or modify electrolytes with anti-corrosion measures
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Fig. 30. A flexible hybrid ZIB. (a) Top-view and cross-sectional photographs of the flexible Zn-based battery. (b) Photographs of the flexible battery under folding. (c)
Capacity change of the battery upon folding and recovering with different stresses. (d) Electrochemical performance of the tandem units with two flexible batteries in
series. Photographs of the tandem unit mounted on the demonstrator’s (e) wrist, (f) fingers, and (g) arm, powering (e, f) an LED and (g) a wearable watch,

respectively. Reproduced with permission [124].

is necessary. The performance of zinc anodes, Zn plating/stripping
behavior, Coulombic efficiency, over-potential, float charge, and cur-
rent density should be characterized. Finally, we should also consider
the effect of Zn anode corrosion, especially with regard to whether any
H, is released when using a pouch cell design in particular.

6.4. Current collector

The current collector is an important component in rechargeable
batteries. The current collector should be highly conductive, flexible,
machinable, solderable, and relatively low-cost. However, collector
engineering remains challenging even for next-generation lithium-
sulfur (Li-S) and lithium-oxygen (Li-O,) batteries due to the corrosion of
the aluminum current collector in LiTFSI-based electrolytes [126] and
the limited machinable or solderable properties of carbon cathodes
[127] in Li-S and Li-O, batteries, respectively. For ZIBs, the choice of
current collector may be limited; an ultrathin steel mesh or foil could be
considered, while carbon cloth and carbon paper may be difficult to
solder and manufacture as ultrathin film. The weight of the current
collector should also be taken into account to achieve a high energy
density. Furthermore, research on current collectors should also con-
sider whether the current collector is light, low-cost, and easy to
manufacture at a large scale. In addition, a direct integration of the
current collector (e.g., ultrathin carbon membrane or networks with
high electric conductivity) and the cathode could be an alternative
strategy to solve these issues.

6.5. Separator and others

More types of separators with different compositions should be
developed because of the fragility and cost of glass fiber, which has
been the dominant separator used in ZIBs. A porous cellulose or hy-
drophilic polymer-based separator may be a choice; however, the pro-
posed materials should be stable in mildly acidic environments and
compatible with the electrode. Finally, the binder should be carefully
chosen because it not only affects the utilization of active materials, but
also determines how robust the electrodes will be. Therefore, more
studies are required on binders for ZIBs—conductive polymers such as
polyurethane, polypyrrole, polythiophene, and polystyrene can be
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considered.

In summary, we have reviewed the recent progress on ZIBs covering
all battery components, including cathodes, electrolytes, anodes, and
separators. We summarized the current performance and mechanistic
understandings of ZIBs, along with their potential applications. We also
identified the areas in which additional studies are required, and we
presented future research directions.
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