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Rechargeable aqueous Zn batteries have been widely investigated in recent years due to the merits of high
safety and low cost. However inevitable dendrite growth, corrosion and hydrogen evolution of Zn anodes
severely compromise the practical lifespan of rechargeable Zn batteries. Despite the encouraging
improvements for Zn anodes reported in the literature, the comprehensive understanding of Zn anodes
under practical conditions is still often neglected. In this article, we focus on the “less-discussed” but
critically important points for rechargeable aqueous Zn batteries, including revisit of the relationship
between the coulombic efficiency and lifespan of Zn anodes, the rational control of the pH environment
in the vicinity of Zn anodes, the design of appropriate aqueous separators and the relevant estimation of
practical energy density for aqueous Zn batteries. It concludes that energy density of 60—-80 W h kg™*

for agueous Zn batteries should be realistic in practice with appropriate cell design. We also propose
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Accepted 9th June 2022 practical technical recommendations for the rational development of aqueous Zn batteries based on
research experience from the community and our group. We hope this article offers readers more
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1. Introduction

Electrochemical energy storage approaches such as commercial
Li-ion batteries are highly attractive due to their high flexibility
and high energy densities." However, the limited resources of Li
on the earth and the safety hazards of flammable organic
electrolytes urge scientists to seek alternative low-cost and
highly safe solutions for future large-scale energy storage.
Recently, rechargeable aqueous Zn batteries using Zn metal as
the anode have been revisited as a potential solution for grid
energy storage due to the advantages of non-flammability,
environmental benignity, low cost, etc.>* Unlike most metals
including Li, Na, K, Mg, Al, etc., Zn metal can be directly applied
as the anode for aqueous batteries and also exhibits a high
theoretical capacity of 819 mA h g™, superior volumetric
capacity of 5854 mA h cm ™ and low redox potential of —0.762 V
vs. the standard hydrogen electrode. Owing to the insensitivity
to oxygen and humid atmospheres, aqueous Zn-based batteries
can be assembled under an air atmosphere without additional
cost arising from harsh water-free and oxygen-free
environments.*
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Nevertheless, Zn metal anodes suffer from significant chal-
lenges, i.e., dendrite growth, low reversibility, significant
volume change and the hydrogen evolution reaction (HER)
during continuous Zn plating and stripping processes. The
intrinsic potholes and roughness of Zn foil result in uneven
active sites and heterogeneous Zn** flux and then influence the
Zn deposition morphology. In mildly acidic electrolytes,
dendrite formation is alleviated compared with alkaline media
but is still inevitable particularly at large current density and
areal capacity, which may pierce the separator and cause short-
circuit inside the batteries.” Dendrite and volume variation are
the general issues for many metal anodes in rechargeable
batteries, while some situations are specific to Zn anodes in
aqueous systems. The HER is thermodynamically prior to Zn**
deposition in mildly acidic aqueous electrolytes, leading to low
coulombic efficiency (CE), consumption of aqueous electrolytes,
buildup of internal cell pressure and thus increase of cell
impedance. H, generation may also bring about local accumu-
lation of OH™ and further generate an insulating hydroxide-Zn
salt on the surface of Zn anodes, increasing the polarization
voltages and degrading the battery performance.®

The instability of Zn anodes has been regarded as the most
vital challenge and the bottleneck for the practical applications
of Zn batteries.” A variety of approaches have been proposed to
address the key challenges of Zn anodes, certain of which are
based on the experience and knowledge for the development of
rechargeable Li metal anodes.*"® Several review articles have

Chem. Sci., 2022, 13, 8243-8252 | 8243


http://crossmark.crossref.org/dialog/?doi=10.1039/d2sc01818g&domain=pdf&date_stamp=2022-07-16
http://orcid.org/0000-0001-7991-1015
https://doi.org/10.1039/d2sc01818g
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2sc01818g
https://pubs.rsc.org/en/journals/journal/SC
https://pubs.rsc.org/en/journals/journal/SC?issueid=SC013028

Open Access Article. Published on 11 June 2022. Downloaded on 4/2/2026 11:15:35 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Chemical Science

been presented on the topic of Zn anodes for rechargeable Zn
batteries very recently,"”™* which well summarized the devel-
opment of new electrolytes, additives, electrode structures,
surface modifications, alloy anodes, etc. The CE of Zn anodes
has been increased to 99.9%,'® and the cycling stability of Zn
anodes has been extended to 10 000 cycles.”” Undoubtedly,
these studies provide valuable insights into the development of
high-performance Zn anodes. Nevertheless, several remaining
underlying issues lack good clarification, which largely hinders
the practical applications of rechargeable Zn batteries as
a viable solution for energy storage. In this perspective article,
we will focus on discussing the “less-discussed” topics for Zn
anodes, including revisiting the rational measurements of the
CE and cycle life for Zn anodes, estimating the achievable
energy density of aqueous Zn batteries, regulating the interfa-
cial pH environment and designing advanced Zn alloy anodes
and novel separators, all of which are crucial to develop high-
performance aqueous Zn batteries in practice. We try to
present readers a practical angle to look at the development of
rechargeable Zn anodes, understand the underlying situations
and scientific challenges for Zn metal batteries, and seek
practical directions for the development of rechargeable Zn
batteries. This work will also be of broad interest to the devel-
opment of high-energy rechargeable batteries using metal-
based anodes such as Li metal batteries. The main topics will
be discussed in the following parts.

1.1. Revisit of the coulombic efficiency and cycle life of Zn
anodes

The CE of Zn anodes can be defined as the ratio of the charge
capacity to the discharge capacity of the electrode in a cell,
which has been widely used as a quantitative indicator for the
reversibility and lifespan of Zn anodes in the literature.” Like
any other rechargeable metal batteries, the rational under-
standing and reasonable measurement methods of CE are of
great importance to evaluate different modification strategies
effectively and fairly. Several researchers have raised concerns
regarding the accurate measurement of CE for rechargeable Zn
batteries in recent years,"**® while a clear understanding of CE
for Zn anodes is still lacking. The CE of Zn anodes is basically
influenced by three types of irreversible reactions: (1) the HER
that occurs during Zn plating contributes to apparent discharge
capacity for Zn anodes but it is irreversible for the following Zn
stripping process, resulting in obviously low CE; (2) the parasitic
chemical and electrochemical reactions between Zn metal and
aqueous electrolytes also lead to irreversible capacity for
reduced CE; (3) the encapsulated Zn metal by insulating by-
products is kinetically inactive, while the “dead Zn” might be
occasionally resumed during repeated Zn deposition-dissolu-
tion processes.****

The above irreversible reactions on Zn anodes are strongly
correlated with the test conditions of the batteries, which vary
greatly from study to study even using the same electrolytes.
Zn||Cu and Zn||Ti half cells are the most common and conve-
nient approaches to measure the CE of Zn anodes, which
contain Zn counter electrode as the Zn reservoir and Cu/Ti as
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working electrodes. Technically, the measurement of CE is
influenced by various factors including the utilization of the Zn
counter electrode and the applied current densities.** High
utilization of the Zn counter electrode will affect the measure-
ment of CE values (on the working electrode), which may be
attributed to the influenced electrolyte environment and actual
cut-off voltage during Zn stripping induced by the non-
negligible parasitic reactions on the counter Zn electrode. The
depth of discharge (DOD) of the Zn electrode is reasonably
lower than 20% for appropriate evaluation of CE (Fig. 1a).
Besides, for a given areal deposition capacity of Zn on the Cu/Ti
working electrodes, a higher current density could lead to
apparently higher CE values due to the reduced time for the
parasitic reactions (Fig. 1b). It's important to evaluate the CE of
Zn anodes under different current densities for comprehensive
understanding of the reversibility of Zn anodes. But the high CE
values under a large current density may be misleading for the
thermodynamic stability and high reversibility of Zn batteries
under practical cycling conditions. Furthermore, the type of
current collector will also affect the CE of Zn electrodes by
influencing the deposition morphology of Zn metal (Fig. 1c).

Apart from the external factors such as current density, Zn
utilization etc., electrolytes are the intrinsic reason for the
reversibility of Zn anodes.”® ZnSO,, Zn(TFSI), and Zn(TfO), are
the mostly studied Zn salts in aqueous electrolytes for Zn-based
batteries. Without special modification, the electrolytes with
ZnSO, salt exhibit significantly higher CE (~99-99.5% in the
20" cycle) than Zn(TFSI), (~70-90%) and Zn(TfO), (~65-91%)
salts (Fig. 1d—f). This is closely related to the different deposi-
tion morphologies of Zn in these electrolytes (Fig. S11). The CE
in ZnSO, aqueous electrolytes show no obvious correlation with
the salt concentration, while the CE in aqueous electrolytes with
both Zn(TFSI), and Zn(TfO), salts strongly correlates with the
salt concentrations. Interestingly, the CE values do not exhibit
a linear dependence with increased salt concentration of
Zn(TFSI), and Zn(TfO), electrolytes as shown in Fig. 1e and f,
and the CE values deteriorate much faster in aqueous electro-
lytes with an organic Zn salt than ZnSO,-based aqueous elec-
trolytes. These results suggest that TFSI~ and TfO~ based
organic Zn salts are intensively involved in the parasitic reac-
tions on Zn anodes, and the decomposition of such electrolytes
may be unable to appropriately protect Zn anodes from
continuous side reactions during Zn deposition-dissolution,
leading to fast decay of the CE during cycling (Table S4+).

Fig. 1g summarizes the reported CE values of >99% for
different types of aqueous electrolytes with further modification
such as adding additives, co-solvents and co-salts.>**?* The
detailed electrolytes and test conditions for CE values are listed
in Table S1.} It is not rare to reach a CE of Zn anodes of >99.5%
after certain cycles; however, achieving >99.9% CE is still
a challenge for aqueous Zn batteries. Few studies with reported
CE of Zn anodes more than 99.9% still require long-term cycling
to reach high values.’®* It is critically important to reach
>99.9% or even 99.99% CE after initial cycles like graphite
anodes in Li-ion batteries. Otherwise, substantial active Zn will
be lost during long-term cycling periods, and Zn anodes still fail

© 2022 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2sc01818g

Open Access Article. Published on 11 June 2022. Downloaded on 4/2/2026 11:15:35 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Perspective

(a) b) 995 )
— = = 1mA cm? 1 mAh cm?
g g S - =
S < < 100
z g 996 oy
5 @ H
S S s
5 5 004 £
L L o
a2 o a
§ £ 002 E
=3 3
8 8 38
99.0
28 57 114 20 285 456 57 1 2 5 8 10 Cu foil i foil ss
DOD of Zn electrode (%) Current density (mA cm?) Current collector
d e f
(@ _ ©) 100 @ 100
£ g -2 £ - 20"
3 g 3
2 2 2
2 2 2
L L L
5 $ £
L L 2
=} Qo =
£ £ £
s s s
] 3 3
o o o
0.5M 1™ 2M 4aMm 0.5M 1™ 2m 4M 05M 1M 2m am
Em 20" ZnSO, salt Zn(TFSI), salt Zn(TfO), salt
(g) 100.0
———————————————— @ - = &
99.8 ref*6 ref*9 ®
o o () (] ref*12
996 @ ref*3 . ref*5 ref*7 ref*8
ref*4 ref*11
ref*1
994t ° ref*10 ®
g @
3 99.2f 8 °
S ref*2
]
£
o
o
'.g [*] S [} ] ) © [ B8
s am
3
2 e
[3)
® e 4
95 M 2M ) 05M
80 am 1M
@ ® @ Baseline electrolytes i
@ ® @ Modified electrolytes e 2M
701 ;)
ZnSO, salt Zn(TFSI), salt Zn(TfO), salt

View Article Online

Chemical Science

Fig. 1 Comparison of the coulombic efficiency of Zn anodes in the 15 and 20™ cycles in Zn||Cu (Ti or stainless steel) cells under different test
conditions. (a) Different DODs of Zn counter electrodes in a 1 M ZnSO, electrolyte at 1 mA cm~2 (correspond to an areal capacity of 0.5, 1, 2, 3.5,
5, 8 and 10 mA h cm™2 respectively); (b) different current densities in a 1 M ZnSO, electrolyte at 1 mA h cm™2; (c) different current collectors in
a1lMZnSO, electrolyte at 1 mA cm~2and 1 mA h cm™2, and different salt concentrations in aqueous electrolytes of (d) ZnSQO., (e) Zn(TFSI), and (f)
Zn(TfO), in Zn||Cu cells at 1 mA cm~2 and 1 mA h cm™2. (g) Summary of published CE values of >99% from the literature in different Zn salt
aqueous electrolytes under different test conditions (blue circles, the “ref*” represents the references in the ESI, and the detailed test conditions
of these references are described in Table S17), and the baseline CE values (red circles) are from (d—f). Note that all experimental data in (a—f) and

the baseline electrolytes in (g) are re-evaluated with 30 um Zn counter
listed in Tables S4 and S5.1

to meet the requirement for long-lasting rechargeable Zn
batteries in practice.

In addition, it could be found that ZnSO,-based aqueous
electrolytes show no obvious enhancement in CE values after
different modification methods, while Zn(TFSI), and Zn(TfO),
based aqueous electrolytes exhibit remarkable enhancement for
CE. This is likely because organic salts containing F~ are more
prone to generate useful and controllable SEI layer components
with the addition of functional additives and co-salts or
solvents.” Nevertheless, a quantified understanding of the
electrolyte decomposition pathway and the mechanism for the
formation of a sustainable SEI layer in aqueous electrolytes with
organic Zn salts is far from being well-understood in aqueous
Zn batteries. The charge transport kinetics in the aqueous-
based SEI layer and its dynamic evolution from both micro-
cosmic and macroscopic viewpoints are highly required to be
well understood to develop highly reversible and long-lasting Zn
anodes in future study.

Appropriate evaluation of CE could be highly relevant to the
lifespan of Zn anodes. Among the aqueous electrolytes with

© 2022 The Author(s). Published by the Royal Society of Chemistry

electrodes in Zn||Cu cells, and the detailed experimental results of CE are

different Zn salts, ZnSO,-based aqueous electrolytes with the
highest CE present 2-5 times longer lifespan than Zn(TFSI),
and Zn(TfO), based aqueous electrolytes (Fig. 2a). With modi-
fications for different types of aqueous electrolytes, the reported
cycle life could be improved to 3000 hours for Zn-based half
cells* and 6000 hours for Zn||Zn symmetric cells® in the liter-
ature report. It should be noted that the baseline and the
improvement in cycle life for Zn anodes vary significantly from
study to study, even with the same electrolytes and testing
protocol.”*** Shallow cycling of Zn electrodes with an abundant
electrolyte delivers an arbitrary long cycle life even with low CE
values because the Zn reservoir can continuously provide active
Zn (Table S2)."* Meanwhile the continuous loss of active Zn will
cause quick capacity attenuation and limited lifespan in
a practical Zn battery without extra Zn resources. It is found that
the lifespan of Zn electrodes in Zn||Cu cells with ZnSO, aqueous
electrolytes is 1000 hours on average under a current density of
1 mA ecm 2, with a Zn utilization of 0.68%. When increasing the
Zn utilization to 2.9%, the cycle life of the Zn counter electrode
exhibits exponential decay for only 190 hours on average. When

Chem. Sci., 2022, 13, 8243-8252 | 8245
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Fig. 2 Cycle life curves of Zn anodes in Zn||Cu (Ti or SS) half cells and Znl||Zn symmetric cells under different test conditions. (a) Comparison
between the baseline ZnSO4, Zn(TFSI),, and Zn(TfO), based aqueous electrolytes with different salt concentrations (red circles: Zn||Cu cells; red
triangles: Zn||Zn cells; 1 mA cm™2and 1 mA h cm™2) and modified aqueous electrolytes in published reports under different test conditions (blue
circles: Zn||Cu cells; blue triangles: Znl||Zn cells; the “ref*" represents the references in the ESI,} and the detailed test conditions of these
references are described in Tables 52 and $31); (b) different DODs of Zn anodes with a 1 M ZnSO, electrolyte at 1 mA cm™2 and 2 mA cm ™2 in
Zn||Cu half cells; (c) different DODs of Zn anodes with a 1 M ZnSQOy4 electrolyte at different current densities in Zn||Zn cells. Note that the cycle life
of baseline electrolytes in Fig. 2a and the experimental data in Fig. 2b and c are re-evaluated with 30 um and 250 pm Zn electrodes, and the

detailed experimental results are listed in Table S4-S6.1

further increasing the Zn utilization to 60%, the cycle life of
Zn||Cu cells changes slightly and decreases along with increased
DOD under both 1 mA cm™> and 2 mA cm ™ (Fig. 2b). The
results suggest that the measurement of cycle life may be
inaccurate with the DOD of Zn electrodes lower than 1% in
Zn||Cu cells. Zn||Zn symmetric cells exhibit a longer cycle life
than Zn||Cu cells and present basically similar attenuation in
cycle life when increasing the utilization of Zn (Fig. 2¢). Under
a given utilization of Zn, the cycle life of symmetric cells and
morphology of Zn deposition strongly correlate with the applied
current densities. The Zn electrode in the Zn||Zn cell (Zn utili-
zation of 5.7%) with a ZnSO, electrolyte delivers the longest
cycle life of more than 1400 hours under a current density of 5
mA cm 2, which is almost twice the life under 1 mA cm™2. As
shown in Fig. S2,t small current densities favor the growth of
a large Zn deposition morphology with a reduced specific
surface area, while enabling abundant time to generate by-

8246 | Chem. Sci,, 2022, 13, 8243-8252

products as well. Large current densities benefit a smaller and
more uniform Zn deposition morphology due to high over-
potential.®* The large current densities might also cause Zn
dendrite growth due to the limited diffusion of Zn>*.** There-
fore, the dependence of cycle life on the current density is
typically very complicated in practice, which depends on the
specific situations of Zn deposition, such as interfacial zZn**
transport, electroconvection, etc.

1.2. pH environment for Zn anodes

The thermodynamic voltage for the deposition-dissolution of
Zn anodes is overlapped with the voltage range for the HER,
both of which are highly correlated with the pH environment of
the electrolyte solutions.**** Regulating the pH of electrolytes
can significantly influence the occurrence of the HER. Mean-
while, the H, generation at Zn anodes also influences the local
pH environment of electrolytes in turn.*® As depicted in Fig. 3a,

© 2022 The Author(s). Published by the Royal Society of Chemistry
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methods for aqueous Zn batteries.

OH™ accumulates locally when the HER occurs at the Zn anode,
thus leading to the precipitation of an insulating hydroxide-Zn
salt on the surface of the Zn anode. The inert byproducts can
cause an inhomogeneous anode surface, resulting in uneven Zn
deposition-dissolution and increased cell resistance. The
influence of pH values in ZnSO, electrolytes on the Zn deposi-
tion morphology is also investigated in Fig. S3.f A few recent
studies have been proposed to stabilize the pH values at the
interface between the Zn anode and electrolyte such as elec-
trolyte modification with pH buffer to regulate H'/OH™
concentration,*** constructing ion-selective coating layers to
isolate the Zn anode from the electrolyte.* By stabilizing the pH
values at the interface between the Zn anode and electrolyte, the
accumulation of OH™ at the vicinity of the Zn anode can be
efficiently suppressed and thus enables sustainably fast reac-
tion kinetics on the Zn anode, suppressing the side reactions
and precipitation of insoluble by-products on the Zn anode.*
Besides, developing in situ pH monitoring techniques for
aqueous Zn batteries could provide constructive guidelines to

N~

hydroxide-Zn salt
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Methods for
monitoring the
variation of

pH value

(a) Schematic illustrations of the reactions under an unstable pH environment at the vicinity of Zn anodes. (b) In situ pH monitoring

stabilize the Zn-electrolyte interfacial environment for stable Zn
deposition. Several approaches for in situ monitoring pH values
have been developed, including the utilization of an acid-base
indicator to visualize the local color change,** applying pH
meters in a Swagelok union Tee** or electrochemical cells in
a UV-Vis cuvette*" or drilled coin cells* (Fig. 3b). But it is still
challenging to exhibit high spatial resolution of the pH envi-
ronment and its evolution near the surface of Zn anodes for
precise control of Zn deposition-dissolution. A future combina-
tion of molecular acid-base indicators with a certain operando
microscopy technique such as micro-Raman or atomic force
microscopy could be helpful to study the electrochemical inter-
facial process from a microscopic viewpoint.****

1.3. Introduction of Zn-based alloy anodes

Introducing a Zn-based alloy could be a viable approach to
improve the corrosion resistance of Zn anodes and enhance the
uniformity of Zn deposition for practical aqueous Zn-based

Zn-based alloy anodes

Current strategies

Zincophilic alloy

Eutectic/3D alloys

EnHONF

&

High-HER-
potential alloys

Promising solutions

Combined with functional
polymer coating layers

Stabilized with
functional electrolytes

6 O electrolytes

Fig. 4 The development of Zn-based alloy anodes for aqueous Zn batteries.
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batteries.*®"” Currently, the progress on Zn-based alloy anodes
is lagging far behind the development of advanced electrolytes
and electrode structures.*® Researchers have tried to design
eutectic alloyed anodes* or 3D Zn alloy anodes® to regulate
homogeneous Zn deposition, use zincophilic alloy layers® to
decrease the nucleation barrier for Zn deposition or provide
a larger overpotential for the HER** (Fig. 4). During practical
cycling, Zn alloy anodes inevitably exhibit continuous change in
structures and compositions during repeated Zn deposition and
dissolution processes. This might make the initial design of Zn
alloy anodes quickly fail during cycling especially under high
utilization of Zn anodes. Detailed investigation on the dynamic
evolution of the morphology, composition, and distribution of
alloying elements in Zn-based alloy electrodes and approaches
of stabilizing Zn alloy anodes during repeated cycling should be
carefully investigated in the future. Our group has recently
proposed a synergistic optimization strategy of a porous metal
coating layer combined with a functional polymer gel electrolyte
layer for greatly improved structural stability of Zn alloy anodes.
The functional polymer gel electrolyte layer enhances homo-
geneous Zn>" distribution in the vicinity of Zn anodes and
stabilizes the composite alloy anodes under high utilization of
Zn. Similarly, Zhang et al.** also proposed a synergistic method
that combined the Cu-Zn solid solution interface on a copper
mesh skeleton with good Zn affinity and a polyacrylamide
electrolyte additive to modify the Zn anode. The combination of
a stable three-dimensional alloy electrode and easily available
electrolyte additive could be an effective strategy to promote the
Zn nucleation, which provides robust structural support and
uniform Zn deposition simultaneously. Therefore, it could be
important to develop synergistic combination of different
approaches to further enhance the reaction uniformity of Zn
electrodes and retain the structural stability of Zn alloy anodes

(Fig. 4).

1.4. Development of appropriate separators

Besides the active components in a cell, the study of inactive
components, such as the separator, is often neglected.** The
separator is the essential part in a cell that separates the
cathode and anode, provides sufficient ionic conductivity and
appropriate mechanical strength to avoid short-circuit by
dendrite growth.>>** Unlike non-aqueous batteries, excellent
hydrophilicity of the separator towards aqueous electrolytes is
crucial for aqueous batteries.”” Commercial polyolefin separa-
tors used in Li-ion batteries are usually not appropriate for
aqueous Zn batteries owing to the poor wettability. Glass fiber
and cellulose membranes exhibit superior hydrophilicity and
large pores, which are widely employed as separators for
aqueous Zn batteries in the current study.’®** However, the
inferior mechanical properties of cellulose and the excessive
thickness of glass fiber limit their practical application, and the
large pores in the separators could induce heterogenous Zn
deposition. The modification of ordinary glass fiber or cellulose
separators by surface coating or functional decoration has been
reported to be effective for improved Zn deposition.®*** Besides,
syntheses of new aqueous separators with a cross-linked

8248 | Chem. Sci, 2022, 13, 8243-8252
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hydrophilic polymer framework such as polyacrylonitrile
(PAN),** polyacrylic acid (PAA),** and Nafion® have also been
proposed for a tailored Zn** diffusion pathway and thus regu-
lating smooth Zn deposition. Nevertheless, it still needs further
clarification and deeper understanding on how to rationally
regulate the Zn>* flux and diffusion kinetics by appropriate
design for the pore structures of the separators. It is noted that
the pore structures (i.e., diameter, shape, tortuosity, etc.) and
mechanical strength of separators should be well balanced
when designing new separators.”” Furthermore, the
manufacturing costs should also be considered for the practical
application of aqueous separators.

1.5. Energy density of aqueous Zn batteries

Owing to the high theoretical specific capacity of Zn anodes and
multi-charge intercalation chemistry of Zn**, mildly acidic
aqueous Zn batteries are expected to deliver high gravimetric
energy density and have attracted surging interest in the
research community.®**® In practice, the achievable energy
density of aqueous Zn batteries should be carefully considered
for the use of many inactive components (carbon additives,
current collectors, separators, cell package, etc.) and extra Zn
metal anodes."”* However, a rational evaluation of energy
density for aqueous Zn batteries is lacking in the literature. We
consider several important parameters to roughly estimate the
achievable gravimetric energy density of different battery
chemistries from the practical perspective according to the
following eqn (1) (the detailed calculation process of eqn (1)
(ref. 70) is presented in the ESIT):

U

E= kﬁ (1)

[y
where E is the estimated gravimetric energy density; C, and C_
are the specific capacity of the cathode material and Zn anode
respectively; U is the average voltage of the battery; & is the mass
fraction of active cathode and anode materials in the cell; R is
the cell balance (N/P ratio, the ratio of negative electrode

capacity to positive electrode capacity).

In Fig. 5, we show the estimation of the gravimetric energy
density for the widely studied cathode materials of MnO, and
V,0;5 as a function of different k values and N/P ratios. Different
charge storage mechanisms for the cathode materials are also
taken into consideration. The MnO, cathode could deliver
a theoretical capacity of ~308 mA h g™ corresponding to one-
electron transfer with an average voltage of ~1.3 V vs. Zn>'/
Zn. A theoretical capacity of 819 mA h g™ ' is used for the Zn
metal anode. With a 0.5 Zn>" intercalation mechanism (eqn (2)),
the energy density of Zn||MnO, aqueous batteries is up to
175 W h kg~ " when k = 0.6 and N/P ratio = 1 are used as shown
in Fig. 5a, which is even competitive to certain nonaqueous Li-
ion batteries (e.g., the commercial LiFePO, cathode).”""”
However, extra Zn metal is typically required in rechargeable
metal batteries for a decent cycle life, exhibiting N/P ratios
larger than 1. It could be found that the estimated achievable
energy density of Zn|[MnO, batteries decreases to 113 W h kg "

© 2022 The Author(s). Published by the Royal Society of Chemistry
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Fig.5 Calculated gravimetric energy densities of different aqueous Zn battery chemistries versus N/P ratios and k values. (a) MnO, cathode with
0.5 Zn?* intercalation reaction. (b) MnO, cathode with 1 H* intercalation reaction. (c) V,Os cathode with 0.5 Zn?* intercalation reaction. (d) V,Os
cathode with 1 Zn?* intercalation reaction paired with a Zn metal anode. (e) Comparison of the gravimetric energy densities of the above battery

chemistries versus different N/P ratios with k = 0.6.

and 83 W h kg~ for N/P values of 3 and 5, respectively (Fig. 5a).
A too large N/P ratio will greatly compromise the achievable
energy density of aqueous Zn batteries. N/P ratios in a range of
2-5 could be reasonable considering both cycle life and energy
density in practice. It is noted that k = 0.5-0.6 is the empirical
value for commercial Li-ion batteries when estimating the
practical energy density.”””® Aqueous Zn batteries may adopt
a similar or slightly lower & value due to more electrolyte usage.
The estimations for the energy density of Zn||MnO, batteries are
also presented under the conditions of k = 0.5 and 0.4 in Fig. 5a.
In practical operation of Zn||MnO, batteries, the H' interaction
and the corresponding formation of hydroxide Zn salt precipi-
tate (eqn (3)) could occur on the MnO, cathode, which would
further reduce the achievable energy density due to the partic-
ipation of aqueous electrolytes during the charge storage
process.”*”> When only considering the 1 H" insertion reaction
as described in eqn (3), Zn||MnO, could only deliver 101, 77 and
62 W h kg™ " at the N/P ratios of 1, 3 and 5, respectively (Fig. 5b, k
= 0.6, and x = 4).

1
MnO; + EanJr + e <Zn;MnO,
2

(2)

© 2022 The Author(s). Published by the Royal Society of Chemistry

1 1
MnO, + H" +e + 6Znso4 + §Zn2+ +OH"

1
+ gHZOH MnOOH + 2ZnSO; [Zn(OH,),xH;0]  (3)

Compared with MnO, cathodes, V,0s cathodes typically
present a simpler charge storage mechanism with Zn>* inter-
calation. When considering 0.5 Zn>" interaction, V,05 shows
a theoretical capacity of 294 mA h ¢! and an average voltage of
~0.8 V vs. Zn*"/Zn. The energy density of Zn||V,0s batteries
could only reach 104 W h kg™ " at a N/P ratio of 1 and k value of
0.6 (Fig. 5¢). A larger N/P value is needed for reasonable cycle life
in practical applications. When k = 0.6 and N/P ratio = 3, the
energy density of Zn|V,0s batteries could only reach
68 W h kg™" as shown in Fig. 5c (red color curve). Besides, V,05
cathodes have been reported to deliver a much higher capacity
than 294 mA h g™, suggesting that more than 0.5 Zn>* could be
inserted into V,0s cathodes.”®”” When considering 1 Zn**
interaction (589 mA h g™ %), the Zn||V,05 battery could deliver
improved energy density as shown in Fig. 5d. For example,
90 W h kg™ " could be potentially achieved when k = 0.6 and N/P
ratio = 3 are used (red color curve in Fig. 5d).
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Fig. 6 Prospective strategies towards practical aqueous Zn batteries.

Based on the above discussion, aqueous Zn batteries could
potentially achieve an energy density of 60 W h kg~ ' under the
conditions of k = 0.6 and N/P ratio = 3 either with MnO, or V,05
cathodes (Fig. 5¢). An energy density of 80 W h kg™ * for aqueous
Zn batteries could be achieved with appropriate design, but
100 W h kg™ " could be very hard with a relevant cycle life.
Manganese oxide cathodes could present higher energy density
and lower cost than vanadium oxide cathodes as shown in
Fig. 5e. Recently, a 2e” charge storage mechanism (ie.,
616 mA h g ') in a MnO, cathode has also been reported in
alkaline Zn|[MnO, batteries”®”® and Mn>‘/MnO, cathodes,*>*
which could further enhance the achievable energy density
when applied with appropriate cell configurations. Neverthe-
less, the slightly sluggish reaction kinetics in MnO, cathodes
and the dynamic change of the solid-liquid interface and
structural stability of MnO, cathodes should be further
enhanced to realize a long lifespan for practical use in the
future.

2. Conclusions

In this article, we revisit the rational measurements of the CE
and cycle life of Zn anodes when developing new approaches for
aqueous Zn batteries. The rational control of the pH environ-
ment in an aqueous electrolyte and the development of in situ
characterization methods, the design of advanced Zn alloy
anodes and the hydrophilic, robust separators are discussed to
provide useful insights to make up for the “less-developed” but
important aspects for rechargeable aqueous Zn batteries. We
also provide a simple and effective method to rationally esti-
mate the achievable energy density of aqueous Zn batteries with
different battery chemistries. The prospective strategies and
future research emphasis are also discussed to promote
aqueous Zn batteries to be a real competitive technology for
practical use, mainly including inhibiting the HER, dendrite

8250 | Chem. Sci, 2022, 13, 8243-8252
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growth and volume expansion for Zn anodes, developing highly
stable and low-cost cathodes, matching appropriate electrolyte
systems with enhanced electrochemical properties and opti-
mizing the compatibility and stability of inactive components
for aqueous Zn batteries (Fig. 6).
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