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Abstract
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Aqueous zinc-ion batteries, due to their high power density, intrinsic safety, low cost, and
environmental benign, have attracted tremendous attentions recently. However, their application
is severely plagued by the inferior energy density and short cycling life, which was mainly
ascribed to zinc dendrites, and interfacial side reactions, narrow potential window induced by
water decomposition, all of which are highly related with the Zn>* solvation structures in the
aqueous electrolytes. Therefore, in this review, we comprehensively summarized the recent
development of strategies of regulating Zn>* solvation structures, specially, the effect of zinc
salts, nonaqueous co-solvents, and functional additives on the Zn*t solvation structures and the
corresponding electrochemical performance of aqueous zinc-ion batteries. Moreover, future
perspectives focused on the challenges and possible solutions for design and commercialization
of aqueous electrolytes with unique solvation structures are provided.

Keywords: solvation structure, aqueous electrolyte, zinc-ion batteries, zinc dendrites

1. Introduction

Lithium-ion batteries using non-aqueous electrolytes have
been dominated the market since 1990s. However, their further
application is severely impeded due to their high cost, limited
sources, and notorious safety issues [1-3]. Aqueous metal ion
batteries, due to their low cost, intrinsic safety, environmental
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benign, and high power density, have been widely investigated
recently, among which zinc ion batteries (ZIBs) have attrac-
ted increasing attentions because of the low redox potential
(—0.76 V vs standard hydrogen electrode) and high volumet-
ric capacity (5860 mAh cm™?) of Zn [4-7].

However, their practical application has been plagued
by low energy density and poor cycling stability, which
was induced by inferior structural stability of cathode, nar-
row stable potential window, zinc dendrites or corrosions,
side reactions on the electrode-electrolyte interfaces [8, 9].
To address these issues, researchers have done tremend-
ous efforts to design various types of cathodes, functional
electrolytes, current collectors, and artificial solid-electrolyte
interphases (SEI), and investigate the fundamental elec-
trochemical mechanisms. For instance, vanadium/Mn-based

© 2023 The Author(s). Published by IOP Publishing Ltd
on behalf of the Songshan Lake Materials Laboratory


https://doi.org/10.1088/2752-5724/ace3de
https://orcid.org/0000-0002-4262-2444
mailto:Chenyufang@nudt.edu.cn
mailto:zhengchunman@nudt.edu.cn
mailto:xpt_fdu@126.com
mailto:xiaopt@nudt.edu.cn
http://crossmark.crossref.org/dialog/?doi=10.1088/2752-5724/ace3de&domain=pdf&date_stamp=2023-8-4
https://creativecommons.org/licenses/by/4.0/

Mater. Futures 2 (2023) 042102

Topical Review

Figure 1. Schematical illustration of the contents in the review.

materials, metal-organic frameworks, organic molecules are
widely explored as the cathodes in ZIBs, and great progresses
have been made in improving the specific capacity and cycling
stability of cathodes [4, 10-12].

Electrolytes, as the media to transport Zn’*T and dir-
ectly contact with both anode and cathode, not only have
a crucial effect on electrochemical kinetics, but also play a
key role in broadening the electrochemical stable potential
windows (ESPWs), suppression of zinc dendrites and cor-
rosions, and inhabitation of water decomposition and side
reactions, highly affecting the overall electrochemical per-
formance, including energy/power density and cycling life
of ZIBs [13-15]. Moreover, compared with other strategies
such as designing electrodes, current collectors, and artifi-
cial electrode-electrolyte interphases with sophisticated struc-
tures or components, electrolyte engineering is facile and
easy for industrial application. Therefore, various types of
aqueous electrolytes, including highly concentrated electro-
Iytes (HCEs), hybrid electrolytes with organic solvents or
polymers as cosolvents, electrolyte with functional additives
have been widely investigated [16-21].

In the conventional aqueous electrolytes for ZIBs, zinc salts
dissolve into water, forming hydrate Zn>*, [Zn(H,0)s]**.
Because of the strong cation-solvent (Zn>*—H,O) interac-
tions, only water, instead of anion, existed in the solvation
shell of Zn?>*, leading to the prior reduction of water and
increase of PH near the anode, which further resulting into
the Zn corrosion and formation of by-products. Moreover, the
inferior kinetics at the SEI accelerates the formation of zinc
dendrites, leading to the rapid capacity fading of ZIBs. Thus,
regulation of Zn?* solvation structure is significantly import-
ant to overcome the challenges in ZIBs.

In this review, we mainly focus on summarization of
recent development of strategies to regulate the Zn>* solvation

structures and their effects on the corresponding Zn-electrolyte
interfacial electrochemical performances in aqueous ZIBs.
Specifically, the effect of zinc salts (concentration and salt
types), co-solvents (organic solvents and polymers), and func-
tional additives (salts, organic additives, inorganic addit-
ives) on the solvation structures and the electrochemical
performances (figure 1).

2. Zinc salts

In the aqueous electrolyte, the solvation structures are determ-
ined by the relative interaction between cation-anion and
cation-solvent. If the overall interaction of cation-anion is
stronger than that of cation-solvent, the anions can partially
replace the solvent in the solvation structure. There are usu-
ally two ways to manipulating the Zn?* solvation structures
in ZIBs: adoption of different zinc salts or change the concen-
tration of zinc salts.

2.1. Zinc salts with different anions

Various zinc salts have been investigated as the solute in
aqueous ZIBs, as shown in figure 2. Since these zinc salts
have the same cation, the components and their structures
of the counteranions have great effects on the physiochem-
ical property and solvation structures of the aqueous ZIBs.
For example, in inorganic zinc salt, ZnF,, due to the strong
electronegativity of F, ZnF, hardly dissolves into water, while
ZnCl, has a high solubility due to the large radius and
relative weak electronegativity of CI~. Therefore, systemic-
ally investigation of the effect of different zinc salts on the
solvation structures and the corresponding electrochemical
performances [22]. In this section, we only discuss the effect
of zinc salts with concentration <2 M (mol 171) on the Zn?*
solvation structures to avoid repetition with the next section.
Zhang et al investigated the effect of different zinc salts on
the ESPWs and the Zn stripping/platting kinetics, as shown
in figure 3. Electrolytes with ZnCl, and Zn(NOj3), show
poor electrochemical stability with ESPWs no more than
1.5 V vs. Zn>*/Zn, exhibiting poor compatibility with Zn
anode and inferior oxidation resistance (figures 3(a) and (b)),
while these with Zn(OTF), and ZnSOy4 deliver ESPWs lar-
ger than 2 V vs. Zn>*/Zn (figures 3(c) and (d)). Moreover,
compared that using ZnSQy, cells using Zn(OTF), delivered
both enhanced reversibility and improved kinetics during
Zn stripping/platting processes, which was ascribed to that
the bulky anion (CF3SO;~) with large size decreased the
water in the Zn>* solvation structures and fastened the de-
solvation of Zn%* [23]. This phenomenon was also observed
in electrolyte with Zn(TFSI), by Peng er al [24] Different
from ZnCl,, electrolytes with 1 M Zn(ClO4), show anodic
stability up to 2.4 V and an average coulombic efficiency
(CE) of 99%, which is better than those of electrolytes
with ZnSO4 and Zn(OAC), [25]. Moreover, in the aqueous
low-concentrated electrolytes with different salts (ZnSOy,
ZnCl,, Zn(ClOy),, Zn(TESI),, and Zn(OTF),), similar solva-
tion structures with Zn?>* coordinated with five or six water
molecules are expected, while other water molecules form a
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Figure 2. Molecular structures of various zinc salts.

network via hydrogen bonding, leading to narrow ESPWs,
side interfacial reactions, and formation of zinc dendrites [26—
29]. Although various aqueous electrolytes using different
zinc salts with low concentration have been investigated, they
still cannot meet the requirement of aqueous ZIBs. Therefore,
aqueous electrolytes using zinc salts with high concentration
have been explored.

2.2. HCEs

By increasing the concentration of zinc salts, the overall inter-
action of cation-anion increases while that of cation-water
decreases, facilitating the desolvation of Zn%t, thus inhibit-
ing the formation of zinc dendrites. Meanwhile, improving
the salt concentration decreases the number of water molecule
in the Zn?>* solvation structure, simultaneously inhibiting the
formation of hydroxyl OH™ and the following byproducts.
Moreover, HCEs can significantly broaden ESPWs, which
has been proven in various electrochemical systems [30].
For example, 30 M ZnCl, in water was used in aqueous
ZIBs to improve the inferior electrochemical performance in
conventional electrolytes [31].

Wang et al designed an aqueous electrolyte composed of
1 m Zn(TFSI), and 20 m LiTFSI for ZIBs (1 m = 1 mol kg~ ).
In this HCE (or water in salt), Zn>* was mainly coordin-
ated with TFSI™ instead of water, forming a solvation sheath
of Zn (TFSI),, and leading to an anion-derive interphases,
which effectively inhibited the H, evolution and facilitated
Zn stripping/platting. As a result, the ZnllPt cells exhib-
ited an average CE of >99.7% after more than 200 cycles
at 1 mA cm~2, and ZnllZn symmetric cells shown stable
cycling stability for more than 500 cycle at 0.2 mA cm™2
without formation of ZnO byproduct [32]. Similarly, Wan
et al investigated the effect of HCEs, composed of 1 M
Zn(OTF), and 21 M LiTFSI in water, on the electrochem-
ical performance of aqueous ZIBs, and it was found that
the oxygen evolution (begin at 2.6 V) was significantly

suppressed at high voltage due to the unique solvation struc-
tures in HCEs [33]. Similarly, a HCE consisted of 1 M
Zn(OTF), and 15 M LiTFSI in water was used to suppressed
water decomposition and cathode dissolution at high cut-
off voltage, resulting into a capacity retention of 82.3%
after 2000 cycles [34].

Later, Zhao designed a ‘water-in-deep eutectic solvent’
electrolytes composed of water and urea/LiTFSI/Zn(TFSI),,
which have similar solvation structures with those of HCEs
and all water participated into the deep eutectic solvent’s inter-
net network without free water molecules. As a result, the
electrolyte delivered a wide ESPW of >2.5 V vs Zn**/Zn
and enhanced Zn stripping/platting stability with cycle life
of >2000 h at 0.1 mA cm~2. Zn/LiMn, Oy battery using this
electrolyte exhibited a capacity retention of >90% after 300
cycles at 0.1 C [35]. A novel hydrate deep eutectic electro-
Iyte composed of sulfolane (SL) and Zn(ClOy), - 6H,0 was
designed by Lin et al for aqueous ZIBs operated under low
temperature. The unique solvation structures of this novel
hydrate deep eutectic electrolyte facilitated Zn>* diffusion and
deposition, and reduced water reactivity, leading to ZIBs with
organic cathodes operated at —30 °C with excellent cycling
stability [36]. Binary hydrate melt electrolyte composed of
ZnCl, and Zn(OAC), was also designed for aqueous ZIBs,
which effectively expelled water molecules from Zn>* solva-
tion structures, significantly suppressing the water decom-
position, Zn corrosion [37]. Ionic liquids are also used as
the salts for HCEs in ZIBs. For instance, electrolytes com-
posed of 4 m Zn(TFSI), + 4 m P01y -TFSI in water
were explored by Ma et al, and they found that the addi-
tion of Pasupo1) -TFSI changed the solvation structure of
Zn?*, leading to polymeric-species containing and fluorine-
rich SEI, which enabled ZnlICu cells with a CE of 99.9% and
ZnllZn cells with excellent cycling stability even at current
density of 2.5 mA cm~2 [38].

In 2021, Zhu designed another novel HCE by addition
of NaClOy into Zn(ClO4),-based electrolyte, forming 0.5 m
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Figure 3. Cyclic voltage curves of Zn||Zn symmetric cells using (a) 1 M ZnCly, (b) 1 M Zn(NO3),, (c) 1 M Zn(OTF),, (d) 1 M ZnSO4
aqueous electrolytes between —0.2 and 2.0 V at a scanning rate of 0.5 mV s~ !. Reprinted with permission from [23]. Copyright (2016)

American Chemical Society.

Zn(ClOy4); + 18 m NaClO4 aqueous electrolyte. In the dilute
electrolyte composed of 0.5 m Zn(ClOy4), in water, Zn>*
coordinated with six water molecules (figure 4(a)), in accord-
ance with that in other dilute aqueous electrolytes. With the
addition of NaClOy4, ClOs appeared in the solvation shell
of Zn** due to the stronger Zn>T— ClO4 affinity compared
with that of Na™— ClO; (figure 4(b)). CIO; dominated the
solvation sheath of Zn>* without water molecule when further
increasing concentration of NaClOy4 (figure 4(c)), which was
also demonstrated the shift of *>Cl nuclear magnetic reson-
ance (NMR) signal in figure 4(d). Due to the change of Zn>*
solvation structures, a ClO; derived Cl-containing SEI was
successfully constructed on the surface of Zn, leading to an
average CE of 98.2% in ZnlITi cells at 0.4 mA cm~2 over
100 cycles and enhanced cycling stability of ZnllZn cells with
1200 h at 0.2 mA cm™2 [26].

Recently, MOF-based super-concentrated electrolytes were
proposed by Zhou’s group and applied them into aqueous
ZIBs. For instance, they designed a ZIF67-based electrolyte
with a concentration of 2 M ZnSQOy in water. In the tradition

HCEs, with the increases of zinc salt concentration, anion
gradually replaced the water molecules in the Zn>* solvation
structures, forming solvent separated ion pair and contact ion
pair (CIP), the ratio of which are 56% and 44% in the saturated
ZnSOy electrolyte (~3.3 M, figure 4(e)). In the ZIF67-based
electrolyte, even at a concentration of 2 M, a unique solvation
structure was formed in which Zn?>* and SO3~ are coordin-
ated more closely due to the size constraint of small pore size
of ZIF67, as shown in figure 4(f). This unique solvation struc-
ture can effectively suppress the side reactions and promote
Zn plating, as a result, ZnllZn symmetric cells delivered an
enhanced cycling life of near 3000 h at 0.5 mA cm~? with
compact and dendrite-free deposition (figures 4(g)—(j)) [39].
Similar strategies was also adopted using zeolite molecular
sieve instead of ZIF67 by the same group, and significantly
enhanced electrochemical performance was also obtained:
symmetric ZnllZn cells delivered a ultra-long cycle life of
4765 h at 0.8 mA cm~2 with compact Zn deposition, and
ZnllVO; cells exhibited a capacity retention of 70.3% after
3000 cycles [40].
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Figure 4. Snapshots of equilibrium trajectories from MD simulation of (a) 0.5 m Zn(ClO4),, (b) 0.5 m Zn(ClO4)2 + 9 m NaClOy, and
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Society of Chemistry. Schematic illustration of Zn>* solvation structures in (e) saturated ZnSO4 electrolytes and (f) MOF-based electrolyte.
SEM images of (g), (h) bared Zn and (i), (j) MOF-coated Zn. [39] John Wiley & Sons. [© 2020 Wiley-VCH Verlag GmbH & Co. KGaA,
Weinheim]. (k) The calculated formation energy of ions and water. Reproduced from [41]. CC BY 4.0.

Zhang et al systemically investigated the concentration
of zinc salt (ZnCl,) from dilute (1 M) to highly concen-
trated (30 M) on the Zn?t solvation structures and their per-
formance under low temperatures. It was found that with
increasing concentration of ZnCl,, the ratio and Zn(H,0)¢2*
decreased with the increase of Zn(H,0),Cl,>~; when the con-
centration was higher than 7.5 M, ZnCls~ and polynuclear
aggregate appeared and increased with improving salt con-
centration, which both breaking H-bonds in dilute electro-
Iytes (figure 4(k)). Meanwhile, the solvation structure in 7.5 M
ZnCl, electrolytes shown less ion interaction, depressing the
liquid-glass transition, thus leading to better low-temperature
performance. Therefore, using 7.5 M ZnCl, in water, ZnllCu
cells delivered a high CE of 99.52% at —70 °C, ZnllZn sym-
metric cells exhibited a cycle life of 450 h at —70 °C, and
polyanilinellZn batteries worked in a wide temperature from
—90 to +60 °C with a capacity retention of almost 100% at

—70 °C over 2000 cycles [41]. Sun et al also investigated
an electrolyte of 4 M Zn(BF,), in low-temperature, which
enabled Znlltetrachlorobenzoquinone battery worked at tem-
perature as low as —95 °C since the introduction of BF; into
the Zn>* solvation structure could effectively break the H-
bonds in dilute electrolyte [42].

Recently, Wang introduced 2, 2, 2-trifluoroethanol (TFE)
into highly concentrated aqueous electrolyte (30 M ZnCl, in
water), due to electron withdraw effect of CF3 in TFE, H-
bonds formed between TFE and water in the solvation struc-
ture. As a result, Zn>* solvation structure changed from large
cluster in 30 M ZnCl, in water to smaller clusters with higher
ratio of Zn(H,0),Cl,2~, resulting into high CE of 99.74%
after 100 cycles in ZnllCu cells, long cycle life of >4000 h,
and excellent cycling stability with a capacity retention of
87.6% after 2000 cycles at 2 A g=! for Znll(Polyaniline)
PANI batteries [43].
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Although adoption of HCEs can significantly improve the
electrochemical performance, the high concentration of zinc
salts inevitable increase the viscosity of electrolyte, exacer-
bating the electrochemical kinetics and power density of
aqueous ZIBs; meanwhile zinc salts with high concentration
highly increase the prices of ZIBs, both of which comprom-
ise the advantages of aqueous ZIBs such as low cost and high
power density.

3. Nonaqueous solvents

In aqueous ZIBs, adoption of water enables batteries with
intrinsic safety and excellent ion transport kinetics, which,
however, result into structural instability of both cathode
and anode, narrow ESPWSs, Zn dendrites, and interfacial side
reactions [30, 44]. Using nonaqueous solvents as the cosolvent
can significantly decreases the numbers of free water and
water in the solvation structures, thus effectively alleviating
the above issues. In this section, we mainly summarized the
effect of nonaqueous solvents, including organic solvents and
polymers, on solvation structure/behavior and the correspond-
ing electrochemical performances [11, 45—47].

3.1 Organic solvents

There are usually two types of organic solvents, nonpolar
solvents and polar solvents. In order to regulate solvation
structures of Zn>*, only polar solvents are investigated. These
polar solvents include esters, ethers, amides, alcohols, sulf-
ones or sulfoxides, and other polar solvents.

Propylene carbonate (PC), as the solvent of aqueous elec-
trolyte in ZIB, was investigated by Ming et al [48]. Molecule
dynamics (MD) simulation demonstrated that in pure elec-
trolyte (1 M Zn(OTF), in water), there were only six water
molecules in the primary solvation sheath of Zn?>*. When the
volume ratio of PC increased to 50%, the number of H,O
in primary solvation sheath decreased to 2 (figures 5(a) and
(b)), which was further reduced to about 0.5, while more
PC and OTF" dominated the primary solvation structures,
when the volume ratio of PC increased to 90%. The vari-
ation of solvation structures not only minimized the water, but
also leading to the formation of robust anion-derived ZnCOs,
ZnF,-containing SEI. As a result, the hybrid electrolyte (1 M
Zn(OTF), in water: PC, 1:1) exhibited a wide ESPW of 3.1 V
(—0.6 ~ 2.5 V), enabling ZnlICu cells with an average CE of
99.66% after 500 cycles and ZnllZn cells with a cycling life
>1600 h. Zhang et al explored dimethyl carbonate (DMC)
as the co-solvent in aqueous electrolytes, and found that in
hybrid electrolyte (2 M Zn(OTF), in water: DMC, 4:1), DMC
and OTF~ both appeared in the solvation structures due to the
strong interactions between Zn*t and DMC and OTF", form-
ing a solvation structure of Zn%t[H,0139[DMCJo7[OTF 1 4,
which was different from that in pure aqueous electrolyte, fur-
ther resulting into a robust organic/inorganic hybrid SEI rich
in ZnCOj3 and ZnF, (figure 5(c)). As a result, an average CE of
99.8% was achieved in ZnlITi cells after 600 cycles at a high
current density of 5 mA cm™2, and ZnllZn symmetrical cells
shown improved cycling stability over 1000 h at 1 mA cm™?

without Zn dendrites (figure 5(d)). Triethyl phosphate (TEP),
due to its high donor number (DN, 26 kcal mol~!), was invest-
igated by Liu et al. By replace 50% of the water with TEP in
the aqueous electrolyte, TEP dominated the primary solvation
structures, resulting into a robust a robust poly-ZnP,Og and
ZnF,-rich polymeric-inorganic SEI, thus effectively inhibiting
water activity and formation of Zn dendrites. As a result, using
this electrolyte (0.5 M Zn(OTF), in water: TEP, 1:1), ZnllCu
cells exhibited an average CE of 99.5% after 200 cycles, and
ZnllV,0s5 cells maintained 250 mA h g~! after 1000 cycles
at a current density of 5 A g~! [49]. Other esters, such as
diethyl carbonate (DEC) and trimethyl phosphate (TMP) are
widely investigated as the co-solvent in aqueous electrolytes,
which show [50-52].

Besides esters, ethers are also investigated as co-solvents
in aqueous electrolytes. Du et al explored 1,3-dioxolane
(DOL) as the co-solvent in aqueous electrolyte of ZIBs,
and found that the addition of DOL altered the solvation
structures of Zn>*, thus expanding the potential of hydro-
gen evolution. As a result, ZnllTi cells with the hybrid elec-
trolytes (1 M Zn(OTF), in water: DOL) exhibited excellent
stripping/platting reversibility with CE of 98.6% after 300
cycles, and ZnllV,0s cells maintained a high capacity reten-
tion of 94% after 1500 cycles [58]. Another linear ether, 1,2-
dimethoxyethane (DME) was also adopted in the aqueous
electrolytes. As shown in figure 5(e), when the volume ratio
of DME increased to 40%, H-bond network was interrup-
ted and solvation structure only with water coordinated with
Zn>* changed to that with DME and OTF-, which further
leading to the formation of an organic-inorganic SEI with
ZnF, and ZnS, effectively inhibiting water-involved side reac-
tions and Zn dendrites. Consequently, high reversibility of
ZnllCu cells with CE of 99.7% over 800 cycles, excellent
cycling stability of ZnllZn symmetric cells with 5000 h at
2.0 mA cm~2 were achieved. Moreover, ZnlIVOH full cells
also shown significantly enhanced cycling stability with capa-
city retentions of 93.1% and 73.4% after 2000 and 4000 cycles,
respectively, at 2 A g~ ! [54].

Hao et al investigated methanol as the anti-solvent in
ZIBs, and found that with the volume increasing, methanol
firstly interacted with water, breaking the original H-bond net-
work, then gradually enter into the primary sheath of Zn>*,
both of which could minimize the water-induced side reac-
tions. As shown in figure 5(f), the addition of methanol
effectively expanded the ESPWs and inhibited water decom-
position. ZnllCu cells using 2 M ZnSO4 in water: meth-
anol (1:1 by volume) achieved an average CE of 99.7%
after 900 cycles. Moreover, both ZnllCu cells and ZnlIPANI
cells using this hybrid electrolyte exhibited enhanced wide-
temperature performance [55]. Besides methanol, ethanol,
1,5-pentanediol, glycerol, and ethylene glycol have been
widely explored [27, 28, 61-63].

In 2020, dimethyl sulfoxide (DMSO) was used by Cao
et al to investigate its effects on ZIBs. As schematically
shown in figure 5(g), the addition of DMSO not only inter-
rupted the original H-bonds in water, but also appeared in
the primary sheath of Zn>*, resulting into SEI with abundant
7Zn15(S04);Cl3(OH)5- SH,O, ZnSO3, and ZnS. As a result,
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Figure 5. (a) Snapshot of MD simulation of electrolyte composed of 1 M Zn(OTF), in water: PC (1:1), and (b) the corresponding radical

distribution function. Reprinted with permission from [48]. Copyright

(2022) American Chemical Society. (c) Schematic of the SEI and the

interfacial chemistry in 2 M Zn(OTF); in water: DMC, and (d) SEM of Zn after cycling. Reproduced from [53] with permission from the
Royal Society of Chemistry. (e) Schematically illustration of solvation structures in electrolytes with or without DME. Reprinted from [54],
Copyright (2022), with permission from Elsevier. (f) LSV curves of different electrolytes [55]. John Wiley & Sons. [© 2021 Wiley-VCH
GmbH]. (g) Schematics of solvation structures of ZnCl, —H,O—DMSO hybrid electrolyte and SEI. Reprinted with permission from [56].
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images of Zn anode in different electrolytes [57]. John Wiley & Sons.

the ZnCl,—H,O—DMSO hybrid electrolyte endowed ZnllTi
cells with a high CE of 99.5% for 400 h, and ZnlIMnO2 cells
a high capacity retentions of 95.3% after 500 cycles [56].
In 2022, Li et al found that N-methyl-2-pyrrolidone (NMP)
was effective to regulate the solvation structures of Zn>*
(figure 5(h)) and inhibiting Zn dendrites and hydrogen evol-
ution (figure 5(i)). Consequently, using electrolytes composed
of 2 M ZnSOy in water: NMP (1:1 by volume), ZnlICu cells
achieved high average CE of 99.7% after 1000 cycles, ZnllZn
cells exhibited cycling stability of over 500 h at 1 mA cm~2,
and Zn/VS, full cells delivered an ultralong cycle life with
a capacity retention of 99.4% after 2000 cycles, demonstrat-
ing the significant effect of NMP on ZIBs [57]. Moreover,
other organic solvents, such as tetramethylurea (TMU) [64,
65], N,N-dimethylformamide (DMF) [8], and N, N-dimethyl
acetamide (DMA) [66, 67], also show great potentials in

[© 2022 Wiley-VCH GmbH].

improving electrochemical performance of ZIBs, the perform-
ances of which have been summarized in table 1.

3.2. Polymers

Besides small organic molecules, polymers with polar func-
tional groups also have significant effects on reshape of the
solvation chemistry. Polyethylene glycol (PEG), as a repres-
entative polar polymer have been explored. Wu et al found
that PEG and anions would enter into the solvation structures
of Zn?t with increasing the addition of PEG, as shown in
figure 6(a) [60]. Moreover, compared with electrolytes with
high concentration of zinc salts, addition of PEG significantly
reduced the free water in the solvation structures, as shown
in figures 6(b)—(d) [59]. Meanwhile, PEG interacted with
H,O, interrupting the original H-bond network. Due to the
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Table 1. Typical electrolytes and their effects on electrochemical performance of ZIBs.

CEs of half cells after cycles

Cycle life for ZnllZn

cells at different

current densities (h,

Electrolyte ESPWs (V) (%, cycles) mA cm’z) References
Zn salts

1 m Zn(TFSI); and 20 m LiTFSI in water — >99.7, >200 170,0.2 [32]
Zn(TFSI),/LiTESI/ Urea in water >2.5 96.2, 11 2400, 0.1 [35]
Sulfolane and Zn(Cl104)2 - 6H20 — 98, 100 800, 0.5 [36]
4 m Zn(TFSI)2 + 4 m Paageor) -TFSI in water 242 99, — >800, 1 [38]
0.5 m Zn(ClO4)2 + 18 m NaClOg4 — 98.4, 100 >1200, 0.2 [26]
2 M ZnSO4—ZIF67 in water — — 3000, 0.5 [39]
7.5 M ZnCl, in water — 99.52 (—70 °C) 450,0.2 (=70 °C) [41]
20 mol% TFE into 30 m ZnCl, >2.4 99.74, 100 >4000, 0.2 [43]
Aqueous solvents

2 M Zn(OTF); in water: DMC (1:4 by volume) — 99.8, 600 >1000, 1 [53]
1 M Zn(OTF); in water: PC (1:1 by volume) ~3.1 99.66, 500 >1600, — [48]
0.5 M Zn(OTF); in water: TEP (1:1 by volume) — 99.5, 200 — [49]
2 m Zn(OTF), 4+ 7 m DEC in water — 99.24%, 400 >3500, 5 [50]
1 M Zn(OTF); in water: DOL (1:1 by volume) — 98.6%, 300 1000, 1 [58]
2 M Zn(OTF); in water: DOL (3:2 by volume) — 99.7%, 800 5000, 2 [54]
2 M ZnSOy in water: methanol (1:1 by volume) — 99.7%, 900 — [55]
1.3 m ZnCl, in water: DMSO (4.3:1 by volume) — 99.5, 400 — [56]
2 M ZnSOy in water: NMP (1:1 by volume) 99.7, 1000 >500, 1 [57]
2 M Zn(OTF),; + 0.25 M TMU in water 99.5, 1200 >1500, 5 [64]
2 M ZnSOy in water: DMA 99.6%, 700 >4500, 1 [66]
2 M Zn(OTF); in water: PEG (3:7 by weight) — 99.7%, 150 — [59]
1 M Zn(OTF); in water: PEG (3:7 by weight) — 9000, 1 [60]
Functional additives

2 M ZnSOy in water with 1vol. % Py 2.68 99.5, 1200 3300, 0.5 [76]
2 M ZnSOy in water with 0.05 M EDTA — 98.5, 200 3000, 5 [73]
2 M ZnSOy in water with 1vol. % FEC — 99.1, 250 1000, 4 [78]
2 M ZnSOy in water with 1vol. % SL — 99.64, 400 1000, 2 [79]
2 M ZnSO4 +0.2 M Mn SOy in water with 5% DX — 99.8, 200 600, 5 [70]
2 M ZnSO4 +5 mM vanillin in water — 99.8, 800 1000, 1 [71]
3 M Zn(OTF); 4+ 1 M urea 4 0.3 M LiOAC in — 99.7, >1500 600, 4.8 [72]
water

1 M ZnSO4 +5 mM TU in water — 98.9, 700 1200, 1 [75]
1 M ZnSO4 +10 mM glucose in water — 97.2, 200 2000, 1 [77]
2 M ZnSOy in water with 2% 15-CE-5 — — 700, 2 [80]
1 M ZnSO4 4+0.25 mM PA in water — 99.4, 225 1200, 1 [81]
1 M ZnSO4 +0.2 M 18C6 in water — 99.5, 200 2400, 1 [83]
2 M ZnSO4 +50 mM TXA in water — 99.6, 1000 2000, 1 [84]
3 M ZnSO4 +10 mM TH in water — 99.5, 200 580, 1 [87]
3 M Zn(OTF); in water with 2 vol. % Et,O — — 250,0.2 [88]
1 M ZnSOy in water with 0.2 wt % PAM — 99.65, 1300 — [29]
1 M ZnSOy in water with 0.5 wt % SF — — 1600, 1 [93]
2 M ZnSOy in water with 2 mg ml~! silk peptide — 99.7, 1000 3000, 1 [94]
1 M ZnSQy in water with 0.2 wt % PEO 99.5%, >600 >110, 1 [92]
2 M ZnSO4 +0.05 mM TBA,SOy4 in water — 400, 10 [95]
1 M ZnSO4 4+0.05 M TA-Na in water — 99.3, 1000 1500, 0.5 [96]
1 M Zn(OTF); 425 mM Zn(H,PO4), in water — 99.4, 400 1200, 1 [97]
7.6 M ZnCl; + 0.05 M SnCl; in water — 99.7, 200 500, 3 [99]
2 M ZnSO4 4+0.5 M ims in water — — 4000, 10 [101]
2 M ZnSO4 +0.5 M PEA in water 99.75%, 6000 >2000, 1 [89]

reshape of solvation structure, ZnF, -rich SEI was success-
fully constructed, interfacial side reactions and Zn dendrites
were highly suppressed. Therefore, as shown in figure 6(e),

the addition of PEG highly expanded ESPW of electrolyte.
The Zn dendrites and H, evolution were also inhibited, as
shown in figure 6(f) and (g). As a result, using electrolytes
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Optical images of Zn during platting process in (f) 1 M Zn(OTF); in water and (g) 1 M Zn(OTF), in water/PEG. Reprinted from [60],

Copyright (2022), with permission from Elsevier.

composed of 2 M Zn(OTF), in water: PEG (3:7 by weight),
ZnlICu cells exhibited an improved CE of 99.7% after 100
cycles; using electrolytes of 1 M Zn(OTF), in water: PEG (3:7
by weight), ZnllZn cells exhibited excellent cycling stability of
9000 h at 1 mA cm™2.

Similar with that in HCEs, addition of co-solvents
improves, to some extent, the viscosity, exaggerating the kinet-
ics. Moreover, due to the flammability of most organic or poly-
mer molecules, the intrinsic safety of aqueous electrolyte are
compromised. Therefore, decreasing the content of co-solvent
while maintaining the overall electrochemical performance is,
though challenging.

©

4. Functional additives

Functional additives, as important component of aqueous
electrolyte, play a key role in improving the electrochem-
ical performance with small amount of addition. Besides,
since the weight ratio of additives in the electrolyte is
very low (usually <5 wt%), the addition of functional
additives usually has little effect on the physiochemical
properties of the aqueous electrolytes [22, 68, 69]. In
this sections, functional additives, such as small organic
molecules, polymers, and salts, in the aqueous ZIBs are
critically reviewed.
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Figure 7. Molecular structures of typical organic small molecules used as functional additives in aqueous ZIBs.

4.1. Organic small molecules

Organic small molecules are used not only as co-solvents, but
also as functional additives in aqueous electrolytes for ZIBs.
Their working mechanisms include regulating Zn deposition
by absorbing on the surface of Zn anode, breaking the original
H-bonds and/or in situ construction of SEI by participation of
solvation structures of Zn*t [18, 65, 70-89]. In this section,
we mainly focused on the manipulation of solvation structures
by adoption of functional additives.

Similar with the organic small molecules used in co-
solvents in 3.1 section, these organic small molecules pos-
sess polar functional groups (figure 7), in which the electron-
rich atoms (O, N, S) interact with Zn>*, alternating the solva-
tion structures or de-solvation behavior of Zn?*. For instance,
Pyrinde (Py) has a high DN of 33, which is much higher
than that of water (figure 8(a)), that is, the binding energy of
Zn?*-Py is much higher than that of Zn?*-water (figure 8(b)),
altering the solvation structure of Zn>*. Moreover, due to the
superior zincophilic of Py, inner Helmholtz plane (IHP) near
the Zn anode is filled with Py-rich solvated complexes, as
shown in figure 8(c), not only expelling water out of IHP,
but also leading to homogenous deposition of Zn. The elec-
trolytes with 1 vol.% Py enabled ZnlICu cells with an aver-
age CE of 99.5%, ZnllZn cells with cycling stability more
than 3000 h at 0.5 mA cm~2, ZnlINaV;0g - 1.5H,0 (NVO)
full cells with a capacity retention of 91.3% after 550 cycles
[76]. Meng et al proposed a universal parameters, K, which

represented the equilibrium constant of complexation reaction,
to select appropriate additives. Ethylene diamine tetraacetic
acid (EDTA), due to its high K (figure 8(e)), was selected as
the functional additive in aqueous electrolytes. Due to the high
binding energy of EDTA-Zn, EDTA entered into the primary
solvation sheath of Zn’>*, and preferentially absorbed on the
surface of Zn anode, effectively preventing the water-involved
interfacial side reaction. Moreover, the energy barrier of the
corrosion process in EDTA-involved electrolyte is higher than
those in electrolytes with other additives, demonstrating its
strong ability to inhibit the Zn corrosion. The aqueous electro-
lyte with addition of 0.05 M EDTA enabled ZnllZn cells cycled
for 3000 h at a high current density of 5 mA cm~2 [73].
Fluoroethylene carbonate (FEC) was also explored as
functional additives in aqueous ZIBs. NMR spectra demon-
strated that FEC changed the solvation structures of Zn>*
by replacing some water molecules with FEC, increasing the
ratio of strong H-bonds while reducing that of weak H-bonds,
thus resulting into suppression of water-involved side reac-
tions (figure 8(f)). Moreover, FEC easily reacted with water in
the aqueous electrolyte, producing HF, which further reacted
with the byproducts on the surface of Zn, leading to compact
Zn deposition. The aqueous electrolyte with 1 vol. % FEC
highly improved the CE of ZnllITi cells without obvious Zn
dendrites [78]. Wei et al found that sulfolane (SL) could parti-
cipated into the primary solvation structures due to the strong
ESP of SL (figure 8(g)), leading to the higher ratio of (CIPs,
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Figure 8. (a) DN of different small molecules. (b) Calculated binding energy between different complexes. (c) Molecular structures of
typical organic small molecules used as functional additives in aqueous ZIBs [76]. John Wiley & Sons. [© 2023 Wiley-VCH GmbH]. (d) £
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different electrolytes [73]. John Wiley & Sons. [© 2022 Wiley-VCH GmbH]. (f) Raman spectra of different electrolytes [78]. John Wiley &
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of Zn cycled in different electrolytes. Reprinted from [79], Copyright (2023), with permission from Elsevier.

figure 8(h)), both of which resulted into compact and dendrite-
free Zn deposition, as shown in figure 8(i). The electrolytes
with 11 vol. % SL not only enabled stable cycling of ZnlICu
and ZnllZn cells, but also endowed ZnllV,0Os cells with a high
capacity retention of 87.1% after 5000 cycles [79]. Besides,
other organic small molecules such as 1,4-dioxane (DX) [70],
vanillin [71] urea, LiOAC [72], thiourea (TU) [75, 85], glucose
[77], 15-crown-5 ether (15-CE-5) [80], phytic acid (PA) [82],
hexaoxacyclooctadecane (18C6) [83], tranexamic acid (TXA)
[84], threonine (TH) [87], diethyl ether (Et,O) [88], acetone
[90], and etc. have been investigated, and their effect on the
performance of ZIBs have been summarized in table 1.

4.2. Polymer additives

Polymers such as polyethylene oxide (PEO) [91, 92], polyac-
rylamide (PAM), and poly(sodium 4-styrenesulfonate) (PSS)
[29], silk fibroin (SF) [93], silk peptide [94], and etc.
have been widely investigated as functional additives in

aqueous electrolytes for high-performance ZIBs. Yan et al
systematically investigated different polymers such as PEO,
PAM, and poly(sodium 4-styrenesulfonate) (PSS) as the
functional additives in aqueous ZIBs. Compared with other
polymers, Electrolytes PAM shown the best performance.
Experimental and theoretical results both demonstrated that
the addition of PAM additives could alter the solvation struc-
tures and double electrical layers near Zn anode, as shown
in figures 9(a)—(c). Due to the polarity of PAM, it interacted
with Zn?* and water, appeared in the primary solvation sheath.
Meanwhile, PAM is prone to be absorbed on the surface of Zn,
altering the double electric layers near the anode, alleviating
the side reactions and Zn deposition. As a result, 1 M ZnSO4
aqueous electrolyte with only 0.2 wt% highly improved the
CE of ZnlICu cells (99.65% over 1300 cycles) [29].
Biocompatible polymers such as SF and silk peptide were
also used in aqueous electrolyte. Xu et al adopted 0.5 wt %
SF as the additives, and it was found that the addition of
SF changed the original solvation structures, leading to a SF

1
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protective film on the surface of anode, suppressing the form-
ation of dendrites [93]. As shown in figure 9(d), the addi-
tion of silk peptide entered into the primary solvation struc-
tures of Zn%t, which further expelled anions and water from
solvation structure, reducing the ratio of CIPs in the solva-
tion structures, which was also confirmed by MD simulation.
The evolution of solvation structures with the addition of silk
peptide were shown in figure 9(e). Consequently, an average
of 99.7% after 1000 cycles was achieved in CullZn cells, and
a capacity retention of 76% after 1000 cycles was obtained in
Zn-MnO2 full cells.

4.3. Salt additives

Inorganic salts, such as MnSO; and CoSO, are widely
used as additives in ZIBs to suppress the transition metal
dissolution from cathodes during the discharge-charge pro-
cesses. Besides the additives to enhance the electrochem-
ical performance of cathodes, salt additives including inor-
ganic salts, ionic liquids, surfactant-type salts play key roles in
anode stability [89, 95-102].

Bayaguud et al firstly explored the cationic surfactant-type
salt, tetrabutylammonium sulfate (TBA,SOy) as the functional
additives in aqueous electrolyte. The TBA™ induced uniform
and compact deposition of Zn via unique repulsion mechan-
ism. As a result, with only 0.05 mM TBA;,SOy, the designed

electrolytes enabled ZnllZn symmetric cells stable cycling of
400 h even at a high current density of 10 mA cm™2.

Lv et al investigated the effect of ionic liquids on the
solvation structures and the corresponding electrochemical
performances. Four different zwitterionic ionic liquids were
investigated in this work, and it was found that a unique self-
adaptive electric double layer (EDL) was successfully con-
structed on the surface of both anode and cathode with 3-(1-
methylimidazole) propanesulfonate (ImS) as the additive. MD
results demonstrated that one of the water molecules in the ori-
ginal solvation structure was replaced by one ImS, moreover,
the cationic part of ImS was adsorbed on surface of the negat-
ively charged Zn metal and the anionic part interacted tightly
with Zn?*. The unique EDL not only inhibited the structural
instability of cathode, but also led to uniform deposition of Zn,
thus resulting in significantly improved electrochemical per-
formances of ZnllCu, ZnllZn symmetric cells, and ZnlINVOH
full cells.

Beside, inorganic salts were also investigated in aqueous
ZIBs [98]. For instance, Scandium triflate was introduced into
aqueous electrolytes for ZIBs, leading to formation of rigid
solvation shell around Sc3t, with its tip-blocking effect, fur-
ther resulting into uniform Zn deposition. Therefore, ZnllCu
cells with a CE of 99.5% over 100 cycles at a current density
of 4 mA cm~2, and full cells maintaining their capacity after
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more than 5000 cycles were successfully constructed with the
additive of Sc* [100].

5. Conclusion

In this review, we mainly summarized the development of
zinc salts, nonaqueous solvents, and functional additives
in aqueous electrolyte, and their effects on the solvation
structures of Zn>t and the corresponding electrochemical
performances of ZIBs. In general, the strategies of regulat-
ing Zn>* solvation structures by introducing different zinc
salts, nonaqueous solvents and functional additives, and their
working mechanism in taming Zn deposition, suppressing
H; evolution, and inhabiting Zn corrosions have been critic-
ally summarized. Specifically, the type and concentration of
zinc salts, organic solvents (ethers, esters, alcohols, and etc.)
and polymers as the co-solvent, various functional additives
(organic small molecules, polymers, and salts) have been thor-
oughly reviewed, all of which could significantly alter the
solvation structures of Zn2t, further reducing the active water
and/or leading to robust SEI, suppressing the Zn dendrite and
interfacial side reactions. This review not only provides the
recent development of aqueous electrolytes in ZIBs, but also
is enlightening for further design of high-performance electro-
lytes for aqueous ZIBs.

6. Future perspectives

Although great progresses have been made in aqueous ZIBs,
their commercial application is still plagued by their low
energy density, inferior cycling stability, and industrial feas-
ibility. For instance, compared with Zn foil, Zn power, due
to its low cost and processability, is more suitable for indus-
trial application. However, Zn power suffered from severer
dendrites and the interfacial side reactions; the change of the
solvation structures of Zn>* not only manipulated the SEI and
decreased the free water, but also alleviated the ‘tip effect’
of deposited Zn, but the effect of solvation structure on the
cathode-electrolyte interphases, the stability of cathodes, and
the electrochemical kinetics are not clearly illustrated. In addi-
tion, broadening the ESPWs is an effective way to improve
the energy density, which is highly challenging in aqueous
electrolytes. Moreover, understanding the structure-property
relationships and the fundamental electrochemical mechan-
ism are indispensable for designing novel electrolytes and con-
structing high-performance aqueous ZIBs. To overcoming the
above challenges, the following issues or strategies need to be
addressed or adopted (figure 10):

(1) Structure-properties relationships in aqueous electrolytes.
Although abundant strategies have been summarized in
this review, the research on novel electrolytes are mainly
based on ‘trial and error’ paradigm, how to design elec-
trolytes according to the requirement is still highly chal-
lenging. Understanding the structure-properties relation-
ship in the aqueous electrolytes is the prerequisite. For
instance, how the molecular structures of components

in the aqueous electrolyte affect the solvation struc-
tures of Zn®T, what is the influence of solvation struc-
tures on the structure or component of SEI, desolva-
tion energy of Zn>T, Zn deposition behavior, and the
ESPWs, and what is the relationship between struc-
ture and component of SEI and Zn deposition behavior,
ESPWs, and Zn corrosion process, all of which is signific-
antly important to design high-performance aqueous elec-
trolytes. Therefore, figuring out the structure-properties
relationships is the prerequisite to effectively design
novel aqueous electrolytes.

(2) Practical consideration of the massive application. Firstly,
most of the researches only focused on the effect of elec-
trolyte on the performance of half cells, only a few stud-
ies take the weight ratio of electrolytes in the full cells
into consideration. Using flooded electrolytes is bene-
ficial for cycling stability, which, however, decreases
the energy density. Therefore, lean electrolyte should
take into consideration when evaluating its commercial
feasibility. Secondly, cost is another factor affecting the
commercial application of electrolytes. Take HCEs for
example, although increasing the concentration of zinc
salts highly improve the electrochemical performance,
the dramatical cost increase hinder their future applic-
ation. Thirdly, compatibility with other components of
ZIBs (such as current collectors and separators) and
environment benign [103-106]. Thus, in our opinion,
aqueous electrolyte with functional additives or organic
co-solvents, compared with HCEs, are more promising
for commercial application.

(3) Advanced techniques. Exploring the multiscale rela-
tionship of ‘molecular structure-solvation structure-SEI-
electrochemical performance of pouch cells’ (from sub-
nanometer to meters) is very challenging [107-110].
Meanwhile, the electrochemical process is dynamic pro-
cess under confined spaces, making in-situ or oper-
ando characterization much challenging. Thus, adopt-
ing advanced in-situ or operando characterizations
is pivotal to illustrate the fundamental mechanism
[111, 112]. Advance techniques such as in-sifu trans-
mission electron miscopy, atomic force microscope,
cryo-electron microscopy, electrochemical quartz crys-
tal microbalance, scanning electrochemical micro-
scopy, differential electrochemical mass spectroscopy,
and operando Fourier transform infrared spectro-
scopy, Raman spectroscopy, NMR, x-ray computed
tomography are necessary, which should be used indi-
vidually or with each other [113-118].

(4) Data-driven discovery of novel electrolytes. Discovery of
novel materials based on traditional ‘trials and errors’
is expensive and time-consuming. The emerging data-
drive model (including artificial intelligence or machine
learning) have been widely adopted in the discov-
ery of novel functional materials, which open aven-
ues for designing novel aqueous electrolyte [119, 120].
Based on the massive data, various machine learn-
ing models (such as deep neutral networks, decision
trees, and etc.) could be trained and further used to
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design ideal molecules for aqueous electrolytes, in which
the massive data are collected from experiments, the-
oretical calculation, databases or references. Machine
learning models are not only constructed to design of
novel molecules, but also trained to synthesize materi-
als and predict their properties [121-127]. Based on the
data-drive paradigm, accelerating the discovery of novel
materials of high-performance aqueous ZIBs with low cost
is highly promising.
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