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Rechargeable aqueous metal-ion batteries (AMBs) have attracted extensive scientific and commercial interest due to their
potential for cost-effective, highly safe, and scalable stationary energy storage. However, their limited output voltage, inadequate
energy density, and poor reversibility of ambiguous electrode reactions in aqueous electrolytes strongly limit their practical
viability. This review aims to elucidate the challenges of existing AMBs from the material design to whole device applications.
We summarize the emerging electrochemistry, fundamental properties, and key issues in interfacial behaviors of various classes
of prevailing AMBs, including aqueous alkali metal-ion batteries and multivalent-ion batteries, and present an appraisal of recent
advances for addressing the performance deficiency. Specifically, the progress of zinc-ion batteries is highlighted to provide a
ubiquitous guideline for their commercialization in the grid-scale energy storage. Finally, we figure out the dominating general
challenges for achieving high-performance AMBs, laying out a perspective for future breakthroughs.
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1 Introduction

To achieve the strategic goal of “carbon peak™ and “carbon
neutrality”, it is imminent to develop green renewable energy
[1-3]. The pumped storage and other physical energy storage
techniques, such as solar and wind energy, are intermittent
and regional, putting forward a higher demand for advanced
grid-scale energy storage devices [4]. With the merits of high
energy density, long cycle life and low self-discharge, li-
thium-ion batteries (LIB) based on organic liquid electro-
lytes have been widely used in the field of portable electronic
equipment since their discovery in 1976 [5]. However, the
high cost and safety problems seriously restrict their appli-
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cation in the stationary energy storage. Therefore, it is of
great significance to develop novel cost-effective and highly
safe electrochemical energy storage systems [6,7].
Compared with traditional LIBs, aqueous metal-ion bat-
teries (AMBs) possess the following incomparable super-
iorities. (1) Cost effectiveness. The argument for the low cost
originates from three factors: easy-accessible raw materials,
minimal requirements for manufacturing procedures, and
limited demand for the battery protection and management
systems. The use of low-cost aqueous electrolyte and elec-
trode materials can not only reduce the expense of raw ma-
terials, but also decrease the manufacture inputs giving those
aqueous batteries that can be assembled in the atmospheric
environment [8,9]. Due to their reliability, the expenditure on
the maintenance also goes down. (2) Environmental friend-
liness. Water is selected as an electrolyte solvent in AMBs,
which possesses the characteristics of non-toxicity and not
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volatility. (3) High safety. The non-flammable nature of
aqueous electrolytes can guarantee a safe operation even
under extreme conditions. (4) Reliability in the large-scale
energy storage. The existence of a water medium improves
the ionic conductivity of electrolytes, which endows a faster
charging—discharging ability of AMBs [10]. Meanwhile, the
improved possibility of thicker electrode manufactures in-
creases energy density ultimately.

The main progress of AMBs is summarized in Figure la.
Their development is astounding since Gaston Planté eluci-
dated the concept of a lead—acid battery in 1859 [11]. After
that, researchers pursued corrosion-resistant collectors and
simplified the fabrication procedure to promote their com-
mercialization. Up to now, lead—acid batteries have played a
significant role in energy storage devices continuously [12].
However, the low energy density of lead—acid batteries (~30
Wh kg_l) is a major obstacle that confines their further de-
velopment [13]. With the target to improve the energy den-
sity, alkaline rechargeable ABs were invented twenty years
later. Owing to the merits of suitable redox potential, high
reversibility and fairly high specific capacity, alkaline AMBs
soon occupied the market ranging from heavy-duty industrial
applications to portable electronic instruments. Among them,
Ni—Cd batteries were phased out due to the toxicity and
stagnating energy density (~35 Wh kgfl) [14].

Practically, the fluctuation of pH has a direct and sig-
nificant impact on the electrochemical performance of
AMBs [15]. For instance, lead—acid batteries, which use low
pH acidic electrolytes, usually suffer from hydrogen evolu-
tion reaction (HER) at the anode together with the low
Coulombic efficiency (CE) by the corrosion and by-product
formation [11]. On the other hand, Ni-based (Ni-Cd, Ni—
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metal hydride (Ni-MH), etc.) and alkaline Zn—-MnO, bat-
teries, which use KOH as the alkaline electrolyte, undergo
the dendrite formation and uneven electric field in bulk.
Oxygen evolution reaction further reduces the reaction ki-
netics at the cathode, leading to serious capacity attenuation
of AMBs [16-18]. Therefore, researchers have drawn their
attention to the near-neutral electrolyte system.

Depending on the valence states of different metal carries,
AMBs can be divided into two categories: aqueous alkali
metal-ion batteries (including aqueous LIBs, aqueous so-
dium-ion batteries (SIBs), and aqueous potassium-ion bat-
teries (PIBs)) and aqueous multivalent-ion batteries
(including aqueous zinc-ion batteries (ZIBs), aqueous cal-
cium-ion batteries (CIBs), aqueous magnesium-ion batteries
(MIBs) and aqueous aluminium-ion batteries (AIBs)).
Aqueous LIBs have been preferentially developed based on
the background of conventional organic LIBs. In 1994, Dahn
et al. [19] proposed the first aqueous LIB which was com-
posed of the VO, anode and LiMn,0O, cathode in the LiNO;
electrolyte. The as-prepared LIB exhibited an operating
voltage of 1.5V, corresponding to an energy density of ~55
Wh kg_l. Nevertheless, the cyclability of such a LIB was far
from satisfaction. Considering the insufficient reserve of li-
thium element in the earth’s crust, aqueous SIBs and PIBs are
more attractive for the large-scale energy storage due to the
crustal abundance of Na and K. Nevertheless, few com-
pounds can be matched with Na™ and K as electrode ma-
terials due to their large cation radius (Figure 1b). Compared
with alkali metal ions, multivalent metal ions (Zn2+, Ca2+,
Mg2+, AL, etc.) as carriers can transfer more than one
electron and provide a higher capacity under the condition of
equivalent embedding sites, which facilitates the breaking
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through the limitation of energy density [20,21]. Meanwhile,
such multivalent metal ions are earth-abundant and acces-
sible (Figure 1b). Especially, the concept of neutral ZIBs was
first proposed by Kang et al. [22] in 2012, which are com-
bined with the Zn foil anode and 0-MnO, cathode in the
ZnSO, electrolyte. The Zn anode possesses a high theoretical
volumetric capacity (5,855 mAh cmfs) and gravimetric ca-
pacity (820 mAh gfl). The standard reduction potential of
Zn/Zn”" was calculated to be —0.76 V vs. standard hydrogen
electrode (SHE), enabling ZIBs to work steadily in aqueous
electrolytes [23,24]. The moderate ionic radius of Zn*" and
relatively low cost of Zn further promote the development of
ZIBs as the most promising aqueous multivalent-ion battery
system. By contrast, the research progress of aqueous CIBs,
MIBs and AIBs is still stagnant due to the inappropriate
redox potential.

In this review, we present a systematic overview of the
recent advances of diverse AMBSs, including aqueous alkali
metal-ion batteries and multivalent-ion batteries, from the
perspectives of electrochemical mechanisms, basic proper-
ties, and the interfacial behaviors including the hydrogen
evolution and corrosion caused by the presence of water
media. We also present the remaining challenges of AMBs
and provide a roadmap starting with the material design and
ending with whole device applications.

2 Aqueous alkali metal-ion batteries

2.1 Aqueous Li-ion batteries

Transforming LIBs from traditional organic electrolytes to
aqueous electrolytes offers advantages such as non-flamm-
ability, low viscosity, high ionic conductivity, eco-friendli-
ness and low cost [25]. However, the much narrower
electrochemical stability window of dilute aqueous electro-
Iytes (~1.23 V) greatly constrains the energy density of
aqueous LIBs to less than 70 Wh kg{1 [26]. Furthermore,
such an issue limits the anode option to only a few electrodes
with relatively high voltage (Figure 2a) [26]. Luckily, the
water-in-salt electrolyte (WISE), first proposed in 2015,
posed a step large forward in the progress of aqueous LIBs
[27]. In the reported super-concentrated electrolyte (lithium
bis(trifluoromethanesulphonyl)imide (LiTFSI) with a mol-
ality of 21 mol Lfl), the ratio of water and lithium ions
dropped to ~2.7, thus eliminating most of the free water
molecules in the electrolyte system (Figure 2b). Such a
strategy has been demonstrated to significantly reduce the
electrochemical activity of water; as a result, a solid-elec-
trolyte interphase (SEI) mainly composed of the reduction
products of anions was developed, and the electrochemical
stability window was successfully expanded to ~3.0V
(Figure 2c). Moreover, a MosSg|LiMn,0, cell with the WISE
demonstrated a remarkable improvement in capacity reten-
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Figure 2 WISE for aqueous LIBs. (a) Electrochemical stability windows
of representative aqueous electrolytes, and redox potentials of electrode
materials [26]. (b) Illustration of the evolution of the Li" primary solvation
sheath in diluted and WISE solutions [27]. (¢) TEM images of cycled
MogSg [27]. (d) Raman spectra of Li(TFSI)y,(BETI)y;-2H,0 electrolyte
compared with those of organic Li salt-based aqueous solutions, namely,
dilute 1.2 mol kg ' LiTFSI/H,O and concentrated 9.5 mol kg ' LiTFSI/H,0
[29]. (e) Schematic of the conversion—intercalation mechanism occurring in
the graphite composite cathode during its oxidation in the WiBS aqueous-
gel electrolyte [30]. (f) Galvanostatic charge/discharge profiles of the
graphite composite cathode at a current density of 80 mA gfl. Inset: dis-
charge capacity retention and CE [30] (color online).

tion (68% with 1000 cycles), average discharge voltage
(1.8 V), and energy density (100 Wh kgfl). Another ap-
proach was to develop WISE with binary salts. It is de-
monstrated that the electrolyte containing 21 mol L™ LiTFSI
and 7 mol L™ lithium triflate (LiOTf) could obtain a broader
window (4.9 V vs. Li/Li") [28]. This system allowed for the
use of TiO, as the anode material and provided a TiO,|
LiMn,0, cell with a high discharge voltage of 2.1 V and an
energy density of 100 Wh kgfl. Moreover, a Li(TFSI), ;-
(BETI),3-2H,0 hydrate-melt electrolyte was proposed by
dissolving LiTFSI and LiN(SO,C,Fs), (LiBETI) salts in
water (Figure 2d), in which all water molecules are co-
ordinated with lithium ions [29]. Such an electrolyte de-
monstrated an electrochemical window of ~2.7 V, enabling
the utilization of a commercially-available Li,Ti;O,, anode.
The resultant Li,Ti50,,|LiCoO, or Li,TisO;,|LiNiysMn,; 50,
full cells possessed a high capacity of ~45 Ah kgf1 at 10 C
and ~25 Ah k{{l at 6.8 C, respectively.

To further increase the energy density of aqueous LIBs,
electrode chemistry has been explored from the intercalation
type to the conversion type. For example, a two-step halogen
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conversion—intercalation chemistry was proven to happen in
graphite containing equimolar lithium halide salts (e.g.,
(LiBr), s(LiCl), s—graphite) [30]. It is demonstrated that Br
was firstly oxidized to Br” before its intercalation into gra-
phite forming C,[Br] at 4.0-4.2 V vs. Li"/Li. Then the oxi-
dation of CI” and the intercalation of C1’ started when the cell
was further charged to 4.5V (Figure 2¢). The aforemen-
tioned mechanism demonstrated the outstanding reversi-
bility, as evidenced by the two corresponding plateaus
identified on the charge and discharge curves (Figure 2f).
The newly developed cathode yielded an exceptional aver-
age discharge voltage of 4.2 V together with an energy
density of 970 Wh kgfl, which was twice as high as that of
transition-metal intercalation cathodes (e.g., LiMn,0, and
LiCo0,). In addition, under 0.2 C, the graphite||(LiBr), -
(LiCl), 5)—graphite full cell delivered a dependable discharge
capacity of 127 mAh g_1 (based on the total electrode active
material mass) with an average voltage of 4.1 V. After 150
cycles, it maintained 74% of its initial capacity with an
average CE of 99.8%.

Despite the aforementioned merits, utilizing WISE elec-
trolytes raises concerns in terms of high salt cost, poor water
wettability, and environmental hazards. To address these is-
sues, Suo et al. [31] investigated the impact of dissolved
gases on the reduction of WISE components. They found
that CO, has a strong selective affinity to WISE, as indicated
by the chemical shift of F NMR spectra (Figure 3a). By
adding CO, as an interphase-forming additive in aqueous
electrolytes, the aqueous batteries were able to achieve a
wide electrochemical window comparable to that of WISE
with only 5mol L™ LiTFSI, therefore reducing the ex-
pensive excess use of Li salt. The diluted electrolyte with the
introduction of CO, delivered an initial capacity of 90 mAh
gfl, along with a retention rate of 88% after 50 cycles (Figure
3b). In contrast, the WISE showed a low capacity of only 25
mAh gfl. Furthermore, an electrolyte consisting of a diluted
2mol L' LiTFSI solution in 94% polyethylene glycol
(PEG) and 6% water was developed by Lu et al. [32], in
which water molecules were mainly hydrogen-bonded to the
PEG performing as a crowding agent. This electrolyte did
not exhibit a significant amount of free water molecules,
leading to a lowered HER potential and an electrochemical
stability window of 3.2 V. The reversibility of the Li, Al ;-
Ti, ,PO4-coated Li,TisO;, anode (L-LTO) and LiCoO, cath-
ode in such electrolyte was confirmed by the cyclic vol-
tammetry (CV) measurements (Figure 3c). The
corresponding full cell displayed a high average CE of 99%
after 300 cycles at 1 C, with the minimal electrolyte de-
composition. Apart from this, Wang et al. [33] introduced a
localized water-in-salt (LWIS) electrolyte comprising low-
cost lithium nitrate (LiNO;) salt and an inert diluent, 1,5-
pentanediol (PD). The incorporation of PD preserved the
solvation structure of the WISE, enhancing the electrolyte
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Figure 3 Aqueous electrolyte systems beyond WISE for high-energy
LIBs. (a) Chemical shifts of F NMR spectra for the LiTFSI electrolyte
with different concentrations [31]. (b) Cycling performance of the CO,/salt-
in-water and water-in-salt electrolyte (WISE)-based cell under a thick
electrode (40 mg cm 2, 334 um) at 0.5 C [31]. (c) CV profiles collected in
2 mol L™ LiTFSI-94%PEG—6%H,0 electrolyte at 0.2 mV s ' for LiMn,0,
and Li,Ti;O, [32]. (d) Solubilities of LiTFSI (blue) and LiNO; (pink) in
different solvents at 25 °C [32] (color online).

stability through the interactions with water and NO; ions,
and reducing the overall concentration of salts. Especially,
compared with the organic LiTFSI salt, the high solubility of
inorganic LiNOj; salt in water (up to 25 mol Lfl) and its
limited solubility in diluents make it a suitable choice for the
development of LWIS electrolytes (Figure 3d). The stability
window of the LWIS electrolyte can be expanded to 3.0 V by
the in-situ gelation with the tetraethylene glycol diacrylate
(TEGDA) monomer. The MogSg[LWIS gel electrolyte|
LiMn,O, batteries exhibited exceptional cycling perfor-
mance, with a CE of 98.53% after 250 cycles at 1 C. Above
studies provide new insights for the development of high-
energy aqueous LIBs.

2.2 Aqueous Na-ion and K-ion batteries

In comparison to their Li equivalents, aqueous SIBs and
PIBs seem to be a much more economically feasible option,
given the plentiful availability of their reserves on earth.
However, the larger ionic radius of Na* (0.102 nm) and K
(0.138 nm) presents a challenge for the development of
electrode materials for aqueous Na-/K-ion batteries. The
promising results of WISE used in aqueous LIBs offer a new
possibility to expand the electrochemical stability windows
of aqueous electrolytes for aqueous SIBs and PIBs. Na-based
WISE was successfully constructed when the concentration
of sodium triflate (NaOTF) was increased to 9.26 mol L in
water [34]. According to CV curves, the electrochemical
stability window of this WISE was expanded to ~2.5 V, and
widened enough to encompass the electrochemical couple of
Nag g6l Mng 66Tl 34]0, and NaTi,(PO,); (Figure 4a). Conse-
quently, the corresponding full cell achieved exceptional CE
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anion [35]. (c) Typical structure of the K,Fe,Mn,_ [Fe(CN)4],zH,O in the P2,/n space group [36]. (d) Cycling performance of the PTCDI|22 mol L'
KCF;SO;/KFe,Mn,_,[Fe(CN)q],,zH,0 pouch cell at different rates (0.5/0.1 C) and temperatures (—20/-10/25/60 °C) from 0 V to 2.3 V [36] (color online).

(>99.2%) at a low rate (0.2 C) for >350 cycles, as well as
outstanding cycling stability with the minimal capacity loss
(0.006% per cycle) at a high rate (1 C) for >1,200 cycles.
However, different from aqueous LIBs, the available for-
mation of Na-based WISE is significantly hindered by the
lower solubility of Na salts than that of Li salts. On the other
hand, applying a mixed-cation bi-salt strategy may result in
adverse effects, such as the co-intercalation of the secondary
cation species.

To tackle the aforementioned concerns, a novel type of
electrolyts called inert-cation-assisted water-in-salt (IC-WiS)
was proposed [35]. Such electrolytes utilized 9 mol L
NaOTF and 22mol L' tetraethylammonium triflate
(TEAOTF) as salts with TEA" as the inert-cation and
therefore delivered an exceptionally high total concentration
of 31 mol L. The large radius of TEA" blocked its insertion
into a majority of electrode materials, thus ensuring an ex-
panded electrochemical stability window up to 3.3 V. No-
tably, the viscosity was significantly lower than that of Li-
based bi-salt electrolytes, as verified by molecular dynamics
(Figure 4b). The distinctive advantages of this electrolyte
enabled the coupling of the NaTiOPO, anode and Prussian
blue analog of Na, gsMn[Fe(CN)4]97-1.35H,0 cathode in
full cells, which exhibited an average voltage of 1.74 V, high
energy density of 71 Wh kgfl, and remarkable capacity re-
tention of 90% after 200 cycles at 0.25 C and 76% over 800
cycles at 1 C.

The choice of electrode materials and electrolytes in aqu-
eous PIBs is strongly limited by the considerably larger ionic
radius and higher ionization potential of K'. Breakthrough
came when Hu et al. [36] constructed a system using

K,Fe,Mn,_[Fe(CN)], zH,O as the cathode (Figure 4c),
3,4,9,10-perylenetetracarboxylic di-imide (PTCDI) as the
anode and highly concentrated 22 mol L' KCF;S0; aqueous
solution as the electrolyte, marking the realization of full
aqueous PIBs. Particularly, the specific water-in-salt solva-
tion structure of K benefited to minimize the dissolution of
both electrodes, while the Fe-substituted cathode demon-
strated the excellent cycling performance due to the pre-
vention of the formation of the tetragonal phase.
Consequently, the as-proposed full battery delivered a high
energy density of 80 Wh kg1 and 73% capacity retention after
2,000 cycles at 4 C, together with excellent wide-tempera-
ture-range cyclability (Figure 4d). The development of
aqueous SIBs and PIBs relies on the further exploration of
new electrode couples and compatible aqueous electrolytes.

3 Aqueous Zn-ion batteries

Rechargeable aqueous ZIBs are considered as promising
AMBs for the grid-scale energy storage, because of their
high theoretical specific capacity based on two-electron re-
dox chemistry, and several merits of inexpensiveness, natural
abundance, nontoxicity, low redox potential (—0.76 V vs.
SHE), high overpotential in water for the hydrogen evolu-
tion, easy to processing, and environmental benignity. Fur-
thermore, the employment of high ion conductivity (>40 mS
cmfl) and non-flammable aqueous electrolytes propels such
a ZIB system to be feasible for the stationary grid-scale
application when taking cost, safety, and lifetime into con-
sideration. In addition, when a neutral electrolyte is in-
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troduced, the Zn passivation problem that existed in the
conventional alkaline Zn—MnO, battery can be much im-
proved [37-39].

The ZIBs are mainly composed of three parts: cathode,
zinc anode and aqueous electrolyte. The Zn foil/powder/al-
loy exhibits relatively good stability and accepted resistance
to corrosion in water/air. Zn ions repeatedly dissolve and
deposit on the Zn anode during the charging and discharging.
Mild and slightly acidic Zn salt solutions (pH=3.6-6.0)
configured by dissolving Zn salts in water (e.g., ZnSOy,,
Zn (CF;S05),, ZnCl,, Zn(NOs),, and Zn(CH;COO),) are
preferentially employed as electrolytes. The Zn anode suffers
from the surface oxidation owing to the high oxidability of
NO;, leading to a fast performance degradation in
Zn(NOs),-based electrolytes [40]. The ZnCl,-based electro-
lyte displayed a narrow potential window. For the Zn(CHj;-
COO),-based electrolyte, the incomplete ionization results in
a low ionic conductivity. In the Zn(CF;S0O;),-based electro-
lyte, CF5SO; efficiently reduces the number of water mo-
lecules around Zn®" ions. This solvation effect efficiently
prevents the progression of HER and avoids the formation of
Zn dendrites [41-43]. A wide variety of materials, such as
manganese (Mn)-based, vanadium (V)-based, metal organic
framework (MOF)/covalent organic framework (COF)
compounds, organics, Mo-based materials and ever porous
conductors, are suitable for the use as the cathodes of ZIBs.

3.1 Mechanism and cathode chemistry

3.1.1 Manganese-based cathode materials

MnO, is a widely investigated polymorphic inorganic ma-
terial in ZIBs, which are mainly categorized into two mi-
croscopic forms: layered MnO, and tunnel MnO, (Figure
5a). The layered polymorphs (6-MnQ,) are constructed by
only edge-sharing [MnOg] octahedra across the basal plane,
while the tunnel polymorphs (a-MnO, (4.6 Ax4.6 A), p-
MnO, (2.3 Ax23 A), »-MnO, (2.3 Ax4.6A and 23 A
x2.3 A), R-MnO, (2.3 Ax4.6 A) and +-MnO, (6.9 Ax6.9 A))
contain both edge-sharing and corner-sharing [MnQOg] units.
The angstrom-level opening frameworks generally accom-
modate various cations that support the large openings and
enrich MnO,’s (electro)chemical activity toward various
reactions [44]. In 2012, Kang et al. [22] elaborated the
concept of neutral ZIBs, during which a-MnO, was adopted
as a cathode coupled with the Zn foil anode in the ZnSO, or
Zn(NO3), aqueous electrolyte. As demonstrated in Figure 5b,
two distinguishable peaks appeared at around 1.3V and
1.7V vs. Zn/Zn™ during the cycling, corresponding to the
storage/release of Zn”" ion insertion/extraction of crystalline
a-MnQO,. Meanwhile, the assembled Zn|MnO, full cell ex-
hibited excellent electrochemical stability. A high capacity
retention rate of 100% was achieved after 100 cycles at 6 C,
and the CE was almost 100%.
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Based on the existing storage mechanisms, accompanied
by generating complex products, undergoing severe phase
transitions as well as slow reaction kinetics in the process of
the ion storage, it is difficult to realize the potential of Mn-
based materials. It should be mentioned that the high capa-
city and long-term cycling of ZIBs may be obtained invol-
ving multi-mechanisms through optimized cathode
materials. The generally recognized energy storage me-
chanisms of MnO, for ZIBs are summarized as follows
(Figure 5c) [45-47]:

H,0-H+OH )
MnO,+H +¢ <MnOOH )
MnO,+xH +xe «<>H,MnO, (3)
MnO,+xZn*"+2xe —ZnMnO, 4)
12Zn”*+OH+16ZnSO,+x6H,0

—16ZnS0,[Zn(OH,)];-xH,0 (5)

The cathode reaction may involve the H'/Zn** (de)inter-
calation/conversion (equation (2—4)), shifting equilibrium of
water reaction (equation (1)), and the formation of ZnSO,[Zn-
(OH,)]5-xH,0O species due the change of pH value on the
cathode/electrolyte interfaces (equation (5)). The reversibly
formed/decomposed Zn,(OH)(SO,xH,O on the surface of
MnO, during the discharge/charge seemly supported the H'
(de)intercalation mechanism [48]; however, the consumption
of H' in an electrolyte by the proton-coupled deposition
mechanism may also lead to the partial elevation of pH on
cathodelelectrolyte interfaces. Furthermore, the absence of
Zn™ in discharged MnO, by the direct atomic imaging in
reference may also challenge the Zn* (de)intercalation me-
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chanism [49].

In the H/Zn* (de)intercalation-dominated battery sys-
tems, Mn>~ was considered to suppress, inhibit, or dis-
courage the manganese dissolution caused by the Jahn—
Teller effect, with the underlying assumption that it changes
the equilibrium of Mn dissolution from the MnO, electrode
[50]. The MnSO, additive has been commonly applied in
almost every ZIB system. However, this reasoning is hard to
be followed, given that the preadded concentration of Mn”*
remains low (0.1-0.3 mol Lfl) and thus far from saturation
[51].

According to the Nernst equation, the proton concentration
is closely related to the Mn deposition potential. A decrease
in the H' ion content reduces the energy requirement for the
Mn deposition, while the formation of oxidized manganese is
more easily triggered at relatively higher pH values. In
electrolytes with mild pH values, the deposition/dissolution
of Mn”" (typically involving single electron transfer) will
mix with the deintercalation/intercalation of Zn®" (H+/Zn2+
dominant region); the main contribution to the capacity is the
ion deintercalation due to the high deposition potential of
Mn. The corresponding capacity evolution curve is relatively
stable, which can be attributed to the fixed number of ion
storage sites in the electrode material. With the progression
of cycling, pH and capacity increase continuously, and the
dominant process shifts to Mn** deposition. As the pH value
further increases, capacity decays and a large amount of inert
“dead Mn” is formed, resulting in the sharp capacity at-
tenuation [15,47].

For instance, Weng and Yang et al. [47] revealed that the
deposition/dissolution process was a pH-dependent Mn(I1I)-
intermediates (MnOOH and Mn3+) by an in-situ electro-
chemical quartz crystal microbalance technique. During the
deposition process, MnOOH is the Mn(Ill)-intermediate in
neutral electrolytes. As the proton concentration increases,
Mn®* gradually becomes the main Mn(III)-intermediate, but
the deposition kinetics of MnO, become sluggish, and thus
more residual Mn®" cannot be further oxidized to MnO,.
Sufficient proton concentration (pH=4) is necessary for the
dissolution reaction of MnO, [47]. However, in acidic elec-
trolytes, MnQ, is first reduced to MnOOH rather than Mn>".
More MnOOH is chemically dissolved in Mn®" but cannot be
totally reduced to Mn®" with increasing the proton con-
centration [48]. The dissolution of MnOOH and dis-
proportionation of Mn’" can induce the generation of
residual MnQO, on the cathodes and “dead” MnO, outside the
cathodes, which become the inert species [52]. In addition,
excessive proton concentration will lead to an increased pH
due to the existence of plentiful OH in a local scope, which
promotes the formation of Zn,SO,-(OH)sxH,O as harmful
by-products [42].

In addition to the proton co-intercalation, the MnO, cath-
ode also undergoes complex side reactions, including MnO,/
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Mn®" dissolution—deposition. The Mn’" and H" ions involved
in manganese dissolution—deposition mechanisms have at-
tracted attention due to some unfamiliar phenomena, such as
a higher specific capacity than the theoretical value of the
single-electron transfer, the reversible fluctuation of pH va-
lues and Mn”" concentration of electrolyte, and the reversible
formation and disappearance of porous Mn matrix at the
electrode interface, which directly affects the electro-
chemical performance [53].

Manganese oxide materials generally suffers from dissol-
ving issues due to the Jahn—Teller effect, which describes the
configuration distortions for the electronic cloud of a non-
linear molecule with multiple degenerate states [1]. In the
case of octahedral MnOg4 with a nonlinear magnetic field,
Mn’" exhibits a high spin state with a very large magnetic
moment, and MnO, typically undergoes collinear Jahn—
Teller distortions along the elongated axis. For octahedrally
coordinated high spin Mn’" or Mn" cations, only one elec-
tron occupies the e, orbital, leading to an asymmetric oc-
cupation. The electrons distributed in orbitals such as d,2_2
and d2 possess different shielding effects for Mn atomic
nuclei with different orientations. In this configuration, the
entire d orbital no longer conforms to the octahedral O,
symmetry, rendering the central Mn’" cation unstable. To
stabilize Mn®" cations, the two longitudinal Mn—O bonds in
the octahedral MnOg are elongated while the other four
equatorial Mn—O bonds undergo the compression. This dis-
tortion causes the MnOy octahedron to deviate from the O,
symmetry to Dy, weakening the system’s symmetry and
lowering the energy by eliminating degenerate orbitals and
undergoing structural distortion [54,55].

To strengthen the stability and alleviate the dissolution of
Mn-based cathode materials, defect engineering was adop-
ted, which can reduce the overall formation energy of
manganese oxides and enhance the charge transfer and re-
action kinetics [56]. For example, the incorporation of K’
ions can intrinsically stabilize the Mn-based cathode via
forming oxygen defects to improve the electrical con-
ductivity of K,sMngO,, and open the MnOg polyhedron
walls for the ion diffusion. Therefore, a significant energy
output of 398 Wh kg71 (based on the mass of the cathode) and
durability over 1,000 cycles with no obvious capacity fading
are obtained [57]. Anionic doping, such as S-doped MnO,
(S-MnO.,), was also employed to substitute the high elec-
tronegative oxygen in MnO, to ameliorate the electronic
structure of MnO, by lowing its bandgap and improving the
intrinsic electronic conductivity to weaken the electrostatic
interaction between Zn" " ions and the cathode structure [58].
As a result, the S-MnO, cathode delivered a maximum
specific capacity of 324 mAh gf1 at a current density of
200 mA g ' and a stable reversible capacity of 150 mAh g
with the capacity retention of 95% over 1,000 cycles at a
current density of 3,000 mA g ' [48].
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Morphological control of Mn-based electrode materials is
another effective way to improve the electrochemical activ-
ity and kinetics. Nanofibre-, nanorod-, nanoribbon- and na-
nobelt-like MnO, can be easily prepared via hydrothermal
methods. The transformation of micrometre-long nanofibres
to a well-mixed composite of short nanorod aggregations
after the initial cycle can stabilize and enhance the structural
mechanics and kinetics of the electrodes by releasing the
strain and reducing the diffusion length for ions and electrons
in the nanocomposite structure, resulting in the excellent rate
and cycling stability of the ZnMnO, aqueous batteries [50].

Generally, Mn-based materials have another common
barrier, inherently poor electrical conductivity. To solve this
problem, researchers combine them with highly conductive
additives to form Mn-based material/conductive additive
composites, such as MnO,/graphene [59,60], MnO,/carbon
nanotube [61,62], and MnO,/carbon [37,51,63]. Carbon na-
nomaterials with large exposed specific surface area enable
them to serve as nano/microscale conductive substrates for
cathode materials, facilitating the fast electron transfer and
acting as matrixes to embed active materials. However, fully
embedding into the carbon matrixes with inferior ion transfer
will decrease the utilization of active materials [64]. Fur-
thermore, the direct contact between cathode materials and
aqueous electrolytes can be effectively avoided, relieving the
attenuation of cathode materials. In general, pristine carbon
materials are required to be functionalized and/or doped with
heteroatoms (e.g., N, P, S, B), for improving the intrinsic low
wettability and poor reactivity for better applicability. Li
et al. [37] reported a free-standing cathode with hierarchical
core—shell MnO,@nanowires (MnO,@NC) by incorporating
layered MnO, with N-doped carbon nanowires. The N atom
elongated the Mn—O bond and reduced the valence of the
Mn*" ion in the MnO, crystal by delocalizing its electron
clouds. Thus, the electrostatic repulsion was weakened when
Zn>"/H" was inserted into the host MnO, lattices, which was
profitable to more cation insertion and faster ion transfer
kinetics for the higher capacity and rate capability. The ob-
tained MnO,@NC electrode showed an enhanced specific
capacity (325mAhg ' at 0.1 Ag ') and rate performance
(90mAhg ™' at 2A g "), as well as improved cycling stabi-
lity.

In addition to MnQO,, other manganese-based oxides, e.g.,
Mn,0; and Mn;0,, have also been investigated for the re-
versible Zn-ion storage [56,65,66]. Mn,0O; with a bixbyite
structure was first used as the cathode of ZIBs by Kang’s
group in 2017. During the insertion of Zn™', the bixbyite
transforms into layered Zn-birnessite and Mn’* undergoes a
reduction reaction to form Mn”" simultaneously [66]. Recent
study also confirms the co-insertion/extraction of H' and
Zn’" in the Ni-doped Mn,0; cathode [56]. Mn;O, with the
spinel structure has also been used as the cathode of ZIBs.
Related study shows that initial Mn;O, is converted to
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ramsdellite MnO, for the insertion and extraction of H™ and
2+
Zn™" [65].

3.1.2  Vanadium-based cathode materials

The layered Zn,,sV,05-nH,0 was first reported as the Zn*"
hosting material for ZIBs in 2016, as shown in Figure 6a
[67]. Since then, V-containing materials have been in-
tensively studied because the wide redox range of vanadium
(V5+<—>V4+<—>V3+) increases its chances to fit in the limited
potential window of water. Vanadium oxides (such as VO,,
V505, V5,05 (V,05:1H,0), V;0;-H,0 (H,V;04), V501, H,0,
V0,53 (VcO,3:nH,0), and V,,0,4°12H,0), especially the
layered vanadium oxides, are particularly attractive due to
their high specific capacity (usually >300 mAh gfl), natural
abundance, and favorable processability owing to the large
interlayer distances facilitating the Zn** (de)intercalation
[68]. Different from crystalline structures, amorphous VO,
materials with the short-range ordering V-O polyhedral
present the random network arrangement, which may pro-
vide more active sites for the ion insertion, reduce the ion
diffusion length, and accommodate the lattice strain during
the repeated charge/discharge processes [69].

The energy storage mechanism of vanadium-based cath-
ode materials based on the insertion of Zn ions associated
with the proton co-intercalation has been widely proven. The
H' insertion dominated the high-voltage and high-rate elec-
trochemical process while the insertion of Zn”" controlled the
low-voltage state and low-rate electrochemical process [70].
In general, V-based materials are slightly soluble in water,
exhibiting a characteristic pale-yellow color. Such poor
structural stability of vanadium-based materials in aqueous
electrolytes leads to the chemical dissolution and formation
of soluble V-based substances, giving rise to rapidly de-
creased capacity [71]. For commonly used aqueous solutions
in ZIBs (pH~4), its dissolution follows the equation: V,0Os
+3H,0—2VO0,(OH), +2H". Further, the soluble VO,(OH),
can react with Zn>" in the electrolyte, forming Zn;V,0;-
(OH),2H,0  compound (2V02(OH)27+3Zn2++3H20—>
Zn3V207(OH)2-2H20+4H+). Therefore, maintaining the
structural stability of vanadium-based cathodes against the
dissolution in aqueous electrolytes is crucial for extending
the ZIB lifespan. [72].

Introducing defects such as cationic or anionic vacancies
in the crystal lattices is beneficial to suppress the needless
phase transition and provide more activated sites for en-
hanced Zn ion storage capacity [73,74]. It has been demon-
strated that oxygen vacancies (VO™) can increase the
interlayer spacings of metal oxides and improve their ion
diffusion kinetics, favoring the fast ion insertion and ex-
traction. Li et al. [75] reported that VO -rich VO, (B)
achieved a specific capacity of 375 mAh g_1 at a current
density of 100 mA g_1 and long-term cyclic stability with the
retained specific capacity of 175 mAh g ' at 5A g ' over
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CV curves of two individual electrodes (Zn anode and ZnHCF cathode)
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mechanism of the MoO;_/MXene cathode. Zn(OTF), [110]: zinc tri-
fluoromethanesulfonate. (e) Cycle life of the optimal MoO;_/MXene pa-
pers [110] (color online).

2,000 cycles (85% capacity retention), higher than that of
VO, (B) nanobelts (280 mAh g ' at 100 mA g ' and 120
mAh g ' at 5A g, 65% capacity retention). Zheng ef al.
[76] presented that the partial removal of ammonium cations
introduced oxygen vacancies in NH,V,0,,, which not only
weakened the strong electrostatic interaction between the V—
O layer and Zn”" to reduce the energy barrier of the Zn”
diffusion process, but also decreased the R, to accelerate the
reaction kinetics. As a consequence, the specific capacity of
the oxygen vacancy-rich NH,V,0,, was enhanced from 304
mAh g ' to 355 mAh g, relative to the sample without
treatment.

Doping is another effective method to modulate the
structure of V-based cathodes. Various guest species such as
cations (Li", K", NH", Mg*", Ca®", Ba®", La’", etc.) [77-79]
and polymers (polyaniline, C;N,, etc.) [80-82] were in-
troduced between the layers of layered-vanadium oxides to
sustain the framework by the introduction of oxygen defects,
improved conductivity, and minimized electronic interac-
tions between Zn”" ions and host materials during the dis-
charge process. For example, K '-doped ammonium vanadate
was reported recently that K replacing NH"*" alleviated the
irreversible de-ammoniation to prevent the structural col-
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lapse during the ion insertion/extraction because the electron
structure was modulated and Zn-ion diffusion path with a
lower migration barrier was obtained. Thus, potassium am-
monium vanadate exhibited a high discharge capacity (464
mAh gf1 at 0.1 A gfl) and excellent cycling stability (90%
retention over 3,000 cycles at 5 A gfl) [83].

The incorporation of conductive carbonaceous compo-
nents as the surface coating or support has been widely
adopted to address the structural degradation of layered V-
based cathodes [84]. The conductive carbon materials, such
as reduced graphene oxide (rGO) can effectively improve the
electron transfer in the cathode [85]. Niu ef al. [86] synthe-
sized an amorphous V,0Os/carbon composite material (a-
V,05@C) through the derivatization of a MOF as a cathode
material for ZIBs. The capacity of a-V,05@C can be
maintained at 249.2 mAh zgfl after 20,000 cycles at a high
current density of 40 A g_l. Chen et al. [87] reported that
single-crystal V,0s; samples well-encapsulated by the
amorphous carbon showed outstanding electrochemical
performance because of the improved conductivity and
dramatically decreased energy loss by the thin amorphous
carbon layer.

3.1.3 MOF/COF and organic cathode materials
Conductive MOFs and COFs constructed by coordinating
metal ions and m-conjugated organic ligands have been em-
ployed in ZIBs with the high thermal and chemical stability
owing to the nature of their architectures in which small
molecular units are linked via covalent bonds [88]. Prussian
blue and its analogues (PBAs) possess a general formula of
A M,[M,(CN)g],-nH,0O with the face-centered cubic struc-
ture. The open-framework structure has large channels and
allows the rapid diffusion of Zn ions, giving PBAs an ex-
cellent cycle life and high-rate capability as cathode mate-
rials in aqueous electrolytes. For example, rhombohedral
zinc hexacyanoferrates (ZnHCFs) exhibit a porous 3D fra-
mework with FeCg octahedra linking to ZnN, tetrahedra via
CN ligands. Alkaline cations A (A =Na', K™ and Cs') and
water molecules are located in the large open sites which can
behave as the intercalation hosts for various cations. When
combined with a zinc anode, zinc hexacyanoferrate was re-
ported to yield an average operation voltage of ~1.7 V and
delivered a specific energy density of 100 Wh kgfl based on
the total mass of the active electrode materials, which was
demonstrated in Figure 6b and c [89]. Kang’s group [90]
reported a high-performance aqueous ZIB using the man-
ganese trimesic acid (Mn(BTC)) cathodes and the ZIF-
8@Zn anodes, which exhibited a capacity of 112 mAh g_1
and excellent cycling stability with 92% capacity retention
after 900 charge/discharge cycles.

Properly stacked low-dimensional (0D/1D/2D) MOFs
with well-defined pore channels and stable skeletons are
ideal materials for the Zn"" transport [91]. Banerjee et al.
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[92] reported the use of a classical 2D COF HqTp as the
cathode material for rechargeable aqueous ZIBs, delivering a
specific capacity of 276.0 mAh gfl. Stoddart et al. [93] re-
ported a conductive 2D Cu3(HHTP), cathode delivering a
capacity of 228 mAhg ' at 50mA g . The high diffusion
rate of Zn"~ ions and low interfacial resistance by the in-
sertion of hydrated Zn”" ions allowed Cu;(HHTP), to follow
the intercalation pseudocapacitance mechanism. As a con-
sequence, Cu;(HHTP), achieved a high rate performance and
cyclability, indicating that 75.0% of the initial capacity
(124.4mAh g ') was maintained after 500 cycles at a high
current density of 4,000 mA gfl (~18 C). Ciesielski et al. [94]
synthesized a new olefin-linked benzothiadiazole-based 2D-
COF, in which benzothiadiazole units were explored as novel
electrochemically-active groups, delivering a capacity of
283.5 mAh gfl. Both nitrogen and sulfur atoms were highly
suitable for hosting, through reversible non-covalent inter-
actions, monovalent and bivalent cations, offering additional
control over the process of ion complexation and release.

The intrinsically low electrical conductivity of most MOFs
severely limits the effective utilization of built-in redox
centers, resulting in a low capacity and power density. For
this reason, constructing heterostructures based on 2D MOFs
as the host and other conductive 2D materials (graphene,
CNT, carbon fibers, carbon black, efc.) as guests can induce a
more effective mass/charge transport [95]. Wong et al. [96]
reported an alternately stacked MOF/MXene heterostructure,
exhibiting a 2D sandwich-like structure with abundant active
sites, improved electrical conductivity and exceptional
structural stability. Based on a reversible intercalation me-
chanism of zinc ions and high electrical conductivity in the
2D heterostructure, the as-developed cathode material
showed a rate performance of 260.1 mAhg 'at0.1 Ag ' and
173.1 mAh gf1 at4 A gfl, and 92.5% capacity retention over
1,000 cycles at 4 A g .

Organic electrode materials are only composed of sus-
tainable elements (such as C, H, O, N and S) and their
structures can be designed flexibly. Furthermore, the redox
chemistry in organic electrode materials of ZIBs is only
accompanied by the rearrangement of chemical bonds in-
stead of the insertion/extraction of large hydrated Zn™,
avoiding large structural changes that generally exist in in-
organic compounds [97—100]. Therefore, organic materials
are considered as promising cathode materials of aqueous
ZIBs. Organic materials store charges via n-type or p-type
reactions [101]. The n-type organic materials with redox
functional groups are capable of reversible Zn** storage by
the coordination reactions between Zn>" ions and active sites,
such as carbonyl and imine compounds (e.g., quinone com-
pounds [102,103], pyrene-4,5,9,10-tetraone (PTO) [104],
diquinoxalino [2,3-a:2’,3'-c] phenazine (HATN) [105], and
hexaazatrinnphthalene-2,8,14-tricarbonitrile (HATN-3CN))
[106], avoiding the structural collapse that prevails among

January (2024) Vol.67 No.1

inorganic cathodes. The excellent redox activity of quinones
also makes them desirable cathode materials for aqueous
ZIBs, achieving a capacity of 335-225 mAh g71 at 20-30
mA g ' mainly through the co-insertion of Zn’" and water.
Despite the as-mentioned advantages, organic cathodes still
suffer some intractable issues including insufficient con-
ductivity which lowers the utilization of active redox sites,
hindering the release of charge-storage capacities; and the
easy dissolution of organic molecules or discharged products
in aqueous electrolytes, which chronically decays the life-
span of ZIBs [106,107].

3.1.4 Other cathode materials

Zhang et al. [108] reported a porous VSe,_,-nH,0 host for
Zn* storage. The co-modulation of H,O intercalation and
selenium vacancies enables to enhance the interfacial Zn ion
capture ability and decreasing the Zn ion diffusion barrier.
As a result, the cathode retained a high specific capacity of
173 mAh g " after 5,000 cycles at 10 A g ', as well as a high
energy density of 290 Wh kg_1 and a power density of
15.8 kW kg_1 at room temperature. Kang’s group [109] re-
ported that MnS delivered a cycling discharge capacity of
110 mAh g ' at a current density of 500 mA g ', and main-
tained a reversible discharge capacity of 70 mAh g_1 after
100 cycles, which was approximately 63.6% of the value of
the first discharge capacity.

MoO; is considered as a promising cathode material for the
energy storage with huge potential windows due to its higher
theoretical capacity and excellent electrochemical activity.
However, the low conductivity and poor stability of MoO; in
aqueous electrolytes seriously affect its wide application. To
solve the problems, Gao et al. [110] investigated Ti;C,T,
(MXene) with a two-dimensional (2D) layered structure and
hydrophobic trifluoromethane sulfonate (OTf") for the ZIBs,
as shown in Figure 6d and e. The MXenes not only caused
the partial reduction of MoOj; to form oxygen vacancies, but
also reduced the hydrophilicity of MoOs;. The OTf in the
zinc trifluoromethane sulfonate (Zn(OTY),) electrolyte was
conducive to preventing the cathode from dissolving. As
expected, MoO;_,/MXene delivered a capacity of 369.8 mAh
g at 020 A g and a cycling life of 46.7% capacity re-
tention after 1,600 cycles.

It is well known that the pH value is closely related to the
proton-coupled reactions and electrochemical behaviors of
the cathode. From the perspective of reaction equilibrium, a
mild pH value is beneficial for the deposition of the cathode
carriers, while an excess of hydroxide ions suppresses the
dissolution of cathode. As a result, an increase in pH value
reduces the contribution of the deposition/dissolution cap-
ability and shifts the electrochemical mechanism to the ion
insertion region [111,112]. Therefore, controlling the pH
environment and related proton-coupled reactions is crucial
for achieving the desired performance.



Li et al. Sci China Chem

3.2 Strategies for stabilizing Zn anodes

The Zn dendrite formation, H, evolution and Zn corrosion
reactions occurring at the Zn electrolyte interface are chal-
lenges that need to be addressed to achieve highly stable Zn
anodes as well as the long lifespan of ZIBs. From the per-
spectives of anode construction, separator modification and
electrolyte optimization, a series of effective strategies can
be summarized as follows.

3.2.1 Surface modification of Zn metal anodes

Constructing a coating layer on the surface of the Zn anode
can effectively adjust the electronic and ionic field at the
electrodelelectrolyte interface to achieve the uniform Zn
nucleation and flat Zn deposition layer at the interface,
thereby improving the cycle life and interface stability of the
Zn anode. According to previous reports, different Zn metal-
protective layers such as inorganic coatings [113—121], metal
modification layers [122—125] and organic coatings [126—
128] can be constructed on the surface of Zn anodes through
the ex-situ/in-situ method to achieve high-performance Zn
anodes. It is noted that non-conductive inorganic coatings on
the Zn anodes may cause an enlarged interfacial impedance
and slow zinc plating/stripping kinetics. The following
content briefly reviews the research progress of the above
three protection layer strategies.

(1) Ex-situ preparation of coatings on the surface of the Zn
anode

The protective layer can be constructed on the surface of
the Zn anode by ex-situ methods, such as doctor blade
coating, spin coating and physical pressing.

@ Inorganic coating layer. The ex-situ doctor blading
method is the most commonly used method to prepare a
coating layer on the surface of the Zn anode. By uniformly
dispersing coating materials and binders in solvents and
making slurry then casting on the Zn foil, the thickness of the
coating is controlled by the blade. Yi et al. [116] cast the
ZrO, nanoparticle slurry onto the Zn anode to facilitate the
uniform Zn stripping/plating. ZrO, is a typical ceramic in-
sulating material with a high dielectric constant (¢~25), and
the ZrO, coating underwent the Maxwell-Wagner polariza-
tion during the charge/discharge process and provided more
nucleation sites for Zn’*, which promoted the Zn”" diffusion
and ensuring a uniform Zn stripping/plating process (Figure
7a). Therefore, the Zn anode with the ZrO, coating can
achieve a cycle life of 2,100 h at 5 mA cm’ (compared with
the bare Zn of 100 h) and a polarization voltage of only
32 mV (Figure 7b). Besides, the uniform deposition of Zn>
can also be achieved by scraping the nitrogen and sulfur
double-doped orange peel-based biomass activated carbon
(NS-OPC)-based artificial protective layer on the surface of
Zn foil [119]. The nitrogen-containing functional groups and
sulfur heteroatoms in the NS-OPC provided nucleation sites
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for the uniform deposition of Zn. Consequently, the cycle life
of the NS-OPC-coated Zn symmetric cell was as high as
1,200 h at a current density of 1 mA cm .

The spin coating method can be used for the construction
of the ex-situ layer. By adjusting the rotation speed and
viscosity of the solvent, the liquid solution is evenly dis-
persed on the surface of the Zn anode. After solvent eva-
poration, a uniform film can be formed on the surface of the
Zn anode. Nb,Ojs also has a high dielectric constant and can
be constructed on the surface of the Zn anode by the ex-situ
spin coating [117]. The Nb,Os@Zn symmetric cell achieves
stable Zn”* plating/stripping up to 1,000 h at a current den-
sity of 1 mA cm . Dong et al. [120] dispersed ZnO porous
sheets on the water-based filter membrane by vacuum fil-
tration and pressed it on the surface of the Zn anode. The
strong hydrophobicity of ZnO porous sheets significantly
alleviated the corrosion problem of the Zn anode interface,
and the stability of the Zn anode was significantly improved.

@ Metal coating layer. Metal materials are promising
coating materials for ZIBs due to their affinity to Zn and
excellent electrical conductivity. The affinity of metal ma-
terials to Zn can increase the nucleation sites of Zn to
promote the uniform deposition of Zn. In addition, the con-
ductivity of the metal can surpass even the interfacial electric
field of the Zn anode, realizing a rapid transport of Zn™"
which effectively suppresses the formation of Zn dendrites/
protrusions [129]. Dong et al. [125] reported a strategy to
construct a zincophilic 3D Cu nanowire network on the
surface of Zn foil through an ex-situ manner to stabilize the
Zn anode in multiple aspects. According to the experimental
results, the Cu nanowire network covering the surface of the
Zn anode evened the surface electric field and the Zn®"
concentration field of the Zn anode (Figure 7c), and its hy-
drophobic property also inhibited the occurrence of side re-
actions (Figure 7d), which helped to achieve the uniform
deposition of Zn ions. Density functional theory calculation
showed that the facets and edge sites (especially the latter) of
Cu nanowires exhibited high zincophilicity (Figure 7e). The
edge sites of Cu nanowires with incompletely coordinated
atoms were highly reactive to the Zn deposition, which
benefited the uniform Zn nucleation/deposition.

(3 Organic coating layer. Organic molecular materials can
also be used as protective coatings for Zn anodes to improve
interfacial properties. Cui et al. [130] applied a polyamide
(PA) organic polymer protective layer on the surface of the
Zn anode by the ex-situ doctor blading method, which ef-
fectively regulated the deposition behavior of Zn. The arti-
ficial PA coating had a unique hydrogen bond network
structure, which strongly coordinated with metal ions, ac-
celerating the migration of Zn*" and achieving uniform nu-
cleation of Zn, and also inhibited the corrosion effect of H,O/
O, on Zn anodes (Figure 7f). The change of the current with
time at a constant potential can sensitively reflect the Zn
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nucleation process and the change of Zn anode surface
morphology by the chronoamperometry. For the bare Zn
electrode, the current density continued to increase after
applying —150 mV overpotential for 150 s, suggesting that its
rampant 2D diffusion time on the surface was long and rough
deposition propagation (the inset of Figure 7g). The initial
Zn nucleation and 2D diffusion process of the Zn anode with
PA protective layer was less than 30 s, followed by sustained
and stable 3D diffusion. Since the PA coating was strongly
adsorbed on the Zn anode, it provided an additional energy
barrier for the lateral movement of Zn®" adsorbed on the Zn
anode interface and increased the nucleation sites, eventually
evolving into a uniform and dense Zn layer. In addition,
compared with bare Zn electrodes, the Zn anode with the PA
protective layer had better corrosion resistance, which helped
to suppress the generation of side reactions (such as hydro-
gen evolution reaction) at the electrodelelectrolyte interface
(Figure 7h). As shown in Figure 7i, the effect of the PA
protective layer on the electrochemical plating/stripping of
the Zn anode was visualized through a transparent electro-
lytic cell. It was found that the bare Zn electrode showed
obvious bubbles and continuous stripping of the Zn hydro-
xide and zincate during the cyclic plating/stripping process,
while the PA-protected Zn anode showed no bubbles and a

smooth surface throughout the cycle. Guo et al. [126] con-
structed a polyvinyl butyral film with the high viscoelasticity
on the surface of the Zn anode through a simple spin-coating
strategy. This protective layer had good adhesion, ionic
conductivity, and mechanical strength, which can effectively
block the contact of active water at the electrode|electrolyte
interface and guide Zn™ to platting/stripping uniformly un-
der the polyvinyl butyral film, so the electrode containing Zn
exhibits the high cycling stability and CE.

(2) In-situ preparation of coatings on the surface of the Zn
anode

Compared with the protective layer formed ex-situ on the
Zn anode surface, the in-situ formed Zn anode-protective
layer does not require the addition of binders such as poly-
vinylidene fluoride (PVDF), and generally has stronger ad-
hesion. So far, ZnO, ZnS, Al,0;, MXene, Sn, In, AgZn;, and
ZIF-8 have been reported to form protective layers in situ
[113-115,118,121-124,128,131-133]. These layers are
usually formed in-situ by anodizing technique, chemical
vapor deposition, atomic layer deposition, wet chemical
methods, replacement reactions, complexation reactions, and
other strategies.

(O Inorganic coating layer. Liu et al. [115] constructed a
Zn hexagonal pyramid array with a functionalized ZnO layer
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on the surface of the Zn anode through an in-situ anodizing
technique and reduced the local current density on the
electrode surface by increasing the electroactive surface area
of the Zn anode. In addition, the functionalized ZnO coating
formed on the surface of the Zn hexagonal pyramid array had
a gradient thickness to achieve the long-term cycle stability
of the Zn anode by guiding the selective deposition of Zn*"
and alleviating interfacial side reactions.

Chemical vapor deposition has the advantages of simple
preparation conditions and fast preparation speed, so low
melting point materials can chemically react with the Zn foil
to construct an interface modification layer in situ. Guo et al.
[113] diffused sulfur vapor to the surface of Zn metal under
vacuum-tight conditions and formed a dense and uniform
ZnS protective layer in-situ through the reaction of sulfur
vapor and Zn metal (Figure 8a). The thickness of the ZnS
protective layer can be controlled by adjusting the treatment
temperature to further optimize the performance of the pro-
tected Zn electrode. By studying the rate performance of Zn
symmetric batteries at different current densities, the voltage
hysteresis of bare Zn symmetric batteries was always higher
than that of ZnS@Zn symmetric batteries, indicating that
ZnS@Zn symmetric batteries had the low polarization and
favorable stability at a high current density (Figure 8b). This
dense ZnS protective layer not only acted as a physical
barrier to inhibit the Zn corrosion, but also acted as an in-
ducer for uniform Zn>" plating/stripping beneath the ZnS
film.

In addition to the above methods, atomic layer deposition
is a new thin film deposition method in which the coating is
formed by stacking and growing atoms layer by layer.
Therefore, this method can precisely control the thickness of
the film while achieving the uniform coverage at the atomic
scale. Liu et al. [114] constructed an ultra-thin Al,O; layer
in-situ on the surface of the Zn anode by atomic layer de-
position. This protective layer improved the hydrophilicity of
the Zn anode and effectively inhibited the corrosion of Zn,
and the growth of Zn dendrites was significantly inhibited
and the cycle life of the Zn symmetric battery was sig-
nificantly increased.

Wet chemistry is a simple, low-cost, and scalable method
to grow a thin and uniform protective layer on the surface of
Zn anode in situ through corresponding chemical reactions.
Zhou et al. [118] prepared ZP@Zn by soaking the Zn foil in
an aqueous solution containing Zn(NO;), and (NH,),HPO,
through a simple in-situ wet chemical reaction. The ZP layer
has a reversible proton storage capacity to alleviate the hy-
drogen evolution reaction, and promotes the redistribution of
charges under the action of an electric field through the space
charge polarization effect, and the uniform nucleation and
deposition of Zn. In addition, MXene can also form a thin
and uniform protective layer on the surface of the Zn anode
through in-situ spontaneous reduction/assembly [121]. The
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MXene layer lowers the nucleation energy barrier of the Zn
anode and uniforms the electric field distribution through the
charge redistribution effect, achieving good cycle perfor-
mance of the Zn anode.

2 Metal coating layer. It is a simple and large-scale
method to construct a uniform and dense metal layer in-situ
on the surface of the Zn anode through the chemical dis-
placement reaction between metal ions (such as Ag’, Au’,
Cu2+, In3+, and Sn4+) and Zn metal. Yang ef al. [123] con-
structed a Sn layer on the surface of the Zn metal anode in
situ through a simple chemical displacement reaction (Figure
8c). By controlling the reaction time between Zn foil and
SnCl, solution, Zn/Sn (;o;, €lectrodes and Zn/Sn,,, electro-
des with different crystal plane orientations can be well-
prepared (Figure 8d). The nucleation over-potentials of Zn/
Sngo1y and Zn/Sn(yg (9.3 mV and 16.4 mV) was much
smaller than the bare Zn anode (35.9 mV), indicating that the
Sn surface was more conducive to the nucleation and growth
of Zn (Figure 8e). In addition, In and AgZn; can also be
constructed on the surface of the Zn anode through a che-
mical displacement reaction [122,124]. Metallic In and
AgZn;-based metal protective layers can lower the Zn nu-
cleation barrier and regulate the Zn deposition through a
facile and effective method to realize long-life rechargeable
aqueous ZIBs.

(3 Organic coating layer. Interestingly, some organic
molecules have the ability to complex with Zn*" By soaking
the Zn foil in the corresponding solution, a strong adhesion
organic molecular layer can be constructed in situ on the
surface of the Zn anode through the complexation reaction.
Kang et al. [128] used the in-situ complexation reaction
between phytic acid and Zn foil to construct an organic
zincophilic interfacial layer. Phytic acid organic molecules
are composed of six phosphate groups, which have strong
complexation with metal ions. The inherent surface binding
affinity of phosphates helped to form a strong binding phytic
acid cross-linked network structure on the surface of the Zn
anode (Figure 8f). The Zn—phytic acid@Zn anode and MnO,
cathode were subsequently assembled into a flexible Zn|
MnO, battery. Thanks to the strong adhesion between the
phytic acid and the Zn anode, the flexible device exhibited
high and stable specific capacity under different bending
angles (Figure 8g). The flexible device can serve as a strap
for an electronic watch and power it, demonstrating the good
mechanical properties of the as-grown organic layer (Figure
8h). Under folding conditions, the organic protective layer
grown in situ was not easy to fall off and can continuously
and stably protect the metal Zn anode, reflecting the practical
feasibility of these flexible ZIBs. Besides, the flexible ZIBs
can still drive and power an electric fan when folded 180°,
indicating its potential for flexible and wearable electronics
in future daily life (Figure 8i).

Due to the unique hydrophilicity and porous surface of
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MOF materials, a protective layer of MOF materials can be
constructed in situ on the surface of the Zn anode by the wet
chemical method. Ruoff et al. [127] constructed a ZIF-8
layer in situ on the surface of the Zn anode, followed by
carbonization to obtain a Zn anode with a protective layer of
N-doped porous carbon derived from ZIF-8. The good hy-
drophilicity and porous surface of the N-doped porous car-
bon layer derived from ZIF-8 helped to accelerate the
diffusion of Zn’" and uniform electric field distribution,
thereby suppressing the formation of Zn dendrites and the
generation of side reactions at the electrode|electrolyte in-
terface.

3.2.2  Alloy anodes and zinc-metal free anodes.
Compared to pure Zn anode, the formation of the inter-
metallic phase in alloy anodes results in a significantly po-
sitive corrosion potential, strong antioxidant capability and
low Zn-nucleation barrier [131]. Therefore, the replacement
of pure Zn metal by an alloy anode is expected to improve
the cycling stability of ZIBs by inhibiting the formation of
Zn dendrites and side reactions.

For example, Jiang ef al. [134] reported a eutectic ZnggAl,;,

alloy with unique layered nanostructures alternating Zn and
Al as a new anode. The forming and insulating Al,O; shell
prevented the electroreduction of Zn”" ions, thus guiding its
Zn-deposition sites and greatly eliminating the formation of
Zn dendrites, while Al inhibited the formation of irreversible
ZnO or Zn(OH), by-product. Benefiting from the unique
structure and protection of the Al/Al,O; core/shell, the
ZnggAl;, alloy exhibited the superior Zn plating/stripping
behavior up to 2,000 h, as shown in Figure 9a. Researchers
demonstrated experimentally and computationally that HER
occurring in the alloy anode with the moderate Sn amount is
only half that of the bare Zn anode [135]. Compared with
pure Zn (001), the replacement of Zn atoms with Sn metal
atoms could possibly enlarge the Gibbs free energy of H at
the adsorption sites in the ZnSn (001) alloy and inhibit the
HER. In addition, theoretical calculations pointed out that
the zincophilic Sn doping atoms can reduce the Zn deposi-
tion energy barrier to drive the heterogeneous nucleation of
Zn on the electrode surface, thus inhibiting the formation of
Zn dendrites [135]. Another alloy material of electro-
deposition-synthesized Zns;Cu possess a forest-like three-
dimensional nanostructure. The surface of the three-di-
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mensionally nanostructured Zn/Cu alloy has been demon-
strated to be in favor of accelerating the reaction kinetics and
improving the corrosion-resistant ability of Zn anodes
(Figure 9b, ¢) [136]. Besides the aforementioned Zn/Al, Zn/
Sn and Zn/Cu alloys, Zn depositing on other Zn-based alloys
such as Zn/Au, Zn/Ag and Zn/In also exhibits notably re-
duced nucleation energy barriers [137]. Generally, the opti-
mization mechanism of Zn plating/stripping by alloy anodes
can be summarized as follows [135,136,138]: (1) the alloys
(e.g., Zn/Ag) featuring the high lattice matching degree with
Zn can adjust the Zn deposition orientation; (2) the alloys
(e.g., Zn/Cu) with the zincophilic feature reduce the Zn nu-
cleation barriers, thus suppressing rampant Zn™" diffusion at
the anode—electrolyte interface and realizing the dense Zn
deposition; (3) the alloys (e.g., Zn/Sn) which are antipathetic
to protons benefit to inhibit the HER reaction.

Dendrite growth and side reactions of Zn metal anodes
seriously affect the cell performance, and even cause safety
problems. Especially, the above issues become more serious
when the Zn anodes work under a large charge/discharge
depth (i.e., high utilization). That is, Zn anodes often operate
under low utilization. Because of the low utilization, excess
Zn metal must be used in Zn-based energy storage systems,
which seriously damages the energy density of the whole
device [139].

Looking back at the history of LIBs, an effective solution
to the above challenges is the development of metal-free
batteries. Especially, the formation of Zn dendrites is effec-
tively eliminated in intercalation-type or conversion-type
anode whose potential of the Zn-inserting or conversion re-

action is often higher than the Zn reduction potential, thus
significantly improving the cycling stability of ZIBs. Hong
et al. [140] reported Zn” ions inserted in Zn MogSg Chevrel
phases at a low voltage of 0.35 (Zn2+/Zn) and exhibited low
cell volume changes during the charging and discharging. In
addition, presodiated TiS, was used as a new anode for ZIBs,
in which the buffer phase formed improved the reversibility
and stability of the structure [141]. As a result, the “rocking-
chair” ZIBs configured with a Na, ,TiS, anode and a
ZnMn,0, cathode provided an average voltage of 0.95 V and
capacity retention of 74% after 100 cycles (Figure 9d and e).
Layered materials such as MoO; [142] and NaTi,(PO,);@C
[143] have also been used as the anode for “rocking-chair”
ZIBs due to their low Zn-embedding potential and high
electrochemical stability.

However, the unsatisfactory electrochemical performance
of these anodes can be ascribed to insertion mechanisms that
provide relatively low specific capacities and unstable output
voltages. By contrast, conversion-type anodes with high
specific capacities and flat voltage plateaus showed great
potential for building high-performance ZIBs. As shown in
Figure 9f and g, the non-metallic Te anode provided a sig-
nificantly high theoretical capacity of 425 mAh gfl and a
stable output voltage during the conversion process of Te to
ZnTe, to ZnTe in a neutral electrolyte [144]. The Te[MnO,
full batteries coupled with such Te anodes achieve energy
densities of up to 81 Wh kgflanodmathdoc and superior cycling
behavior of 5,000 cycles in mild electrolytes, and even more
excellent electrochemical performance in alkaline electrolyte
systems (e.g., 176 Wh kg sodercathdoe). ClzSe [130] and
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Cu,_,Te [145] anodes based on the conversion mechanism
similarly released low and flat discharge voltages and ex-
cellent cycling stability, conferring promising practical ap-
plications for “rocking-chair” ZIBs.

3.2.3  Anode-free Zn-ion batteries

Most of the current studies use the Zn foil, Zn powder, or
electrodeposited Zn as an anode with the low Zn utilization.
Achieving high energy-density ZIBs requires a reduction of
the battery N/P ratio as much as possible. Cui et al. [146]
proposed the concept of an anode-free ZIB, which omitted
the Zn metal anode and the internal Zn source was stored at
the cathode (i.e., the “real Zn anode” was formed when the
battery was first charged). This battery configuration sig-
nificantly reduced the internal volume/mass compared to
conventional ZIBs and thus increased the energy density of
the whole battery. Due to the very limited internal Zn source,
the Zn plating/stripping CE required >99.7%.

Interfacial modification can effectively suppress dendrites
and HER to improve the Zn plating/stripping reversibility
and extend the cycle life of anode-free ZIBs. Wang and his
colleagues [147] coated aluminum fluoride on the copper foil
(Cu@AOF) as a substrate for the Zn deposition in anode-free
ZIBs. As shown in Figure 10a, the strong interaction between
AOF and Zn*' significantly reduced the Zn nucleation and
growth barriers (Figure 10b), achieving highly reversible Zn
plating/stripping with a CE of 99.78% even at —20 °C. The
Cu@AOFEF||Zny sVO, anode-free full battery showed a long
cycle life of 400 cycles. In addition, 2D Sb/Sb,Zn; alloy
heterostructures were designed at the interface to regulate the
Zn plating [148]. Strong adsorption and homogeneous
electric field distribution in the Sb/Sb,Zn; heterostructure
interface appeared during the Zn plating process (Figure
10c), which endowed the Zn metal with the high stability
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even at ultrahigh current densities (e.g., CE of 98.3% at
50 mA cm ~ and 50 mAh cm %) and indicated excellent ap-
plication potential in high-power Zn batteries such as anode-
free Zn||Br, batteries with a high-rate capability (Figure 10d).

Optimizing the electrolyte formula makes it possible to
achieve the dendrite-free Zn plating/stripping with a high
CE. Wang et al. [149] reported an aqueous Zn-ion battery in
which an aqueous electrolyte with an alkylammonium salt
additive contributes to the in-situ formation of SEI. As
shown in Figure 10e, the robust SEI on the Zn anode with
superior Zn*"-conductive and water-resistant capability
achieved dendrite-free plating/striping and long-term cycling
behavior of 6,000 h in a Zn|Zn symmetric cell with 99.9%
CE and also allowed the anode-free pouch cell of
Ti||Zn,VOPO, to operate reversibly for 100 cycles at 100%
depth of the discharge. Qian’s group [150] designed a stable
F-rich SEI by introducing a multifunctional ZnF, additive
into the electrolyte. This ZnF, interfacial layer not only
regulated the growth direction of Zn metal, but also acted as
an inert protective layer to prevent the generation of side
reactions such as H,. The optimized electrolyte enabled the
anode-free Zn-ion battery to significantly improve the cycle
life accompanied with a high CE.

Normally the formation of Zn dendrites and HER are as-
sociated with the involvement of water in the Zn”" solvation
structure (Zn(H20)62+), and the exclusion of water molecules
from the solvation structure can effectively solve these
problems, especially for HER. The addition of chloride salts
with bulky cations (1-ethyl-3-methylimidazolium chloride)
to the conventional ZnSO, electrolyte successfully trans-
formed Zn(H20)62+ into anhydrous solvation structure of
ZnCl427 [151]. The unique solvation structure of ZnC1427
with weakening cation—water interactions effectively in-
hibited the formation of HER and Zn dendrites. The opti-
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mized electrolyte achieved uniform Zn plating with an
average CE of 99.9% and thus resulting in an anode-free ZIB
with a capacity retention of 78.8% after 300 cycles. Anion-
driven inorganic SEI allows the metal anode to exhibit ex-
cellent cell electrochemical properties, but it is difficult for
the vast majority of anions to enter the Zn”" solvent sheath
structure and to be reduced before Zn®" and H,O for their
higher lowest unoccupied molecular orbital levels. In the
presence of propylene carbonate-saturated electrolyte (de-
noted as PC-sat.), the trifluorate anion participates in the
Zn”" solvent sheath structure even at low salt concentrations,
whose unique solvent structure leads to the reduction of the
anion and results in the formation of a hydrophobic SEI
[152]. The waterproof SEI and the reduction of water activity
in the mixed electrolyte effectively prevented side reactions
(Figure 10f), thus ensuring a dendrite-free Zn deposition/
exfoliation with the unprecedented CE over 99.93% (Figure
10g, h) and anode-free Zn-ion batteries with superior cycling
stability (e.g., 80% capacity retention after 275 cycles).

3.2.4 Functional separators

The modification of conventional separators and the devel-
opment of novel separators have recently emerged as effec-
tive routes to manipulate the Zn™" ion transport and Zn
deposition behaviors, thus improving the electrochemical
stability of Zn anodes. It has been proved that separators with
uniform pore sizes are beneficial to the homogenization of
jon flux and reduce the accumulation of Zn®" at the Zn de-
position interface. Wang et al. [153] proposed a porous
water-based filter membrane as a separator due to its better
toughness and uniform pore distribution compared with
commercial glass fiber (GF) separators. The lifespan of the
symmetrical cell using a filter membrane received is over
2,600 h with a low voltage hysteresis of 47 mV. For those
separator substrates without a homogeneous pore structure, it
can also play a role in the homogeneous ion flux by in-
troducing functional materials, such as MOF, with the
homogeneous pore structure. For instance, a Janus separator
containing both Zn-ion-conductive MOF and rGO was pro-
posed, which was able to regulate the uniform Zn”" flux and
electron conduction simultaneously during the battery op-
eration [154]. A separator (UiO-66-GF) modified by the Zr-
based MOF via a hydrothermal method was proposed by He
et al. [155]. The large specific surface area and abundant
pore structure of UiO-66-GF provided the high transport
ability for charge carriers at the separator—electrolyte inter-
face.

Introducing functional groups and other zincophilic sites
into the separator is a typical strategy to equalize the Zn* ion
flux, limit the anion movement, increase the Zn”" transfer
number, reduce the concentration polarization at the Zn de-
position interface, and inhibit the side reactions. A Janus
separator was constructed via parallelly grown graphene
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sheets modified with sulfonic cellulose on one side of the GF
separator through the spin-coating technique (Figure 11a).
The crystallographic orientation of Zn and Zn”" transference
speed can be simultaneously optimized by the Janus se-
parator (Figure 11b) [156]. For the PVDF@polydopamine-
functionalized nanofibrous separator, the functional groups
(—OH and —-NH-) in polydopamine facilitated the formation
of Zn—O and Zn—N based on the metal-polydopamine co-
ordination chemistry, homogenizing the Zn-ion flux and thus
enabling the dendrite-free Zn deposition. At the same time,
the PVDF@polydopamine separator prevented the V-species
from shuttling through the separator due to the strong V-O
bond interaction. Therefore, the rate capability and cycling
stability of the Zn|NH,V,0,, batteries were significantly
improved with a capacity retention of 92.3% after 1,000
cycles at 5 A g71 [157]. Cotton-derived cellulose films with
abundant hydroxyl groups, outstanding mechanical proper-
ties, and large ionic conductivity, can increase the Zn ion
transfer number, lower the desolvation barrier of hydrated Zn
ions, thus reducing the Zn nucleation overpotential and ac-
celerating the Zn deposition kinetics [158]. Benefiting from
the BaTiO; decoration with high zincophilicity anchoring on
GF as well as filling the surface gap of the separator, the
dual-interface engineering-modified separator can not only
effectively capture and accelerate Zn>' transport between the
fiber—electrolyte interface, but also redistribute the ion
transport into the homogenization in the separator|anode
interface [159]. As a result, the cumulative capacity of Zn|Zn
cells maintained up to 9,500 mAh cm  at the high current
density of 10 mA cm °.

The construction of a conductive surface on one side of the
separator is helpful in avoiding the formation of a large local
current density at the Zn anode/separator interface. Liu ef al.
[160] developed a Janus separator via directly growing
vertical graphene (VG) containing oxygen and nitrogen
heteroatoms on one side of a commercial GF separator
through plasma-enhanced chemical vapor deposition
(PECVD) and a simple air plasma treatment (Figure 11c).
Figure 11d exhibits the top-view scanning electron micro-
scopy (SEM) image of the VG carpet, which consists of VG-
wrapped GF with each other. High-magnification observa-
tion (inset of Figure 11d) further proves that uniform and
interconnected VG arrays derived from PECVD completely
covered the surface of GF with affording the carpet-like
morphology. The symmetric cell using the Janus separator
maintained a durable lifespan of 600 h under a high current
density of 10 mA cm ”. The 3D-conductive VG layer pro-
vided the sufficient surface area, porous architecture, and
zincophilic nature from the effect of oxygen and nitrogen
heteroatoms. The local current density at the side of the Zn
anode was reduced, thereby guaranteeing uniform Zn plat-
ing/stripping with a high reversibility.

High-dielectric-constant materials mingled in separators
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(upper, top view; lower, side view), respectively [163] (color online).

would regulate Zn* transport pathways through the Max-
well-Wagner polarization mechanism under the applied
electric field to realize the uniform Zn deposition and also
repel anions to restrain the generation of side products. For
example, Huang et al. [161] mixed ZrO, particles into a
polymethyl cellulose dispersion solution and then poured the
above-mentioned solution on the substrate for the dehydra-
tion. The electrolyte uptake of the prepared separator was
379%, which is higher than that of pure cellulose separators.
The ZrO, particles with a high diclectric constant (¢=25)
were subjected to the Maxwell-Wagner polarization (inter-
facial or space charge polarization) by an applied electric
field. The electric dipole then created a polarizing electric
field on the surface around the ZrO, particles, which ren-
dered considerably uniform ion pathways, thus ensuring the
uniform Zn deposition and motivating the fast ion diffusion
kinetics (Figure 1le). In addition, components that can in-
duce planar Zn deposition are introduced into the separators
to regulate the Zn nucleation deposition behavior and hinder
the growth of Zn dendrites. Wu et al. [162] developed a
functional separator composed of cellulose nanofibers and
graphene oxide (CQ) to stabilize Zn anodes. The electrolyte
uptake of the CG separator is 575%. This CG separator with
negative surface charges and abundant zincophilic oxygen
groups ensured the strong interaction between the separator
and zinc species, simultaneously inducing the Zn(002) de-
position due to the low mismatch between Zn(002) and GO

(002), thus initiating the preferential orientation of the Zn
growth along the horizontal direction due to strong Zn
binding ability, and uniform interfacial charge of Zn(002)
deposition (Figure 11{-h).

However, the widely used separators in ZIBs such as
conventional GF membranes and non-woven fabrics usually
possess a large thickness of hundreds of micrometers, and the
aforementioned modified separators are often designed
based on thick GF membranes. By contrast, the thickness of
commercial separators for LIBs is generally smaller than
25 um. The thick separators in ZIBs extend the ion-transport
distance and magnify the battery internal resistance, resulting
in unfavorable rate performance for ZIBs. Therefore, the use
of functional thin separators is also a core technique, which
can save costs and improve the volumetric energy density of
the battery by replacing the traditional thick and expensive
separator. Our team designed 23 pm-thick functional ultra-
thin separators (FUSs) with outstanding electrochemical
stability of Zn anodes and long-term durability [163]. The
FUSs were composed of a mechanically-strong cellulose
nanofiber membrane substrate and a zincophilic site-rich C/
Cu nanocomposite decoration layer. In detail, a 20 um-thick
ultrathin cellulose nanofiber membrane substrate (denoted as
“UCNF”) with a flat and transparent surface and flexible
feature was prepared (Figure 11i). The UCNF membrane
displayed outstanding mechanical properties. The tensile
strength and Young’s modulus of the UCNF membrane were
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121 MPa and 6.5 GPa, respectively, notably higher than that
of the GF membrane. Moreover, the puncture strength of the
UCNF membrane was 6.3 times higher than that of the GF
membrane (Figure 11j). C/Cu nanocomposite decoration
layers were synthesized by the thermal decomposition of Cu
MOF precursors (Figure 11k), whose hydrophilic and porous
features endowed the double-layer functional ultrathin se-
parators with an electrolyte uptake of 195%. The mechanism
of the C/Cu nanocomposite decoration layer in manipulating
the Zn deposition interfacial chemistry was revealed by DFT
calculations. The results showed that there were abundant
zincophilic sites in the C/Cu nanocomposite, including the
exposed surface of the Cu nanoparticles, the C/Cu interfaces
(especially in the presence of N/O heteroatom) and N doping
sites on the carbon carriers. (Figure 111). In general, CNF
membrane substrates of appropriate thickness, such as 20
um, realized a good balance between the mechanical strength
and ion transport resistance, with the good dendrite re-
sistance. The high specific surface area and rich zincophilic
site of the C/Cu nanocomposite decorative layer can reduce
the local current density of the functional ultra-thin separa-
tors, induce uniform Zn nucleation, and accelerate Zn de-
position kinetics. Therefore, the functional ultrathin
separators regulated the Zn deposition interface chemistry in
multiple dimensions and inhibited the formation of Zn den-
drites. Studies on other types of separators, such as polyacry-
lonitrile-based separators with a thickness from 30-69 um),
Sn layer-coated cellulose membrane separators with a
thickness of 30 pm, Nafion-coated Celgard 3501 separators
with a thickness of 25 pm, and bamboo or bacterial cellulose
separators have also achieved good results in stabilizing Zn
anodes, and improving the electrochemical performance of
the ZIBs [163-170].

3.2.5 Electrolyte optimization

The electrolyte is regarded as the blood of the batteries and
displays an important influence on the performance of bat-
teries. In aqueous ZIBs, the introduction of functional elec-
trolyte additives has been developed to address the issues on
Zn dendrites, H, evolution, and Zn corrosion reactions.
Multifunctional electrolyte additives can have many effects
on interface reaction, ion movement, solvation structure,
hydrogen interaction, storage mechanism, and so on [171—
174]. Herein we mainly review the regulatory effects of
hybrid electrolytes and electrolyte additives on the Znlelec-
trolyte interface, including the electrostatic shield layer, ad-
sorption layer, in-situ formation of SEI, and regulation of
Zn”" solvation clusters.

It is known that Li metal batteries have the advantage of
self-passivation by the corrosion, while Zn metal cannot
generate a dense SEI on its surface in the aqueous electrolyte.
Hence, it is reasonable to build an appropriate SEI layer at
the interface of the Zn anode and electrolyte for uniforming
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the Zn ion flux [175,176]. Luo et al. [175] in-situ constructed
a multifunctional composite interface (denoted as ZCS)
composed of Zn;(PO,), and ZnF, (ZCS) on the Zn anode
through a chemical strategy induced by the KPF, additive
(Figure 12a, b). In detail, the ZCS layer was easily built
through a spontaneous chemical reaction between the fresh
Zn metal and reactive acidic compounds derived from the
decomposition of PF, under a suitable content of 0.05 mol
L KPF¢. The Zn;(PO,), with the high interface energy
proved by the DFT calculation could suppress the Zn den-
drite growth effectively, meanwhile ZnF, could accelerate
the kinetics of Zn”" transference and deposition proved by a
series of electrochemical methods, and then the ZCS layer
can improve the interface deposition and electrode kinetics
comprehensively. Therefore, the Zn|Zn symmetric cells with
ZCS—Zn could maintain the stability for more than 800 h and
retain a low overpotential of about 50 mV during plating/
stripping processes at a current density of 5 mA cm °, and an
areal capacity of 10 mAh cm’ (Figure 12c).

Apart from above mentioned inorganic salt electrolyte
additives, numerous organic electrolyte additives have also
been reported to regulate the Zn deposition interface and
inhibit side reactions. For instance, a cationic surfactant-type
electrolyte additive tetrabutylammonium sulfate (TBA,SO,)
was proposed to stabilize the Zn anode. TBA' ions are
electrostatically and intelligently adsorbed on the surface of
the Zn anode surface, regulating the formation of the initial
nucleus and shielding the hydrated Zn”" ions in the electro-
lyte, resulting in the dendrite-free homogeneous Zn deposi-
tion (Figure 12d) [177]. In addition, the strategy only needs
to add 0.029 g L™ additives to achieve uniform Zn deposi-
tion. The Zn|Zn symmetric cells using 3D-Zn anodes with
the TBA,SO, electrolyte can cycle stably for over 456 h
under 5 mA cmfz, and 2 mAh cm . Moreover, six water
molecules and one Zn®" in the electrolyte formed a stable
solvation structure, and the solvation energy between Zn*
and water can be reduced by changing the solvation structure
of Zn®* with the addition of electrolyte additives, to improve
the reversibility of Zn [178]. Qiao et al. [178] developed a
dual-function electrolyte additive of ethylene diamine tetra-
acetic acid tetrasodium salt (Na,EDTA). They find that
EDTA anions can be adsorbed on the surface of Zn metal,
controlling the active site of H, production and inhibiting the
activity of water (Figure 12¢). Additionally, adsorbed EDTA
promoted the desolvation of Zn(H20)62+ by removing water
molecules from the solvation sheath of Zn". Side reactions
and dendrite growth were suppressed by using the additive.
The average CE of the Zn—Cu cell with optimized pH-
equivalent EDTA-containing electrolyte can be up to 99.5%,
confirming that the combination of EDTA anion and pH
regulation synergically improved the cycling performance of
the Zn anode [178,179,181-183]. Wang’s team [179] in-situ
construct a Zn anode-self-healing-protective film induced by
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Figure 12 Optimization of electrolytes and their durability to Zn anodes. (a) Schematic illustration of the in-situ formation process of the ZCS interphase
and its effect on the Zn deposition. (b) SEM image and elemental mappings of the Zn anode rested for 48 h in aqueous Zn|Zn symmetric cells with 0.05 mol

L' KPF;. (¢) Cycling performance of symmetric Zn|Zn cells using ZCS—Zn under 5 mA cm ?,

and 10 mAh cm > [175]. (d) Schematics of the Zn® ion

diffusion and reduction processes on electrodes in 2 mol L' ZnSO, electrolyte (upper part) and 2 mol L' ZnSO, electrolyte with 0.05 mmol L' TBA,SO,
(lower part) [177]. (e) Corresponding schematic illustrating the impact of EDTA on desolvation [178]. (f) Illustration of the secondary structural transfor-

mation of SF molecules and the breaking of the hydrogen bond network between water molecules (upper) and schematic diagram of Zn*"

ion deposition

behaviors in aqueous electrolytes with SF additives (lower) [179]. (g) Ignition tests of a pristine GF separator, one saturated with pure EG, a H,O/EG solution,
a 4mol L™ ZnSO,/EG solution; and optical photographs of a 4 mol L' Zn(BF,),/EG solution (upper) and the 4 mol L Zn(BF,),/EG electrolyte at

temperatures from 40 °C to —30 °C. (h) Cross-sectional SEM image of the
corresponding EDX maps [180] (color online).

a silk fibroin (SF) electrolyte additive. When 0.5 wt% SF is
added to 1 mol L™ ZnSO, electrolyte (denoted as ZnSO,
+0.5SF electrolyte), the ZnSO, electrolyte induced the sec-
ondary structure transformation of SF molecules from o-
helical structure to random coil structure. Subsequently,
random coils with abundant amino and carbonyl groups were
easy to form hydrogen bonds with water molecules, effec-
tively weakening the hydrogen bond interaction between free
water molecules, and participating in the solvation structure
of the Zn”" ion. After that, the SF molecules released from
the [Zn(H20)4(SF)]2+—solvated sheath gradually adsorbed on
the surface of the Zn anode and in situ formed a water-stable
and self-healing protective film (Figure 12f). The Zn|Zn
symmetric cell performed an outstanding cycling perfor-
mance over 500 h even under a harsh testing condition
(10 mA cm ~ and 5 mAh cm ). More importantly, the full
battery with the potassium vanadate cathode and Zn anode
showed the excellent cycling stability over 1,000 cycles at
3 Agf1 using the ZnSO,+0.5SF electrolyte. However, in
theory, the self-ionization of water cannot be restrained by
limited additives. Therefore, a series of studies have been
conducted on the design of nonaqueous/aqueous hybrid
electrolytes, such as constructing a local hydrophobic layer

Zn soaked in the 4mol L™ Zn(BF,),/EG electrolyte for 7 days and the

by N,N-dimethylformamide/H,O, regulating the solvent
structure by the electrolyte of triethyl phosphate (TMP)/H,0,
and increasing the electron density of the water protons to
suppress the water activity using dimethylacetamide/TMP/
H,O [184-186]. Moreover, as a breakthrough in the current
aqueous battery path, our team recently reported a low-cost
hydrous organic electrolyte, including a hydrated Zn(BF,),
salt and an ethylene glycol (EG) solvent [180]. The synthe-
sized 4 mol L™ Zn(BF,),/EG solution showed excellent non-
flammability. The low temperature performance of the
4mol L™ Zn(BF,),/EG electrolyte was tested. The 4 mol L'
Zn(BF,),/EG electrolyte maintained good fluidity at tem-
peratures as low as —20 °C (Figure 12g). A cross-sectional
SEM image of the Zn immersed in the 4 mol L' Zn(BF,),/
EG electrolyte for 7 days showed that a uniform passivation
layer with approximately 3 um thickness formed on the
soaked Zn surface. In addition, energy-dispersive X-ray
spectroscopy (EDX) mapping exhibited that the layer was
composed of F and Zn (Figure 12h), which proved the in-situ
formation of a favorable ZnF, passivation layer for regulat-
ing the Zn deposition. The key to this work is the coupling of
the flame-retardant hydrated Zn(BF,), and the low toxicity
EG as a low-cost and non-flammable hydrous organic elec-
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trolyte for ZIBs with enhanced sustainability.

The impact of pH on the anode plays a key role in the
battery performance. On the one hand, a decrease in pH
value results in the aggravated hydrogen evolution and in-
terface corrosion. On the other hand, an increase in pH leads
to an increased concentration of hydroxide ions, inducing a
formation of passivation products such as zinc hydroxide
sulfate and shortening the calendar life [187]. Therefore,
regulating the pH of the electrolyte possesses a profound
effect on improving the anode stability.

4 Other aqueous multivalent-ion batteries

In addition to the booming aqueous ZIBs, other multivalent
jons such as Ca”, Mg2+ and AI’" have also been used to
develop AMBs due to their high earth abundance, intrinsic
safety, relatively low redox potential (Ca/Caz+: —2.87 V; Mg/
Mg"": —2.36 V; AAI’": —1.68 V vs. SHE) and high bulk
energy density [188].

Compared to Mg2+ and AI’", Ca”" has a relatively low
charge density, which provides a relatively low polarization
intensity and a faster kinetic process in the host material
owing to its lower charge-to-size ratio [189]. Nevertheless,
few studies have been reported on CIBs. One of the main
challenges is that the plating and stripping of Ca™ on Ca
metal anodes in conventional organic electrolytes is very
difficult due to the huge resistance to the Ca’" diffusion by
the organic-rich phase of SEI. Wang ef al. [190] designed a
novel aqueous CIB system consisting of highly concentrated
hydrogel electrolytes to replace organic electrolytes, a sulfur-
containing anode to replace Ca metal anodes, and a high-
voltage metal oxide cathode. The synergistic effect of high
Ca(NO;3), salt concentration and polyvinyl alcohol (PVA)
strongly inhibited the water activity in the gel electrolyte,
thus allowing an expanded electrochemical stability window
for the sulfur—calcium polysulfide conversion chemistry
(Figure 13a). Meanwhile, the in-situ electrochemically syn-
thesized Cay,MnO, cathode exhibited highly stable Ca™
intercalation/deintercalation, and the developed all-calcium/
sulphur cell delivered a high specific energy of 110 Wh kgfl,
with stable cyclability and excellent safety under abusive
conditions (Figure 13b). The main challenge on the cathode
side lies in the lack of suitable electrode materials due to the
large size of Ca”' (~100 pm). Prussian blue analog (PBA) is a
metal-organic backbone with a sufficiently large open
channel structure that is expected to accommodate Ca”'
transport and diffusion, which has also been successfully
applied to other aqueous multivalent metal-ion batteries
[191]. Meanwhile, the development of anode materials is
sporadic in the existing literature, with most of the available
reports based on organic anodes. Mitra et al. [192] in-
vestigated polyaniline (PANI) as an anode for an aqueous
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Figure 13 Design Strategies for other aqueous multivalent-ion battery
systems. (a) Electrochemical stability windows of different aqueous elec-
trolytes, and the redox voltages of the Ca,4MnO, cathode and sulfur anode
obtained from experimental data [190]. (b) Water-soaking test of the
charged S/Cl|aqueous gel electrolyte|Cay,MnO, pouch cell after corner cut
[190]. (c) Galvanostatic charge—discharge curves of a full MIB based on the
hydrated eutectic electrolyte [198]. (d) Cycling performance comparison of
metal|Al,LMnO, full cells using different anodes in 2 mol L Al(OTF);
electrolyte at a current density of 100 mA gfI [200]. (e) Schematic diagram
of the discharging mechanism of Mn|Mn, sV,05-nH,0 cells and CV
curves of the Mn|tetra-chloro-benzoquinone cell at 0.2 mV s [202]. ()
Schematic illustration of Sn plating from the electrolyte of KOH with
Sn0,> [203] (color online).

CIB, where potassium hexacyanoferrate was chosen as the
cathode. As a result, the PANI/carbon cloth (CC) anode
exhibited an impressive specific capacity of 130 mAh gf1
and a high capacity was still maintained after 200 cycles at
0.8 A gfl. In addition, small molecule organic crystals [193]
and doped metal oxides [194,195] were also proven to be
useful anode candidates to improve the cycling stability and
specific capacity of aqueous CIBs.

Slow solid-state diffusion and insufficient ionic con-
ductivity due to the strong interaction of Mg ions with the
electrodes and electrolytes are the main challenges inhibiting
the development of aqueous MIBs. The main cathodes cur-
rently used in aqueous MIBs are chalcogenides, Mn-based
materials, V-based materials and organic materials, including
tetra-chloro-benzoquinone (C4Q) and poly(pyrene-4,5,9,10-
tetraone) (PPTO). Xia et al. [196] pioneered an aqueous MIB
consisting of a nickel hexacyanoferrate cathode and a poly-
imide anode. The aqueous electrolyte showed advantages in
cyclability and rate performance compared with conven-
tional organic electrolytes. Wang et al. [197] used the con-
centrated magnesium  bis(trifluoromethylsulfonyl)imide
(Mg(TFSI),) electrolyte to broaden the electrochemical sta-
bility window of aqueous electrolytes to 2 V. They developed
two Mg ion host materials, Li;V,(PO,); (LVP) and poly
pyromellitic dianhydride, as cathode and anode electrodes,
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respectively, proving that the diffusion rate of Mg ions in the
LVP crystal structure in the aqueous electrolyte is better than
that in non-aqueous electrolytes. Alshareef e al. [198] used a
hydrated eutectic electrolyte to inhibit the dissolution of the
organic anode by suppressing the water activity in the elec-
trolyte, and the three-dimensional hydrogen bonding net-
work effectively facilitated the ion transport. The full cell
delivered a wide operating voltage of 2.2 V, showing a ca-
pacity of 38.1 mAh gfl (based on the total mass of anode and
cathode active materials) at 5 C and an average voltage of
1.38 V (Figure 13c). Although aqueous MIBs are similar to
the ZIBs in many respects and massive cathode materials can
be used universally, further efforts are required to improve
electrodelelectrolyte compatibility.

Compared to the above-mentioned divalent metals (Zn,
Ca, Mg), Al possesses the highest volume-specific charge
storage capacity (8,040 mAh cm_3) owing to its three-elec-
tron redox property. However, the high charge density of
Al poses a huge challenge for its reversible insertion/ex-
traction in cathode materials. Deng et al. [199] synthesized a
spinel Al,;Li,3;Mn,0, anode material by an electrochemical
conversion reaction using LiMn,0, as the precursor, which
delivered a discharge capacity of 151.8 mAh g_1 at
100 mA g_1 and a retention ratio of 64.1% after 1,000 cycles.
Al anodes are prone to undergo the passivation and hydrogen
side reactions due to their lower redox potential. Yu et al.
[200] developed an oxidation-resistant and dendrite-sup-
pressed Zn—Al alloy anode by depositing Al on a Zn sub-
strate (Figure 13d). The as-developed Zn—Aljaluminum
trifluoromethanesulfonate (AI(OTF);)|ALMnO, cell ex-
hibited a record-breaking rate capability (100 mAh g{1 at
3A gfl). Based on a prudent examination of the AL’ sol-
vation environment, Xu et al. [201] suggested that conven-
tional water-in-salt strategies were ineffective for Al-based
electrolytes, due to the high charge density of the Lewis
acidic AI’". Efforts to improve cathode stability using higher
salt concentrations of Al(OTf); were counterproductive and
decreased the overpotential for the hydrogen precipitation,
resulting in inadequate electrochemical stability windows
for Al stripping/plating.

Beyond the above battery systems, other types of aqueous
multivalent ion-based batteries based on transition-metal
ions as charge carriers, such as aqueous Mn-ion batteries
[202,204], aqueous Sn-ion batteries [203,205] and aqueous
Fe-ion batteries [206], have been explored in a guided and
preliminary manner. As shown in Figure 13e, Niu et al. [202]
reported two cathode materials, Mn, ;3V,05-nH,O (MnVO)
and tetra-chloro-benzoquinone (4-CI-BQ) for the reversible
Mn®" insertion chemistry in aqueous electrolytes. The
layered MnVO cathode demonstrated fast and reversible
Mn’" insertion/extraction due to the large lattice spacing,
thus, enabling the adequate power performance and stable
cycling behavior. The Mn|4-CI-BQ cell showed one pair of
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redox peaks located at 1.29/1.53 V in CV curves and a stable
discharge voltage at ~1.37 V. Chao ef al. [203] demonstrated
two reversible alkaline aqueous Sn batteries, i.e. 1.45 V Sn—
Ni with 314 Wh kg71 (over 15,000 cycles) and 1.0 V Sn—air
(lifespan over 1,900 h) batteries, characterized by the anti-
corrosion, anti-HER and free dendrites (Figure 13f). Gen-
erally, all these aqueous multivalent-ion batteries are still in
their infancy and far from practical applications, and the
sluggish multivalent-ion kinetics originating from the in-
herent high charge density of multivalent ions as well as the
interfacial issues between electrodes and electrolyte remains
to be solved.

5 Summary and outlook

Rechargeable AMBs have been strongly considered as pro-
mising candidates in the stationary electricity storage due to
their intrinsic safety, sustainability and low cost. In conclu-
sion, we reviewed the recent progress of multiple types of
AMBs, including aqueous alkali metal-ion batteries and
multivalent metal-ion batteries. Especially, aqueous ZIBs are
of extensive concern due to their high theoretical capacity
and suitable redox potential of Zn metal anodes since our
group first proposed the concept of neutral ZIBs in 2012.
Although thousands of articles have been reported on this hot
area, great efforts are still needed to overcome obstacles and
promote the commercial application of AMBs. They include
the following issues.

(1) Electrode materials. It is imperative for the rational
design and/or modification of high-energy, electro-
chemically stable and cost-effective electrode materials to-
ward practical applications. For the cathode materials, the
ambiguous carrier storage mechanism remains to be clarified
via spatially resolved and/or non—destructive in-situ char-
acterization techniques, while an elaborate control of the
crystalline structure and composition of intercalation-type
cathode materials with short migration channels and robust
structural integrity is promising to simultaneously achieve
long-term cycling, high capacity and fast ion insertion ki-
netics; carbon coating and defect engineering have been
proved to be effective approaches for further performance
improvement. On the anode side, the efficient suppression of
interfacial side reactions (e.g., corrosion, hydrogen evolution
reaction and/or dendrite formation) by the surface mod-
ification and anode structure/composition design is of key
significance to realize high CE, satisfied active material
utilization and long lifespan.

(2) Aqueous electrolytes. The narrow electrochemical
window of aqueous electrolytes is the main cause of the low
energy density of AMBs. Great progress has been made to
widen the stability window of aqueous electrolytes and
suppress the interfacial side reactions by developing highly
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concentrated electrolytes and introducing organic co-sol-
vent/passivation film-forming electrolyte additives. Fur-
thermore, the design principles for wide-temperature-range
electrolytes should be conducted based on their inherent
advantages of non-flammability, high ionic conductivity, and
cost-effectiveness. Adjusting the hydrogen bond receptor in
the electrolytes by applying suitable additive/co-solvents or
gelation treatment is promising to reduce the freezing point
and improve the low-temperature performance, meanwhile
the flame-retardant additive is highly favorable to relieve the
aggravated interfacial side reactions and self-discharge is-
sues at high temperatures.

(3) Road to the commercialization. Ultrathin separators,
corrosion-resistant current collectors, low-expansion con-
ductive additives and stable binders are highly important for
the long-term operation of practical AMBs. However, these
key battery components have long been overlooked in the
laboratory research. In addition to these challenges, more
efforts are still needed to engineer electrode materials toward
commercial applications, e.g., thick cathode, high tap den-
sity, low N/P ratio, and low-content conductive additives.
Further, to realize the application of AMB packs in smart
grids, corresponding battery protection and management
systems together with the life prediction and intelligent
monitoring techniques are highly required to be further de-
veloped.

Although the overall cost of AMBs may be estimated to be
less than many current rechargeable battery chemistries,
future cost analyses must consider both the anode (e.g., Zn
foil) thickness and the cathode’s area capacity to realize
practical optimization schemes that can be used for scaling
up production. In addition, the ecological toxicity of the
materials used in the batteries must also be considered,
especially in the context of handling or recycling waste
batteries. The use of aqueous electrolytes and non-toxic
components makes it easy to integrate them with pyr-
ometallurgical or hydrometallurgical processes that have
been widely employed for the treatment of waste alkaline
batteries. In conclusion, considering the rapidly growing
academic and industrial interests in material updating and
device engineering for AMBs, it is reasonable to expect
important breakthroughs in the practical viability for appli-
cations in portable/wearable electronics, back-up power for
the communication base station, large-scale energy storage
station, efc., in the near future.
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