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a b s t r a c t

Zinc-ion hybrid capacitors (ZICs) are considered as newly-emerging and competitive candidates for en-

ergy storage devices due to the integration of characteristic capacitor-level power and complementary

battery-level energy. The practical application of rising ZICs still faces the specific capacity and dynamics

mismatch between the two electrodes with different energy storage mechanisms, which cannot meet the

ever-growing indicator demand for portable electronic displays and public traffic facilities. Focusing on

these unresolved issues, this mini-review presents recent advances in ZICs referring to the hybrid energy

storage mechanism, design strategies of both capacitor-type and battery-type electrode materials, and

electrolyte research toward advanced performances (e.g., high operational potential, wide adaptive tem-

perature). Finally, current challenges and future outlook have been proposed to guide further exploration

of next-generation ZICs with a combination of high-power delivery, high-energy output and high-quality

service durability.

© 2023 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

1. Introduction

The fast-changing development of portable electronic displays

and public traffic facilities has accelerated research advances in

high-performance energy storage devices including supercapaci-

tors, metal-ion batteries and their hybrid systems [1–3]. In su-

percapacitors, the energy storage is realized by means of interfa-

cial cation/anion sorption in the Helmholtz double layers or sur-

face pseudocapacitive reaction [1,4]; the capacitor-type working

mechanism merely occurring on the electrode (near-)surface gives

supercapacitors with remarkable power density, and the well-

maintained electrode structure upon high-rate/successive charging-

discharging turns also contributes to a long service lifespan [4,5].

On the contrary, the energy in metal-ion batteries is stored based

on the intercalation/deintercalation reaction of cations into the

internal electrode structure, which reveals a diffusion-dominated

electrochemical process with remarkable energy density [3,6];

meanwhile, the structure distortion induced by the phase evolu-

tion of the battery material also degrades the cycling durability of

metal-ion batteries [6–8].
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Zinc-ion hybrid capacitors (ZICs) are considered as newly-

emerging and competitive candidates for energy storage devices

by coupling the characteristic capacitor-level power with comple-

mentary high energy of zinc-ion batteries [9–15]. Among various

multivalent metal-based devices, more attention to zinc-based sys-

tems results from the overwhelming superiorities of Zn element:

(1) natural abundance and massive production; (2) high theoret-

ical gravimetric capacity of 820 mAh/g, as well as high compat-

ibility and stability in aqueous solutions; (3) low electrochemical

potential of –0.763 V (vs. the standard hydrogen electrode) and

the two-electron redox property offering a high-energy density; (4)

high safety and nontoxic nature [3,16]. Thus far, ZICs are defined

as the hybrid system consisting of a capacitor-type electrode and

a battery-type electrode in a zinc-based (e.g., ZnCl2, Zn(CF3SO3)2,

ZnSO4, Zn(NO3)2, ZnAc2, Zn(ClO4)2) electrolyte solution (Fig. 1)

[6,10,13,16–20]. In ZICs, the capacitor-type electrodes (e.g., double-

layer capacitive carbons, pseudocapacitive materials) inherit the

characteristic power/cycling merits of supercapacitors based on a

surface-dominated charge-storage mechanism [12,17,19,21]. Com-

pared with conventional ZICs merely using metal Zn as the anode,

such broadly-defined ZICs using other battery-type electrode ma-

terials (e.g., Mn/V-based oxides, Prussian blue analogues, organic

compounds) promise complementary high-energy density relying

on Zn2+ insertion/extraction into the crystal structure instead of

Zn2+ deposition/stripping on the Zn anode [10,13,22,23]. However,
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Fig. 1. Schematic representation of zinc-ion hybrid capacitors.

the practical application of rising ZICs still faces the specific ca-

pacity and dynamics (diffusion rate) mismatch between the two

electrodes with different surface/diffusion-dominated energy stor-

age mechanisms [6,19,24].

Focusing on these unresolved issues, great research efforts

have recently been devoted toward upgrading the performances

of present electrodes/electrolytes and exploring novel and high-

quality active constituents in ZICs; in other words, the capacitor-

type electrodes should increase the electrochemical active surface

area by nanostructure engineering (surface accessibility) or dop-

ing redox-active constituents (surface pseudocapacitance) to bridge

the capacity gap, and the battery-type electrodes should be tailor-

designed by surface modification or architecture exploration to ac-

celerate ion/electron diffusion rate in aqueous/non-aqueous elec-

trolytes, thus aiming to matching high power and high energy si-

multaneously. This mini-review presents recent advances in ZICs

referring to the hybrid energy storage mechanism, design strate-

gies of both capacitor-type and battery-type electrode materials,

and electrolyte research toward advanced performances (e.g., high

operational potential, wide adaptive temperature). Finally, current

challenges and future outlook have been proposed for further ex-

ploration of next-generation ZICs.

2. Capacitor-type electrodes in high-power ZICs

Capacitor-type electrodes store energy by means of physi-

cal cation/anion sorption or redox pseudocapacitive reaction on

the electrode (near-)surface, and are divided into double-layer

capacitive carbons and pseudocapacitive materials. The surface-

dominated working mechanism contributes to high-power deliv-

ery, wherein the specific capacity is unsatisfactory because of the

relatively low surface utilization on electrochemical turns [2,6,25].

Therefore, great research efforts have been devoted toward increas-

ing the electrochemical active surface area by nanostructure engi-

neering (surface accessibility) or doping redox-active constituents

(surface pseudocapacitance) to fabricate high-capacity capacitor-

type electrodes without sacrificing the high-power density inher-

ent to supercapacitors.

2.1. Double-layer capacitive carbons

Large-surface-area carbon-based materials featuring bonus con-

ductivity/stability merits, have been commonly applied as the

capacitor-type electrodes in ZICs, where large carbon surfaces can

ensure considerable sorption capacity of cations/anions through

the generation of the Helmholtz double layers [4,12,19,26,27]. Un-

fortunately, the electrolyte-accessible carbon surface upon actual

electrochemical turns is far less than the specific surface area pa-

rameter measured under the gaseous atmosphere [2,25,28]. Con-

sequently, an effective solution to gain high specific capacity is

nanostructure engineering of carbon-based electrodes for improved

electrochemical surface accessibility, including activated carbons

(ACs), porous carbons, hollow carbon spheres, 2D graphene/carbon

nanosheets, 1D carbon nanotubes (CNTs)/carbon nanofibers, etc.

[10,12,19,27–34]. In terms of porous structure engineering, cus-

tomized design of hierarchical porous carbon materials (HPCs) is

highly praised as the alternative electrode to commercial AC prod-

ucts in current ZICs [29,35–39]. Interconnected meso-/macropores

in HPCs can decrease the interfacial resistance as electrolyte-

diffusion shortcuts into deep sorption sites (i.e., micropores) on

the interior surface, thus improving surface accessibility and spe-

cific capacity [35,36,40]. For instance, Wang’s group prepared a

metal-organic framework (MOF) as the precursor to obtain sharp-

ened pencil-like HPC as a capacitive electrode in ZICs, and multi-

level pore distribution offered sufficient storage and rapid transfer

rate, thus achieving high-energy delivery of 130.1 Wh/kg for the

as-built HPC//Zn device [29]. Xu’s group reported the gas-steamed

MOF synthesis to prepare porous carbon cages with large openings

on their walls [34]. Active sites exposed on its unique open-wall

structure guaranteed high-speed mass transfer of electrolyte-ions

to the accessible surface, thus achieving a remarkable capacity of

225 mAh/g at 0.1 A/g for the coin-type ZIC cell. In terms of di-

mensional structure engineering, sp2 carbon-based materials like

graphene and CNTs also hold great promise as capacitive electrodes

especially for portable ZICs, because of their prominent electrical

conductivity, outstanding mechanical flexibility/resilience and ac-

cessible pores on the open surface [10,19,31,41–43]. In 2016, CNTs

were paired as the cathode with a Zn anode into a ZnSO4-based

ZIC, in which a specific capacitance of 20 mF/cm2 @ 10 mV/s and a

stable cycling performance (up to 5000 cycles) were demonstrated

[10]. Very recently, the surface chemistry of reduce graphene ox-

ide cathode was regulated to upgrade the charge-storage capacity

(245 F/g@0.5 A/g), and an energy density of 266 μWh/cm2 was re-

alized for the 3D printed ZIC configuration [31]. Both experimental

results and theoretical calculations confirmed reversible H+ sorp-

tion and charge transfer on C atoms of the graphitic domains ac-

companied by the sp2-sp3 re-hybridization and the domain distor-

tion/restoration (Fig. 2a), giving a supplementary capacity contri-

bution beyond O-containing functionalities.

2.2. Pseudocapacitive materials

Pseudocapacitive materials with the co-contribution of both

redox pseudocapacitive reaction and physical ion sorption be-

come another strategy to increase the electrochemical active sur-

face area for high specific capacity [17,24,44,45]. Redox pseu-

docapacitance can be doped by the reversible Faraday reaction

between electrolyte-ions and redox-active constituents within a

(quasi-)2D space of the electrode surface [6,7,46,47]. Pseudoca-

pacitive electrode materials used in current ZICs mainly include

redox-active carbonaceous frameworks, silicene, phosphorene and

transition metal compounds like RuO2, NbPO, BiCuS2.5, MXenes

[17,24,28,34,38,44,48–60]. For instance, Lu’s group designed a N/O

co-doped HPC as the cathode for a high-performance ZIC with

a capacity of 177.8 mAh/g@4.2 A/g and an energy density up

to 107.3 Wh/kg [38]. N dopants were evidenced to promote the

surface chemical Zn2+ sorption via redox pseudocapacitive reac-

tion of O-containing functionalities, finally replenishing the extra

pseudocapacitance of the as-assembled N/O co-doped HPC//Zn de-

vice through C-O-Zn bonding (cathode: C-OH+Zn2+ + e– ↔ C-O-

Zn+H+). Alshareef’s group attributed the pseudocapacitance of the

O-doped porous carbon cathode to the Zn2+/H+ co-action stor-

age mechanism (Fig. 2b), where hydrogen redox reaction occurred

during the discharge process (0.25-0 V) and oxygen pseudocapaci-

tive reaction took action under a high potential of about 1.7-1.9 V

[17]. And the H+ consumption left behind a dynamic local OH−

environment reacting with Zn2+ for the precipitation/dissolution

of byproducts (alkaline zinc salts). Beyond redox-active carbona-

ceous frameworks, transition metal compounds are also widely-
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Fig. 2. (a) Schematic diagram for H+ sorption on C atoms of the graphitic domains. Copied with permission [31]. Copyright 2022, Wiley-VCH GmbH. (b) Schematic illustration

showing the Zn2+/H+ co-action storage mechanism. Copied with permission [17]. Copyright 2020, Wiley-VCH GmbH.

Fig. 3. (a) Synthetic illustration of the BiCuS2.5/Ti3C2Tx electrode material. Copied with permission [57]. Copyright 2021, Elsevier. (b) Synthetic illustration of a 3D-printed

additive-free MXene cathode. Copied with permission [58]. Copyright 2021, American Chemical Society.

investigated pseudocapacitive electrode materials including transi-

tion metal oxides, carbides, nitrides, sulfides, etc. Very recently, a

novel BiCuS2.5/Ti3C2Tx electrode material was designed based on a

simple deposition route (Fig. 3a), and the as-assembled ZIC cell ex-

hibited an improved energy density up to 298.4 Wh/kg@7.2 kW/kg

[57]. Amorphous BiCuS2.5 possessed the outstanding electrochem-

ical reaction activity due to reversible redox reactions, and both

the XPS analysis and theoretical simulation ascribed the working

mechanism to the co-existence of intercalation pseudocapacitance

and redox battery-like capacity. Moreover, MXenes as a promi-

nent category of 2D transition metal (Ti, Nb, V, Cr, Mo, etc.) car-

bides/nitrides, are frequently applied in ZICs as the capacitor-type

electrode materials [21,57–65]. 2D MXene structures can provide

plentiful electroactive sites for redox pseudocapacitive reactions,

in which ion penetration occurs between MXene sheets owing to

the unbreakable chemical bonds, ultimately occupying active sites

on the MXene surface for energy storage [60,61,66,67]. For ex-

ample, a 3D-printed additive-free MXene cathode was developed

through a facile gelation process for ZIC applications (Fig. 3b), and

the resultant cathode delivered a dual-ion storage mechanism to

combine the Zn2+ sorption process with H+ pseudocapacitive be-

haviors (Ti3C2O2 + e– +H+ ↔ Ti3C2O(OH); Ti3C2O2 +2e– +2H+ ↔
Ti3C2(OH)2) [58]. The final MXene//Zn ZIC device exhibited a com-

petitive energy-power output (0.10 mWh/cm2@5.90 mW/cm2) as

well as a long cycling lifespan.

3. Battery-type electrodes in high-energy ZICs

Battery-type electrodes store energy by means of the inter-

calation/deintercalation reaction of cations into the internal elec-

trode structure, and are divided into conventional metal Zn anodes

and other battery-type materials like Mn/V-based oxides, Prus-

sian blue analogues, organic compounds. The broadly-defined ZICs

using conventional metal Zn anode or other battery-type elec-

trode materials promise complementary high-energy output, while

the diffusion-dominated working mechanism leads to unsatisfac-

tory power density; meanwhile, the structure distortion induced

by the phase evolution of the battery material also degrades the

ion/electron dynamics (diffusion rate) [6,7,19]. Therefore, great re-

search efforts have been devoted toward accelerating ion/electron

dynamics in aqueous/non-aqueous electrolytes by surface modifi-

cation or architecture exploration to fabricate high-rate battery-

type electrodes without sacrificing high-energy density character-

istic of zinc-ion batteries.

3.1. Metal Zn anode

Metal Zn is the most commonly-used anode material in conven-

tional ZICs, where Zn2+ deposition/stripping on the battery-type

Zn anode promises complementary high-energy density [9,10,17].

Upon charging, Zn2+ electrolyte-ions are deposited on the Zn an-

ode, while Zn stripping occurs with Zn2+ diffusion to the elec-

trolyte in the discharge process (Zn ↔ Zn2+ +2e–) [10,19]. Com-

pared with the high-power capacitor-type electrode, the metal Zn

anode still suffers from the low diffusion rate of Zn2+ caused

by the structure distortion (Zn dendrite/corrosion/passivation) and

poor Zn2+ deposition/stripping efficiency [22–24]. Consequently,

versatile design strategies of metal Zn anode have been proposed

in terms of electroplating architecture exploration, polymer/carbon

surface coating and substrate/host composite [21–23,42,58,68–71].

For instance, Cha’s group constructed a 2D nanostructured Zn an-

ode based ZIC through a voltage-regulated electroplating tech-

nique (Fig. 4a) [22]. Such unique Zn architecture gave rise to re-

duced Zn2+-diffusion routes and the enlarged surface area for the
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Fig. 4. (a) Schematic illustration of a 2D nanostructured Zn anode based ZIC. Copied

with permission [22]. Copyright 2019, Wiley-VCH GmbH. (b) Schematic illustration

of a ZnxMnO2 nanowires//AC ZIC. Reproduced with permission [75]. Copyright 2020,

Wiley-VCH GmbH.

power density up to 20 kW/kg and a high energy density of 208

Wh/kg. So far, owing to the heterogeneous/dendritic Zn deposition,

Zn dendrite growth on the pristine foil is the main challenge for

metal Zn anode in current ZICs to raise safety concerns and im-

pede Zn utilization efficiency [16,68,69,71]. Besides, the dendrite

growth triggers disadvantageous Zn corrosion/passivation at the

electrolyte-electrode interface, and further decreases the service

lifespan of ZICs [71,72]. The Zn anode could be stabilized by a hy-

drophilic adhesive coating to block the formation of Zn dendrite on

the modified Zn surface, and the resultant polymer coating layer

presented uniform carbonyl Zn-deposition sites, thereby equipping

the assembled ZICs with the capacity retention of 100% after 14000

cycles [68]. Moreover, a series of porous Zn@substrate/host com-

posites using Ti3C2 film, Cu foil and MOF-derived materials, are

involved as the conductive scaffolds to increase the Zn electro-

chemical utilization and afford homogeneously-distributed active

sites for Zn nucleation [43,58,69,71,73,74]. Xia’s group reported the

dendrite-free Zn anode with a MOF ZIF-8 derived host [69]. Af-

ter the calcination, Zn2+ within ZIF-8 was transformed into well-

dispersed Zn throughout the inherent porous framework to serve

as the deposition nuclei. By coupling the as-prepared anode ma-

terial with an AC cathode, the ZIC cell exhibited excellent energy

delivery (140.8 Wh/kg) while maintaining 72% capacity after 20000

turns, which would open up a highly-efficient route for in-situ fab-

rication of high-rate metal Zn anodes.

3.2. Other battery-type materials

Compared with conventional ZICs merely using metal Zn as the

anode, current ZICs are broadly defined as the hybrid system con-

sisting of a capacitor-type electrode and a battery-type electrode

in a zinc-based electrolyte solution [9,13]. Beyond metal Zn, other

battery-type electrode materials used in zinc-ion batteries are ex-

pected to proceed Zn2+ insertion/extraction in ZICs, such as Mn/V-

based oxides, Prussian blue analogues (PBA), redox-active organic

compounds [13,59,75–80]. Upon discharging, Zn2+ electrolyte-ions

are inserted into the crystal structure of the battery-type elec-

trode, while Zn2+ extraction occurs with subsequent diffusion to

the electrolyte in the charge process [13,75]. Such broadly-defined

ZICs can readily operate at higher voltages of 2 V for greater en-

ergy density than conventional ZICs, and the Zn(-dendrite)-free

electrodes offer a high degree of freedom in material discovery

and performance improvement. Mn/V-based oxides are the most

commonly-used cathode materials in zinc-ion batteries due to var-

ious crystal structures and multivalent phases [6,16,81]. As the

pioneer of the broadly-defined ZICs, Kang’s group assembled the

novel γ -MnO2 nanorods//2mol/L ZnSO4//AC ZIC operated under

0-2V, and the upgraded ZIC in the Mn2+-containing ZnSO4 elec-

trolyte delivered the increased energy density from 34.8 Wh/kg

to 83.8 Wh/kg [13]. Also, the SO4
2– replacement with CF3SO3

– in

the electrolyte relieved side reactions including continuous Mn2+

dissolution and Zn4(OH)6SO4·nH2O byproduct formation on the

MnO2 electrode. So far, inferior electrical conductivity and struc-

ture/phase evolution are the main challenge for emerging battery-

type materials in current ZICs to influence the Zn2+/electron diffu-

sion rate upon electrochemical turns [75,82]. Consequently, some

regulation strategies have been developed, including fabricating

stable crystal structures, and compositing with conductive ma-

terials (e.g., CNTs, graphene, MXene) [59,63,75,83]. Recently, a

Zn2+ pre-intercalation strategy was proposed to improve the tun-

nel structure stability of the battery-type MnO2-based electrode

for a high-performance ZIC with a remarkable battery-level en-

ergy density of 969.9 μWh/cm2 and a power density up to 20.1

mW/cm2 [75]. In this ZnxMnO2 nanowires//AC ZIC, Zn2+ inser-

tion/extraction within ZnxMnO2 nanowire cathode (ZnxMnO2 –

2e– ↔ ZnyMnO2 +Zn2+) worked with ion sorption on the AC an-

ode to jointly achieve the excellent electrochemical performances

(Fig. 4b). Ma’s group reported a novel aqueous ZIC based on MX-

ene anode and MnO2@CNTs cathode, in which the energy and

power densities reached 98.6 Wh/kg (77.5 W/kg) and 2480.6 W/kg

(29.7 Wh/kg) [59]. Meanwhile, fabricating the MnO2-based com-

posite cathode with conductive CNTs could alleviate conductivity

weaknesses and improve the framework strength for better cy-

cle stability and Coulombic efficiency over 93.3% during 15000

cycles. Moreover, inspired by zinc-ion batteries, more innovative

and comprehensive investigations into battery-type electrodes for

ZICs are needed to diversify active electrode materials and en-

ergy storage mechanisms. For example, the intercalation-type PBA

electrodes like CoFe(CN)6 addressed the low-capacity drawback of
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PBA-based zinc-ion batteries by multiple high-voltage redox-active

centers for improved energy output [77]. The coordination-type

redox-active organic compound electrodes (carbonyl/imine com-

pounds, nitronyl nitroxides, triphenylamine derivatives, organosul-

fur/conductive polymers, etc.) could be equipped with plentiful

coordination centers throughout the hierarchical configuration for

Zn2+ interaction [79,84–89].

In-depth research efforts are still underway to explore dual-

ion (co-)intercalation, redox-active coordination, and conversion

mechanisms for advanced ZICs [16,90]. Multivalent Zn2+ charge

carriers can deliver two-electron transfer during redox reaction

for a high energy density of current ZICs, where Zn2+ inser-

tion/extraction and Zn2+/anion sorption occur at the battery-type

and capacitor-type electrode interfaces, respectively. Also, the lim-

ited Zn2+ diffusion rate and strong electrostatic repulsion could

degrade the charge storage and dynamics of current ZICs. Thus,

the co-action storage mechanisms involving other charge carriers

(H+/anions/electrolyte-additive ions) with small ion sizes and rapid

dynamics are highly-praised. The hydrogen redox reaction results

in H+ pseudocapacitive behaviors, while the consumption of H+

charge carriers could be accompanied by the OH–-induced precip-

itation/dissolution of byproducts (alkaline zinc salts). The predom-

inant involvement of anions in the Zn2+-based solvated structure

is expected to give the anionic co-insertion mechanism for high-

performance reaction dynamics and structure reversibility.

4. Electrolytes in advanced ZICs

Capacitor-type and battery-type electrodes in ZICs have been

discussed in the above two sections for high specific capacity

and high diffusion rate, respectively. Further, in this section, new

types of electrolytes including aqueous electrolytes, ionic liquid

and organic electrolytes, and (quasi-)solid-state electrolytes, are

presented to resolve the specific capacity and dynamics (diffu-

sion rate) mismatch for advanced ZICs. The involved zinc salts in

the electrolyte solutions are ZnCl2, Zn(CF3SO3)2, ZnSO4, Zn(NO3)2,

ZnAc2, Zn(ClO4)2 and so on [19,20,24,91,92]. Among them, ZnSO4

and Zn(CF3SO3)2 are the most commonly used in current ZICs.

Zhi’s group investigated the influence of various anions carriers on

the electrochemical behaviors of Zn//TiN ZICs, which demonstrated

that SO4
2– anions with the lowest negative adsorption energy were

involved in the two-step adsorption-intercalation process to deliver

the highest capacitance [24]. In contrast, the Zn(CF3SO3)2 solution

was proven to give the better anodic stability and high-efficiency

Zn2+ deposition/stripping, owing to the fact that large CF3SO3
–

anions could block more surrounding H2O molecules for the de-

creased solvation effect [19].

4.1. Aqueous electrolytes

Aqueous electrolyte ZICs prevail over ionic liquid and or-

ganic electrolyte counterparts relying on excellent ionic con-

ductivity, high cost-effective and safe operational conditions

[19,54,93]. Water-in-salt electrolytes have been frequently ap-

plied to upgrade the operational potential of aqueous zinc-based

systems [18,54,94–97]. Super-concentrated salt solutions relieve

the electrode-electrolyte interphase from H2O availability, thereby

broadening the electrochemical stability window over the thermo-

dynamical range [54,94,98]. In a hybrid water-in-salt electrolyte (1

mol/kg Zn(TFSI)2 +20 mol/kg LiTFSI), where Zn2+ was blocked by

TFSI– from H2 evolution, dendrite-free Zn2+ deposition/stripping at

nearly 100% Coulombic efficiency was demonstrated [18]. Ji’s group

developed a 30 mol/kg ZnCl2 water-in-salt electrolyte to improve

the Zn2+-insertion potential and drag the anion-insertion poten-

tial lower, finally enlarging the operational potential window by

0.35 V in contrast to a 5 mol/kg dilute solution [95]. Recently, a

phosphorene-based ZIC with 1 mol/kg Zn(TFSI)2 +21 mol/kg LiTFSI

hybrid water-in-salt electrolyte delivered an operational voltage of

up to 2.2 V and a capacitance of 214.3 F/g over 5000 charging-

discharging cycles; the addition of a 0.2 mol/kg ZnCl2-containing

organic solvent further increased the voltage range to 2.5 V [54].

Another solution to upgrade the operational potential of aqueous

ZICs is to introduce soluble electrolyte additives into dilute so-

lutions [13,93,99]. The addition of metal salts can shield a small

amount of Zn2+ in zinc-based aqueous electrolytes, or control the

dendrite growth by co-deposition with Zn. Fan’s group supple-

mented Mg2+ cations into a common 2 mol/L ZnSO4 aqueous elec-

trolyte for the invertible Zn4SO4(OH)6·xH2O formation in ZICs. For

the Zn anode, the Mg2+ cation-mediated electrolyte was proven to

suppress the hydrogen evolution for homogeneous Zn nucleation-

deposition under high voltage, while ion sorption and invertible

proton adsorption related to the Zn4SO4(OH)6·xH2O formation led

to high capacity for the AC cathode [93]. Besides, the addition of

redox couples to electrolytes can further supplement extra charge

carriers to take advantage of the “dead” mass of electrolytes for

faradaic reactions, and organic anions like OTF–, TFSI– are com-

pelled in the Zn2+ solvation structure to kinetically prevent H2O-

related side reactions [18,99–102].

4.2. Ionic liquid and organic electrolytes

Ionic liquid and organic electrolytes are also frequently

mentioned in ZICs because of the high-potential and wide-

temperature durability [36,103,104]. In such electrolytes, the in-

volved organic solvents are acetonitrile, dimethyl sulfoxide, N,N-

dimethylformamide and so on, and well-soluble Zn(CF3SO3)2 is

nowadays frequently selected as the electrolyte salt [36,105–107].

Deep eutectic solvents (DESs), as one type of ionic liquids, can be

formed by a Lewis base (e.g., urea, ethylene glycol, acetamide, suc-

cinonitrile) with a Lewis acid (LiTFSI, Zn(TFSI)2, etc.) [103,108–111].

A high flexibility in constituent type and molar percentage endows

DESs with lower melting/phase-transition points, and the unique

H-bonding network in DESs can confine most of H2O molecules

to the matrix for expanded operational potential [108,112]. For in-

stance, a water-in-DES (urea/LiTFSI/Zn(TFSI)2) electrolyte was de-

veloped, wherein the suppressed water reactivity enabled durable

Zn2+ deposition/stripping with greatly improved cycling stability in

contrast with routine electrolytes (Fig. 5a) [108]. Fan’s group re-

ported a novel hydrated DES electrolyte consisting of Zn(ClO4)2,

methylsulfonylmethane and H2O, where the Lewis base (methyl-

sulfonylmethane) coordinated the Zn2+ solvation shell with H2O

molecules [103]. The solvated structure and eutectic interaction in

such an electrolyte system resulted in the dendrite-free Zn de-

position, which could give inspiring insights into the structure-

performance relation between the solvation effect in DES elec-

trolytes and electrochemical parameters like cycle reversibility, po-

tential/temperature durability.

4.3. (Quasi-)solid-state electrolytes

(Quasi-)solid-state electrolytes with fascinating mechanical sta-

bility and temperature durability, have aroused great interest in

current ZICs to fit the ever-growing demand of versatile flexible

and portable electronics [20,21,34,78,92,113–118]. A ZnCl2 poly-

acrylamide hydrogel electrolyte was proposed, and the Cl– desol-

vation energy induced the smaller [ZnCl]+(H2O)n−1 (with n=1-6)

clusters for higher cathode capacity (Fig. 5b) [20]. The resultant

ZIC using the hydrogel electrolyte delivered the energy density of

217 Wh/kg@450 W/kg, coupled with low-temperature adaptabil-

ity and mechanical flexibility (92.9% capacitance retention upon

40000 cycles at −20 °C). A robust quasi-solid-state ZIC was as-

sembled by fabricating a Zn(ClO4)2 poly(vinyl alcohol) (PVA) hy-

5



L. Miao, Y. Lv, D. Zhu et al. Chinese Chemical Letters 34 (2023) 107784

Fig. 5. (a) Schematic diagrams of metal Zn anode in the aqueous and water-in-

DES electrolytes. Copied with permission [108]. Copyright 2019, Elsevier. (b) Raman

spectra of ZnCl2 electrolytes with different concentrations, desolvation energies of

[Zn(H2O)6]
2+/[ZnCl(H2O)5]

+ , the illustration of the Zn2+/ZnCl+ desolvation. Copied

with permission [20]. Copyright 2020, Wiley-VCH GmbH.

drogel electrolyte, where Zn(ClO4)2 attracted a large number of

free H2O molecules through H-bonding interactions [92]. Conse-

quently, the flexible device retained the superior storage capac-

ity and cycling reversibility at a low operational temperature of

−50 °C, revealing exceptional anti-freezing performance. Electrolyte

additives like organic molecules and polymers in (quasi-)solid-state

electrolytes can suppress Zn dendrite and other side effects by en-

gineering current distribution and ion transfer. Ethylene glycol is

applied as a common additive antifreeze and holds great promise

to inhibit dendrite formation, due to the low water content and

uniform Zn-deposition sites mediated by organic material addi-

tions. A series of ZnSO4-based hybrid electrolytes with ethylene

glycol as the antifreeze agent was reported, wherein the solva-

tion interaction between ethylene glycol and Zn2+ gave the hybrid

electrolytes with a decreased freezing point and high-efficiency

Zn2+/Zn chemistry (Fig. 6a) [117]. Yang’s group designed a self-

catalytic nano-reinforced system to synthesize a ZnCl2 polyzwit-

terionic hydrogel electrolyte for low-temperature flexible ZICs (Fig.

6b) [118]. The polyzwitterionic network filled with ZnCl2 reduced

the ion-transfer barriers for the high-rate Zn anode to relieve side

reactions and extend service durability, which offered innovative

fabricating ideas for high-performance ZICs in applications of flex-

ible and portable electronics across a wide adaptive temperature

range.

5. Conclusions and outlook

Zinc-ion energy storage systems hold great promise for the

merits of abundant natural reserves, high theoretical gravimetric

capacity, low electrochemical potential, operational safety, etc. ZICs

are considered as one competitive candidate with the congener-

ous features of both supercapacitors and zinc-ion batteries, tar-

geting a combination of high-power delivery, high-energy output

and high-quality service durability. In this mini-review, recent ad-

vances in both electrodes and electrolytes of ZICs are versatilely

concluded to remedy the specific capacity and dynamics (diffusion

rate) mismatch owing to the hybrid energy storage mechanism.

Based on the surface-dominated working mechanism, capacitor-

type electrodes are upgraded by porous/dimensional structure en-

gineering (surface accessibility) or doping redox-active constituents

(surface pseudocapacitance) to bridge the capacity gap. Meanwhile,

battery-type electrodes relying on the diffusion-dominated work-

ing mechanism are tailor-designed by surface modification or ar-

chitecture exploration to relieve the structure/phase evolution es-

pecially upon high-rate/successive electrochemical turns. Further-

more, electrolyte research referring to aqueous electrolytes, ionic

liquid and organic electrolytes and (quasi-)solid-state electrolytes

is presented to broaden ZIC exploitation toward advanced perfor-

mances like high operational potential and wide adaptive temper-

ature. Despite great achievements in the past few years, the prac-

tical application of rising ZICs still cannot meet the ever-growing

indicator demand. More forceful and comprehensive efforts are in

dire need, and the next-stage research directions are outlined as

follows.

(1) For the role of high-capacity capacitor-type electrodes, more

attention should be paid to increasing the electrochemical

active surface area (surface accessibility and surface pseudo-

capacitance) rather than the specific surface area. In terms

of surface accessibility, only shallow sorption sites on the

electrode skeleton are readily accessed by electrolyte species

to give immediate capacitive responses; consequently, in

situ optimization strategies of preset precursor skeletons

are highly praised to build 3D hierarchical porous carbon

architectures, where interconnected meso-/macropores can

reduce migration barriers into deep sorption sites on in-

terior surface. In terms of surface pseudocapacitance, the

working mechanisms related to heteroatom dopant sites re-

Fig. 6. (a) Optimized structure of ZnSO4-based hybrid electrolytes with ethylene glycol. Copied with permission [117]. Copyright 2020, the Royal Society of Chemistry. (b)

Synthetic illustration of a ZnCl2 polyzwitterionic hydrogel electrolyte for low-temperature flexible ZICs. Copied with permission [118]. Copyright 2021, American Chemical

Society.
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quire further clarification, since current ZICs have only re-

ported redox pseudocapacitive reactions between Zn2+ and

O-containing functionalities; more simulation characteriza-

tions and theoretical calculations shall help to understand

the interfacial sorption dynamics and the interaction of ver-

satile dopants. Besides, novel and high-quality pseudocapac-

itive materials should be explored including transition metal

compounds and other potential pseudocapacitive layered ar-

chitectures.

(2) With regard to high-rate battery-type electrodes, the struc-

ture/phase evolution originated from the battery-type work-

ing mechanism is the main concern ion/electron diffusion

rate degradation. Metal Zn anodes are mostly plagued by

Zn dendrite growth and poor Zn2+ deposition/stripping ef-

ficiency, while other batter-type electrodes are also chal-

lenged by continuous cathode dissolution and byproduct

(e.g., Zn4(OH)6SO4·nH2O) formation. Consequently, the next-

stage research can be centered on architecture exploration,

surface coating and substrate/host composite for better cy-

cling/power properties; further, the above-mentioned robust

capacitor-type material structures can also serve as the con-

ductive scaffolds to participate in the tailor-design of emerg-

ing battery-type electrodes to remedy the inferior electri-

cal conductivity and unreversible structure/phase evolution.

Moreover, inspired by zinc-ion batteries, more innovative

and comprehensive investigations into battery-type elec-

trodes for ZICs are needed to diversify active electrode mate-

rials (intercalation-type PBAs, coordination-type redox-active

organic compounds, etc.) and energy storage mechanisms

such as (co-)intercalation/coordination/conversion mecha-

nisms.

(3) Considering advanced aqueous/non-aqueous electrolytes,

high-quality service durability can be realized by electrolyte

exploitation to boost the operational potential and widen

the adaptive temperature. ZnSO4 and Zn(CF3SO3)2 are the

most commonly used zinc electrolyte salts in current ZICs.

Water-in-salt electrolytes not only inherit the environmen-

tal friendliness and safe/facile operational condition charac-

teristic of conventional aqueous electrolytes, but also up-

grade the operational potential by relieving the electrode-

electrolyte interphase from H2O availability. The supple-

ment of soluble electrolyte additives into dilute solutions

can better utilize the “dead” mass of electrolytes and ki-

netically prevent H2O-related side reactions. And novel elec-

trolyte salts like ZnCl2, ZnAc2, and Zn(ClO4)2 are promis-

ing to overcome the precipitation/dissolution of zinc salt

byproducts (e.g., Zn4(OH)6SO4·nH2O). Moreover, ionic liquid

and organic electrolytes further promote ZIC advances with

higher-potential and wider-temperature durability. The syn-

thesis flexibility and unique H-bonding network of DESs re-

sult in lower melting/phase-transition points and powerful

H2O constraints in ultimate ZICs. Besides, (quasi-)solid-state

electrolytes with fascinating mechanical stability and tem-

perature durability, appear to resolve Zn dendrite growth

and unreversible electrode dissolution.

(4) To keep pace with the fast-changing development of the

portable electronics era, fabricating flexible ZICs integrated

with new features and smart functions represents a vital

research direction for practical applications, such as photo-

chargeable, shape-memory, stretchable and biodegradable

ZIC devices. The current zinc-ion technology holds a po-

tential position in the market dominance of power-backup

applications like Internet hubs or cellular repeater towers,

wherein multi-functional flexible ZICs are the emerging can-

didates to power portable smart equipment. The equipment

processability/scalability is highly required for fundamental

researches and practical applications, so advanced fabrica-

tion routes including 3D printing, inkjet/screen printing and

laser etching, are preferred for the development of next-

generation ZICs.
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