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A B S T R A C T   

The newly-emerging Zn-ion hybrid supercapacitors (ZHSCs) are famed for their integration of high-capacity of 
Zn-ion batteries and high-power of supercapacitors (SCs), which are expected to meet the energy and power 
demands for both portable electronics and electrical vehicles. The practical application of ZHSCs faces serious 
challenges of achieving satisfactory energy density and developing suitable cathode materials and electrolytes. A 
systematic review on ZHSCs, the novel energy storage devices, is necessarily desired to spur the development of 
ZHSCs, but is still barren. This review provides a timely summary of recent advances on ZHSCs, and highlights 
the vital role of cathode materials and electrolyte systems in accelerating the prosperity of this kind of SCs. The 
ZHSCs fundamentals and the advanced engineering of various types of nanostructured cathode materials as well 
as their electrochemical characteristics and energy storage mechanisms are comprehensively discussed. The most 
recent development of electrolytes and Zn anode is also summarized and the effects of electrolyte compositions 
on the electrochemical performance of ZHSCs are elaborated. In the end, this review provides a detailed dis-
cussion about the existing critical challenges and presents future development perspectives on the favorable 
ZHSCs.   

1. Introduction 

The excessive combustion of fossil fuels has caused widespread social 
concerns over serious energy and environmental problems [1–3]. To 
circumvent these issues, green and renewable energy sources, such as 
solar, wind and tidal energy et al. are emerged as promising alternatives 
[2,4]. Nevertheless, most of these power sources are intermittent and the 
key to take advantage of them relies on the development of efficient 
energy storage technologies [5]. In this regard, rechargeable Li-ion 
batteries have sprung up since their first commercialization in the 
1990s [6]. They are served as the dominated energy storage systems in 
the current markets including portable electronics and automotive ve-
hicles in value of high energy density. However, the state-of-the-art 
Li-ion batteries still suffer from limited power density, short cycling 
life and safety issues [7]. Different from Li-ion batteries that rely on 
redox reactions in the bulk materials for charge storage, supercapacitors 
(SCs) also known as electrochemical capacitors or ultracapacitors, store 
energy through rapid and reversible ion adsorption/desorption at elec-
trode/electrolyte interface [8]. Therefore, featuring with high power 
density, quick charge and discharge capability, robust cyclic stability 

and good safety, SCs have gained tremendous attention [9]. Yet, the 
relatively low energy densities (typically 5–10 W h kg− 1) of SCs seri-
ously impede their widespread applications. Considering these aspects, 
constructing a hybrid supercapacitor (HSC) consisting of a capacitor 
electrode and a battery-type electrode could incorporate the merits of 
SCs and batteries and thus is well recognized as an effective approach to 
achieve high energy density without loss of power density and cycle life 
[10–13]. 

Among various HSCs, Li-ion HSCs are the most widely studied and 
have made great progress, but the limited source and inflammability of 
lithium metal give rise to a long-term risk of economic and environ-
mental issues [14,15]. This circumstance has stimulated the researchers 
to search for opportunities from alternative HSCs based on monovalent 
(eg. Na, K) or multivalent metals (eg. Mg, Zn, Ca, Al) [14–17]. Compared 
to monovalent cation-based HSCs, multivalent cation-based systems are 
more attractive as most of these polyvalent metal cations are 
earth-abundant and can provide multielectron transfer when one mole 
of ions is involved. Zn-ion hybrid supercapacitors (ZHSCs) as a 
newly-emerging multivalent metal-based hybrid electrochemical sys-
tem, in particular, were famed as an integration of Zn-ion batteries and 
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SCs [18]. ZHSCs combine the advantages of Zn-ion batteries such as high 
theoretical gravimetric and volumetric capacities (820 mA h g− 1 and 
5855 mA h cm− 3, Table 1), low cost, environmental friendliness, low 
redox potential of Zn anode (− 0.76 V vs standard hydrogen electrode 
(SHE)) and the merits of supercapacitors including fast charge-discharge 
rate, large power density and long cycle life [19,20]. More importantly, 
Zn metal is much safer and more stable than alkali metals such as Li, Na 
and K, which can be directly used as a metal electrode in aqueous 
electrolytes [21]. This highlights the superiority of aqueous ZHSCs to 
other alkali metal-based HSCs. Above all, compared with Zn-ion hybrid 
batteries that store energy through extraction/insertion of Zn2+ fro-
m/into the cathode, ZHSCs usually exhibit larger power density and 
longer cycling life as a result of the fast ion adsorption/desorption on 
carbon-based electrode [21]. Therefore, ZHSCs are expected to meet the 
demands of a variety of actual applications, including portable elec-
tronics and electrical vehicles. 

The investigation of Zn as an anode material dates back to the era of 
voltaic pile, the very first electrochemical battery invented by Alessan-
dro Volta in 1799 [22]. Since then, Zn anode has been widely investi-
gated in a variety of Zn-based batteries, such as Zn–NiOOH [23], 
Zn–MnO2 [24], Zn–air [25,26] and Zn-ion batteries [27]. In 2016, Wang 
et al. innovatively proposed the concept of carbon//Zn ZHSCs 
comprising of a zinc anode, an oxidized carbon nanotubes (oCNTs) 
cathode and a ZnSO4 aqueous electrolyte [28]. However, the Zn//oCNTs 
hybrid device only delivered a specific capacitance of 20 mF cm− 2 

(corresponding to 53 F g− 1) due to the relatively low specific surface 
area (SSA) of oCNTs. In 2018, Kang pioneered a new type of ZHSC with 
MnO2 nanorods as the cathode, activated carbons (ACs) as the anode, 
and 2 M ZnSO4 aqueous solution as the electrolyte, which exhibited a 
wide voltage window of 2 V and a specific capacity of 54.1 mA h g− 1 

[29]. As proved by the skyrocketing number of publications on ZHSCs, 
the device has experienced a booming development especially in the 
recent three years, which indicates that more and more researchers are 
devoted to this system and undoubtedly, this field will flourish in the 
future. So far, a lot of cathode materials including various carbon ma-
terials with well-designed morphologies, structures or tunable surface 
properties, conducting polymers, MXenes, transition metal oxides 
(TMOs) etc. have been developed for enhancing the energy storage 
performances of ZHSCs [29–36]. Also, different types of advanced 
aqueous and nonaqueous electrolytes were explored in ZHSCs and the 
effects of composition and concentration of electrolytes on the electro-
chemical performance of ZHSCs were expounded [37–39]. Besides, 
some works were focused on investigating the morphology and structure 
changes of Zn anode in ZHSCs during the cycling [30,40]. All these 
advances contribute a lot to the progress of ZHSCs, which provide stiff 
competition from Li-ion based systems and open a new horizon for the 
next-generation energy storage devices. 

Among the reported cathode materials, carbon-based materials 
featuring with good conductivity, chemical inertness, high SSA, high 
temperature stability, easy processability and tunable pore structures, 
are the most widely used in ZHSCs. Different types of carbons with well- 

designed morphologies, structures or tunable surface properties, such as 
porous carbons (PCs), heteroatom-doped carbons (HDCs), hollow car-
bon spheres (HCSs), carbon nanotubes (CNTs) and graphene, have been 
researched for ZHSCs [18,41–43]. Although carbons can store energy by 
reversible adsorption/desorption of ions in the Helmholtz layer, 
dependence on physical adsorption of ions in carbons is still inadequate 
to acquire large capacitance and high energy. Pseudocapacitive mate-
rials that store energy through fast insertion/extraction of ions are 
considered to be progressive candidates for ZHSCs [29,32,33,44]. 
Nevertheless, the development of cathode materials for ZHSCs is still in 
its preliminary stage and the capacities of cathodes are far behind the 
theoretical capacity of Zn anode. There remains much room to enhance 
the electrochemical performances of ZHSCs by designing and fabricating 
novel cathode materials with high capacity and long cycle life, and 
exploring suitable electrolyte systems. Hence, a systematic review on 
these significant progresses and some thought on the future developing 
directions is necessarily desired to spur the development of ZHSCs, but is 
still barren. 

In this review, we give a comprehensive outline of the techniques 
and the progress of ZHSCs. The fundamentals of ZHSCs including the 
basic cell configurations and the energy storage mechanisms, as well as 
basic equations for calculating parameters, are first introduced. A major 
emphasis is focused on the advanced engineering of nanostructured 
cathode materials for ZHSCs, including carbon-based materials (eg. PCs, 
HDCs, HCSs, CNTs and graphene) and pseudocapacitive materials 
(conducting polymers, MXenes, TMOs). Later, the most recent devel-
oped electrolyte systems, the effects of electrolyte compositions on the 
electrochemical performance of ZHSCs, and the development of Zn 
anode are elaborated. Finally, we discuss on the existing critical chal-
lenges and provide a guideline for future development of favorable 
ZHSCs. This review is expected to provide further insight into feasible 
strategies for high-performance ZHSCs and speed up technical in-
novations on cathode materials, electrolytes and ZHSC devices. 

2. Fundamentals of ZHSCs 

2.1. Basic cell configurations and working mechanism of ZHSCs 

2.1.1. Conventional ZHSC 
A conventional ZHSC cell is a hybrid structure of a Zn-ion battery and 

a supercapacitor, consisting of a battery-type anode as an energy source 
and an electric double layer capacitor-type cathode as a power source. 
The typical configuration and composition of a conventional ZHSC de-
vice is shown in Fig. 1a. The configuration of a conventional ZHSC is 
similar to that of Zn-ion battery except for the cathode materials. 
Generally, the Zn-ion battery is assembled with a Zn metal anode and a 
cathode with special tunnel structure, layered structure, framework 
structure with large pores that are capable of extraction/insertion of 
Zn2+ ions, while a Zn plate is used as the anode, and a carbon-based 
electrode is utilized as the cathode in a conventional ZHSC device. 
These two electrodes are separated with a separator that is ion- 
permeable but insulating. As Zn metal is stable in water, aqueous solu-
tions containing one or more soluble zinc salts, such as Zn(CH3COO)2, 
ZnSO4, ZnCl2, Zn(NO3)2 and Zn(CF3SO3)2 can be used for assembling 
ZHSCs [37]. Aqueous electrolytes normally possess superior properties 
such as low viscosity and high ion mobility. However, limited by the 
competitive decomposition of water (eg. <0.2 V vs Zn2+/Zn for 
hydrogen evolution and >1.8 V vs Zn2+/Zn for oxygen evolution), they 
have limited operating voltages, typically 0.2–1.8 V [45]. Some 
nonaqueous solvents (e.g., ionic liquids (ILs), organic solvents, 
solid-state electrolytes) were reported capable of extending the oper-
ating voltage of ZHSCs beyond the limit of 1.8 V for aqueous types, 
resulting in larger energy densities [46–48]. But the use of nonaqueous 
solvents may bring the problems such as increased cost, poor rate 
capability, low power density, and/or safety risk. Therefore, to date, the 
most commonly used electrolytes for ZHSCs are 1–3 M ZnSO4 

Table 1 
Comparison of monovalent and multivalent metal electrodes, Ref. [20].  

Metal 
electrode 

Ionic 
radius 
(Å) 

Gravimetric 
capacity 
(mA h g− 1) 

Volumetric 
capacity 
(mA h 
cm− 3) 

Potential 
vs SHE 
(V) 

Element 
abundance 
in the 
Earth’s crust 
(%) 

Li  0.76  3860  2061 -3.04 0.0017 
Na  1.02  1166  1129 -2.71 2.3 
K  1.38  685  610 -2.92 1.7 
Mg  0.72  2206  3834 -2.36 2.9 
Zn  0.75  820  5855 -0.76 0.0079 
Ca  1.00  1337  2072 -2.84 5.0 
Al  0.53  2980  8046 -1.68 8.2  
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electrolytes. 
Generally, it is believed that energy is stored/released in the carbon- 

based ZHSC through fast ion adsorption/desorption on the surface car-
bon cathode and reversible Zn/Zn2+ plating/stripping on the Zn metal 
anode during the charge and discharge processes [49]. Specifically, for 
Zn anodes, during the charging, Zn2+ ions from the electrolyte solution 
move towards and deposit on the negative electrode, whereas the 
stripping process of Zn occurs upon discharging Eq. (1). However, 
compared with Zn anode, the working mechanism on carbon cathode is 
more complicated. To date, the debate about the energy storage mech-
anism of carbon cathode has never stopped. Some researchers believed 
the adsorption/desorption of Zn2+ cations on the carbon surface 
contributed to the capacity a lot Eq. (2) [18,50]. While some others held 
the opposite view. They claimed anions could also serve as the primary 
carriers which moved towards and adsorbed on the carbon electrode to 
form electric double layer as the charge advances, and further diffuse 
back into the electrolyte when the discharge process goes on Eq. (3) [45, 
51]. Recently, Zhi et al. explored the effects of anion carriers on 
capacitance and self-discharge behaviors of zinc ion capacitor by using 
different electrolyte solutions including ZnSO4, Zn(Ac)2 and ZnCl2 [52]. 
They found SO4

2- anions showed the lowest adsorption energy and 
optimal electrochemical performance, verifying anions participate in 
the energy storage process again. Kang and coauthors found that when 
the operating voltage exceeded the zero charge potential, SO4

2- anions 
adsorbed on or desorbed from the carbon surface, and when the oper-
ating voltage was lower, cation electrostatic adsorption/desorption 

dominated [31]. Therefore, zero charge potential of a carbon material 
and the operating voltage had a great influence on the types of ions 
adsorbed. Besides physical adsorption/desorption, chemical adsorp-
tion/desorption of Zn2+/H+ can also occur especially when carbon 
materials are doped with heteroatoms such as O, N, etc., which provides 
extra pseudocapacitance to the whole capacity [51,53]. These chemical 
adsorption/desorption processes can be expressed as Eqs. (4) and (5). In 
addition, immense studies have observed the formation of zinc hy-
droxide sulphate hydrate (Zn4SO4(OH)6⋅xH2O) on the carbon cathode, 
indicating that side reactions occurred and the reactions could be not 
completely reversible (Eqs. (6)–(8)) [54]. The formation of 
Zn4SO4(OH)6⋅xH2O may be due to the pH change on the surface of 
carbon electrode, further suggesting that H+ or OH- ions have partici-
pated in the reaction. 

Zn Anode: 

Zn2+ + 2e− ↔ Zn2+ (1) 

Carbon-based Cathode:  

(1) Physical adsorption/desorption process 

C+X− ↔ C‖X− (2)  

C+Zn2+ ↔ C
⃦
⃦Zn2+ (3)  

where C represents the carbon material and X- represents the anion in 
the electrolyte.  
(2) Chemical adsorption/desorption process 

C⋅⋅⋅O+Zn2+/H+ + e− ↔ C⋅⋅⋅O⋅⋅⋅Zn/C⋅⋅⋅O⋅⋅⋅H (4)  

N⋅⋅⋅O+Zn2+/H+ + e− ↔ N⋅⋅⋅O⋅⋅⋅Zn/C⋅⋅⋅O⋅⋅⋅H (5)  

where C…O and N…O represent the functional groups on carbons.  
(3) Precipitation/dissolution process 

6H2O ↔ 6OH− + 6H+ (6)  

4Zn2+ + 6OH− + SO4
2− + xH2O ↔ Zn4SO4(OH)6⋅xH2O (7)  

Zn4SO4(OH)6⋅xH2O ↔ 4Zn2+ +SO4
2− + xH2O (8)   

2.1.2. New type of ZHSCs and the working mechanism 
Different from the conventional ZHSC, the recently proposed new 

type of ZHSC is a hybrid of a pseudocapacitive cathode which usually 
uses TMOs, a carbon-based anode, and an electrolyte containing zinc 
salts, as displayed in Fig. 1b. Compared with conventional carbon-based 
ZHSC, the novel device avoids using excessive and unstable Zn foil as 
anode, which is favorable to the specific capacity based on the whole 
device. More importantly, the asymmetric device usually exhibits a 
larger voltage window in comparison to conventional ZHSCs, thus 
contributing to energy density. 

The primary charge storage mechanism of the new pseudocapacitive 
material//carbon hybrid device is thought to be based on Zn2+ ion 
insertion/extraction reactions at the cathode surface and ion adsorp-
tion/desorption on AC anode [29]. To be specific, during the discharge 
process, Zn2+ ions in the electrolytes move towards and further insert 
into the cathode material, while the anions adsorb adsorption occurs on 
the carbon anode. Upon charging, driven by the power, a contrary 
process is happened. Zn2+ ions extract from the cathode material and the 
adsorbed anions desorb again into the electrolyte solution. Similar to the 
conventional ZHSCs, the side reaction of precipitation/dissolution Eq. 
(7) of zinc hydroxide sulphate hydrate (Zn4SO4(OH)6⋅xH2O) can occur 
on the cathode when using ZnSO4 as the electrolyte. Besides cathode, 
Zn4SO4(OH)6⋅xH2O formation/dissolution can be found on the 

Fig. 1. Schematic illustration of the cell configurations and mechanisms of (a) 
conventional ZHSC and (b) new type of ZHSC. 
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carbon-based anode, further demonstrating protons also participate in 
the reactions with cathode and anode materials [29,34]. The incom-
pletely dissolved byproduct on the cathode and anode may lead to a loss 
of specific capacitance especially at high current and poor cycling per-
formance. Therefore, some strategies such as exploring novel electrode 
materials and electrolytes to suppress the side reactions are highly 
needed. 

2.2. Equations 

As a hybrid device, the equations for calculating parameters of an 
asymmetric device such as the specific capacity (C), Coulombic effi-
ciency (η), energy density (E) and power density (P) also apply to a ZHSC 
device. 

Assuming linear charge and discharge curves, the specific capacity 
(C, mA h g− 1) of ZHSCs can be calculated based on the following 
equation: 

C =
i × Δt

m
(9)  

where i is the current (A), Δt is the discharging time (s), and m is the 
total mass of active materials in a ZHSC (g). 

The Coulombic efficiency (η) is calculated by the following equation: 

η =
td

tc
(10)  

where td and tc are the discharging and charging time (s) of a ZHSC, 
respectively. 

The energy density (E, W h kg− 1) and power density (P, W kg− 1) of 
ZHSCs are calculated based on the following equations, respectively. 

E = 0.5 × CΔV (11)  

P =
3600 × E

Δt
(12)  

where C is the specific capacity (mA h g− 1), ΔV is the potential window 
(V), and Δt is the discharge time (s) of the device. 

When the charge and discharge curves are not linear, the specific 
capacity (C, mA h g− 1) and energy density (E, W h kg− 1) of ZHSCs can 
be calculated by integrating the area under discharge curve (Fig. 2). The 
equations are shown as follows: 

C =
2i
∫

Vdt
mΔV

(13)  

E =
i
∫

Vdt
m

(14)  

where i is the current (A), 
∫

Vdt is the integral area under the discharge 
curve, m is the total mass of the active materials in a ZHSC (g), and ΔV is 
the potential window (V). 

3. Carbon-based materials 

Because of low cost, good conductivity and chemical stability, high 
SSA up to 3000 m2 g− 1, and tunable pore structure, carbon-based ma-
terials have been widely investigated as the cathodes for ZHSCs. So far, a 
wide range of carbons including PCs, HDCs, CNTs and graphene have 
been demonstrated as attractive cathode candidates for high- 
performance ZHSCs. In this section, we will review some recently re-
ported significant achievements on carbon materials and also make a 
discussion on their rational design and superior electrochemical per-
formances benefiting from the well-designed morphologies, structures 
or tunable surface properties. 

3.1. Porous carbons (PCs) 

Porous carbons (PCs) have reserved great potential as promising 
cathode materials for ZHSCs due to their low cost, high SSA, large pore 
volume, and tunable pore structure [55–58]. According to the Interna-
tional Union of Pure and Applied Chemistry (IUPAC) definition, pore is 
categorized as micropore (<2 nm), mesopore (2–50 nm), and macro-
pore (450 nm) depending on the pore size. Therefore, PCs cover micro-, 
meso- and macro-porous carbons, as well as hierarchical porous carbons 
that contains two or more kinds of pores. 

Generally, micropores facilitate the physical adsorption of ion at the 
electrode/electrolyte interface, contributing to electrical double layer 
capacitance [59,60]. Commercial ACs are a typical kind of microporous 
carbon materials, in which the micropore provides more than 90% of the 
total volume. Besides, commercial ACs are the cheapest and most easily 
available porous carbon materials, and therefore have been extensively 
researched for ZHSCs. As the pioneers, Kang et al. reported a 
high-performance ZHSC with commercial AC cathode, Zn foil anode and 
ZnSO4 aqueous electrolyte, which delivered a capacity of 121 mA h g− 1, 
(corresponding to an energy of 84 W h kg− 1), an ultrafast discharge rate 
with a large power output of 14.9 kW kg− 1, and a robust cycling stability 
with 91% capacity retention over 10,000 cycles [31]. Feng at al. pro-
posed a new-type on-chip micro ZHSC by employing AC as a cathode and 
electrodeposited Zn nanosheets as an anode [61]. As illustrated in  
Fig. 3a, gold collectors were firstly patterned on silicon wafer. Then 
photoresist frames were constructed around fingers. After that, 
electro-deposition strategy was employed to synthesize Zn nanosheet on 
the left gold interdigital fingers which was served as the anode. AC 
coated on the right trenches was used as the cathode. Profiting from the 
sophisticated device structure, the micro ZHSC exhibited an outstanding 
areal capacitance of 1297 mF cm− 2 at a current density of 
0.16 mA cm− 2 (259.4 F g− 1 at 0.05 A g− 1), an areal energy density of 
115.4 W h cm− 2 at the power density of 0.16 mW cm− 2, and a long-term 
lifespan of 10,000 cycles. 

Note that although AC possess a high BET surface area, the energy 
densities of most reported ZHSC devices are still exactly lower than 
expected. According to Gogotsi and Simon, the electrical double-layer 
capacitance shows an anomalous increase when the pore size gets 
closer to the ion size [62]. When the pore is 50% larger than the opti-
mum pore size, a lower capacitance will be obtained. Thus, considering 
the diameters of Zn hydrate ion (0.86 nm) or bar Zn2+ cation (0.74 nm) 
and SO4

2- anions (0.73 nm), modulation of the micropore size to about 
0.8 nm is expected to boost the charge storage of AC-based electrode. 
Recently, Zhang et al. synthesized a pencil shaving derived porous 
carbon (PSC) as a cathode material for ZHSCs by using a simple two-step 

Fig. 2. Schematic illustration of the electrochemical profile of a ZHSC with 
linear (blue) and non-linear (red) charge and discharge curves. 

H. Wang et al.                                                                                                                                                                                                                                   
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Fig. 3. (a) Schematic of the fabrication process of micro ZHSC. (b) Schematic of the synthesis of PC. (c) SEM and (d) TEM images of PC800. (e) N2 adsorption and 
desorption curves of PC samples. (f) N2 adsorption and desorption curves, (g) pore size distributions and (h) cumulative pore volumes of the 3D-PAC and C-AC. 
(a) Reproduced with permission from Ref. [61]. Copyright 2019, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (e) Reproduced with permission from Ref. [53]. 
Copyright 2020, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. (h) Reproduced with permission from Ref. [41]. Copyright 2020, WILEY-VCH Verlag GmbH & 
Co. KGaA, Weinheim. 

H. Wang et al.                                                                                                                                                                                                                                   



Nano Energy 85 (2021) 105942

6

pyrolysis strategy with KOH as the activating agent [45]. A large SSA up 
to 1293 m2 g− 1 was achieved. More importantly, it was found that the 
as-prepared PSC sample exhibited a narrow pore size distribution with 
the pore size centered at 0.8, 1.1, and 1.2 nm. The existence of 0.8 nm 
pore allows closer contact of ion center to the pore walls, leading to a 
large capacitance of 413.3 F g− 1 at 0.2 A g− 1. Moreover, an area ca-
pacity of the PSC-based ZHSC device reached about 4.5 F cm− 2 at an 
ultrahigh loading of 24 mg cm− 2, further proving the high efficiency of 
adapting pore size to an appropriate electrolyte solution. 

Apart from pore size optimization, construction of a hierarchical 
structure with micro-/meso-pores or micro-/meso-/macro-pores is ex-
pected to boost the energy storage properties of ZHSCs [63]. Micropores 
can enhance ion adsorption on the surface of electrode, but impedes the 
ion/mass transportation. In this regard, mesopores are likely to provide 
more active sites and smooth ion transfer channels, while macropores 
can work as ion reservoir to provide sufficient space for ion accommo-
dation, both of which are favor of energy storage and ion adsorption/-
desorption kinetics [64–66]. Table 2 compares the physical properties 
and corresponding electrochemical performances of the reported hier-
archical porous carbon (HPC)-based electrodes with AC-based elec-
trodes. It can be easily found that the HPC-based ZHSCs usually 
presented a superior rate performance and a larger power density in 
contrast with AC-based devices, demonstrating the efficiency of hier-
archical pores in promoting ion adsorption/desorption kinetics. To date, 
a number of methods have been developed to construct a hierarchical 
pore structure, such as acid etching, two-step KOH activation, KHCO3 
assisted chemical etching, and CO2-H2O co-activation process, KNO3 
assisted KOH activation strategy and so on [41,47,53,63,67,68]. 

Recently, Alshareef et al. reported a PC-based cathode for a 
high-performance aqueous ZHSC by acid etching the products that ob-
tained from direct pyrolysis of pyromellitic acid tetra-potassium salt 
(PMA4K) (Fig. 3b) [53]. The obtained PC sample showed a hollow 
nanocarbon sphere structure with the diameter of about 50 nm and wall 
thicknesses of about 10–20 nm and a hierarchical pore structure with 
macropores, mesopores and micropores, as demonstrated by the trans-
mission electron microscopy (TEM) and N2 adsorption-desorption 
curves. (Fig. 3c–e). Hence, the assembled ZHSC delivered a large ca-
pacity of 191.5 mA h g− 1 and a high energy density of 104.8 W h kg− 1. 
Tang at al. proposed a in situ two-step KOH activation strategy to boost 
the performance of HPC [41]. Compared to the typical one-step acti-
vation of carbonized precursors, the two-step activated products pre-
sented a higher BET surface area up to 3525 m2 g− 1 and a larger 
mesoporous volume as compared to commercial ACs (Fig. 3f and g). The 
mesopore size of two-step activated three dimensional (3D) porous 
activated carbon (3D-PACs) were centered at 2–4 nm, whereas com-
mercial ACs were mainly composed of micropores (Fig. 3h). The unique 
3D hierarchical porous structure and large SSA of 3D-PAC thus ensured 
impressive energy storage performances for ZHSCs including a high 
specific capacity of 231 mA h g− 1 at 0.5 A g− 1, excellent rate capability 
with a capacity of 119 mA h g− 1 at 20 A g− 1 and a robust cycling sta-
bility with 70% capacity retention after 18,000 cycles, which provide a 
new insight into the design of advanced carbon-based hybrid capacitors. 

PCs-based ZHSCs possess a lot of merits, such as low cost, rich raw 
materials, simple preparation and easy realization of large-scale pro-
duction. However, the low density of PCs leads to a low volumetric 
capacity and a low volumetric energy density of the device, which is not 

Table 2 
Comparisons of the physical properties and electrochemical performances of the reported hierarchical porous carbon-based electrodes with commercial activated 
carbon-based electrodes.  

Materials Specific 
surface area/ 
m2 g− 1 

Pore 
volume/ 
cm3 g− 1 

Electrolyte Specific 
capacity/ 
mA h g− 1 

Rate capability Energy density/ 
W h kg− 1 

Power density/ 
kW kg− 1 

Cycling 
stability 

Ref. 

PC 1094.7 1.11 3 M Zn(ClO4)2  179.8 43.6% from 0.1 A g− 1 

to 20 A g-1 
104.8 48.8 99.2% after 

30,000 
cycles 

[53] 

PCNFs 1770 0.721 1 M ZnSO4  177.7 52.8% from 0.5 A g− 1 

to 20 A g− 1 
142.2 15.39 ~90% after 

10,000 
cycles 

[67] 

PCNs 2671.9 1.23 1 M ZnSO4  149 50.3% from 0.2 A g− 1 

to 20 A g− 1 
119 15.976 ~91% after 

10,000 
cycles 

[63] 

HPAC 3525 / 3 M Zn(CF3SO3)2  231 51.5% from 0.5 A g− 1 

to 20 A g− 1 
/ 11.4 ~70% after 

18,000 
cycles 

[41] 

Kelp- 
carbon 

3047 1.87 2 M Zn 
(CF3SO3)2–PAM 
Hydrogel  

196.7 49.4% from 0.1 A g− 1 

to 20 A g− 1 
111.5 6.9 89% after 

4000 cycles 
[68] 

FCNS 2358 1.77 0.2 M Zn(CF3SO3)2 in 
EMIMCF3SO3 IL  

126.5 64.0% from 0.2 A g− 1 

to 20 A g− 1 
54.3 W h L− 1 17.7 kW L− 1 82% after 

35,000 
cycles 

[47] 

PSC-Ax 948 / 1 M Zn(CF3SO3)2  183.7 44.5% from 0.2 A g− 1 

to 20 A g− 1 
147 15.7 92.2% after 

10,000 
cycles 

[45] 

AC 3384 / 1 M Zn(CF3SO3)2  85.7 85% from 0.1 A g− 1 to 
2 A g− 1 

61.6 1.725 91% after 
20,000 
cycles 

[69] 

AC / / SA-Zn hydrogel  260.5 17.7% from 0.1 A g− 1 

to 2 A g− 1 
286.6 / 85.9% after 

10,000 
cycles 

[46] 

AC 2201 / 2 M ZnSO4  208 32.1% from 0.5 A g− 1 

to 20 A g− 1 
208 20 99% after 

10,000 
cycles 

[30] 

AC 1923 / 2 M ZnSO4  121 33.9% from 0.2 A g− 1 

to 20 A g− 1 
84 14.9 91% after 

10,000 
cycles 

[31] 

AC / / 2 M ZnSO4  72.1 46.3% from 
0.16 mA cm− 1 to 
3.12 mA cm− 1 

115.4 μWh 
cm− 2 

3.9 mW cm− 2 100% after 
10,000 
cycles 

[61]  
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conducive to practical application. A proper control of the micromor-
phology, SSA, pore size and pore structure is crucial to pursue high- 
quality PCs for high-energy and power ZHSCs. 

3.2. Heteroatom-doped carbons (HDCs) 

Surface functionalization of carbon materials has attracted consid-
erable attention as it provides an efficient approach to tailor their 
intrinsic physical and chemical properties and further improve the 
performance in energy-related devices. Particularly, heteroatom doping, 
a strategy by which C atoms in the carbon skeletons are replaced with 
other elements such as boron (B), nitrogen (N), phosphorus (P) and 
sulfur (S), can effectively modify the electronic structure and charge 
distribution of carbon networks and regulate their reactivity [70]. 
Accordingly, heteroatom-doped carbons (HDCs) have been extensively 
used in a wide range of applications, such as industry catalysis, sewage 
treatment, field sensors, biomedical application and electrochemical 
fuels [70–72]. 

Among the diverse types of HDCs, N-doped carbon materials that are 
the most widely researched have shown prominent capacitance in 
supercapacitors and batteries [73]. It is well recognized that N atom 
possesses the largest electronegativity (3.04) compared to B (2.04), P 
(2.19) and S (2.58) atoms, which can cause a polarization of the sur-
rounding carbon and induce band gap opening near the Dirac point, 
thereby improving the electric conductivity [71]. Besides, it has been 
found that the introduction of N dopants can provide more active sites 
for charge storage and increase the wettability of materials, ultimately 
enhancing the capacity [73]. Considering these unique properties, 
recently, N-doped carbons have been evaluated as promising cathode 
materials for ZHSCs. Liu’s group reported an aqueous rechargeable 
ZHSC in which nitrogen doped hierarchical porous carbon (N-HPC), and 
Zn foil were respectively used as the cathode and anode [74]. The 
rationally designed N-HPC was synthesized via one-step calcination of 
chitosan with KHCO3 and Fe(NO3)2 as the active agent and catalyst, 
respectively. The assembled ZHSC exhibited a high specific capacity of 
136.8 mA h g− 1 at 0.1 A g− 1 and retained a capacity of 66.7 mA h⋅g− 1 at 
10 A g− 1. In addition, an excellent energy density of 191 W h⋅kg− 1, a 
large power density of 3633.4 W⋅kg− 1 and good cycling stability with 
90.9% capacity retention over 5000 cycles were achieved. The good 
performances could be attributed to the following factors. For one, ni-
trogen doping offers more electrolyte accessible active sites and opti-
mizes the infiltration of the electrolyte to enhance charge storage; For 
another, the hierarchical porous structure with micropores providing 
ion adsorption/desorption sites and mesopores promoting electrolyte 
diffusion, ensures fast reversible ion adsorption and desorption. More-
over, mechanism studies showed that, during the charge and discharge 
processes, the crystalline and structure of cathode remained unchanged, 
indicating a physical adsorption/desorption process involved. There-
fore, N-HPC exhibited a good rate capability and cycling performance. 
Lu’s group demonstrated the pivotal effects of N dopants on the chem-
ical adsorption behavior of Zn ions through reasonably designed ex-
periments and density functional theory (DFT) simulations [18]. It was 
found that N doping could greatly improve the conductivity, increase 
the surface wettability and enlarge the electrochemical active surface 
area of carbon materials, which conjointly ensured sufficient active sites 
for charge storage and facilitate efficient ion/electron transport. More 
importantly, the N-doped carbon matrix is energetically favorable for 
enhancing the chemical adsorption of Zn ions. Consequently, a 
high-energy and ultra-stable aqueous ZHSC with a maximum energy 
density of 107.3 W h kg− 1, a prominent power density of 24.9 kW kg− 1, 
rate capability of 60.8% with the increase of current density from 
4.2 A g− 1 to 33.3 A g− 1, and an ultralong lifespan of 20,000 cycles were 
acquired by using the N-doped hierarchical porous carbon (HNPC) as the 
cathode. 

Also, it has been established that co-doped carbon materials with two 
or more types of heteroatoms are promising candidates for energy 

storage devices benefiting from the synergistic effect of diverse hetero-
atoms [75]. Zhao et al. demonstrated a N, O co-doped hierarchical 
porous carbon (HPC) integrated with flexible carbon cloth (CC) directly 
used as the cathode for ZHSC [51]. The N, O co-doped HPC/CC was 
synthesized through a drop-coating and carbonization approach, as 
depicted in Fig. 4a, in which polyacrylonitrile (PAN) and Zn-zeolitic 
imidazolate framework (ZIF-8) were both the carbon and nitrogen 
sources. Thanks to abundant N and O dopants, hierarchical pore struc-
ture with micropores and mesopores and large pore volume (0.139 cm3 

g− 1), the N, O co-doped HPC/CC electrode-based ZHSC exhibited 
excellent Zn-ion storage performance with a high capacity of 
138.5 mA h g− 1 at a current density of 0.5 A g− 1 and an outstanding rate 
performance with a large capacity of 75 mA h g− 1 maintained at 
20 A g− 1 (Fig. 4b). Importantly, a robust cycling stability with 4.3% 
increment in pristine capacity was achieved even after 10,000 cycles, 
which is due to the slow penetration of electrolyte ions into the pores 
(Fig. 4c). Interestingly, the O functional groups were believed to provide 
pseudocapacitance, whereas the doped N facilitated the phys-
ical/chemical adsorption–desorption process, thus jointly enhancing the 
Zn-ion storage capability. According to ex situ experiments such as SEM, 
Raman, X-ray diffraction (XRD) and X-ray photoelectron spectroscopy 
(XPS), the major charge storage mechanism of N, O co-doped HPC/CC 
cathode was ascribed to ion adsorption/desorption on the electrode 
surface (Fig. 4d). Another mechanism was attributed to chemical 
adsorption of H+ and Zn2+ ions during the discharge process by 
bounding with C–O and N–O functional groups, contributing to an extra 
capacity. With the absorption of H+, the pH of the electrolyte around the 
cathode surface increased and zinc hydroxide sulphate hydrate then 
formed, contributing a part of energy storage capacity. In order to 
enhance the pseudocapacitive performance, Yang’s group introduced 
proton transfer mechanism into aqueous ZHSCs with ZnSO4 aqueous 
electrolyte and functionalized polyaniline (PANI)-derived AC as cathode 
material [76]. By optimizing the narrow micropore structure and 
hydrogen-containing functional groups (–OH and –NH), and controlling 
the pH of electrolyte, a maximum specific capacitance of 544 F g− 1 was 
achieved when the pH of the constructed ZHSC was tuned to 3. How-
ever, due to the serious side reaction, the capacity only maintained 92% 
and the Coulombic efficiency showed a large fluctuation over 1000 cy-
cles, impeding the practical application of the device. 

Apart from N and O heteroatoms, B can be incorporated into carbon 
matrix for an enhancement of Zn-ion storage. B possesses similar Van der 
Waals radius and number of valence electrons to C [71]. In addition, the 
bond length of B–C is slightly larger than that of C–C. In consequence, 
B-doping has a minimal impact on the lattice parameters of carbon 
materials. On the other hand, B-doping can induce both a small energy 
band gap and p-type conductivity, significantly improving the conduc-
tivity [77]. Qiu’s group, for the first time, introduced a layered B/N 
co-doped porous carbon (LDC) as an advanced cathode material for 
high-energy-power ZHSCs in 2019 [19]. The two-dimensional (2D) LDC 
was prepared via a facile intercalator-guided pyrolysis method by using 
H3BO3 as the intercalator and acrylonitrile copolymer as the carbon 
source. During the physis of acrylonitrile, H3BO3 was decomposed to 
B2O3 through the two reactions (H3BO3 → HBO2 + H2O, 2HBO2→B2O3 
+ H2O). Hence, the synthesis process consists three steps, that is, 
self-assembly of acrylonitrile copolymer and H3BO3, pyrolysis of 
AC/H3BO3 hybrid, and final deintercalation of B2O3, as displayed in  
Fig. 5a. After deintercalation, the H3BO3-guided LDC showed an irreg-
ular layered ultrathin nanosheet structure with the thickness of about 
6 nm and hierarchical pores, which was beneficial for exposing more 
electroactive sites to electrolytes and facilitating electron/ion transfer 
(Fig. 5b and c). Besides, the rich B and N heteroatoms could provide 
more Faradaic redox reactions by increasing the number of reactive 
sites, thus improving the charge storage capability (Fig. 5d). By virtue of 
the favorable property and structure of LDC, the assembled Zn//ZnSO4 
(aq.)//LDC ZHSC delivered a maximum capacity of 127.7 mA h g− 1, 
corresponding to an energy density of 97.6 W h kg− 1 at a current density 
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of 0.5 A g− 1, and a rate capability with a capacitance retention of 33.5% 
when the current density increased from 0.5 A g− 1 to 20 A g− 1 (Fig. 5e 
and f). These values outperform those for intercalator-free carbon (LC), 
YP-50F, reduced graphene oxide (rGO) and so on. Furthermore, a 
quasi-solid ZHSC was constructed with LDC cathode, Zn anode and 
gelatin/ZnSO4 gel electrolyte, as shown in Fig. 5g. The device, therefore, 
delivered an energy density of 86.8 W h kg− 1, power density of 
12.2 kW kg− 1 and a capacitance retention of 81.3% over 6500 cycles 
(Fig. 5h and i). 

Besides B and N co-doping, B, P-doped carbon is also attractive for 
energy-related devices. As is well-known, P has a larger Van der Waals 
radius of 195 pm in comparison with 170, 155, and 180 pm for C, N and 
B, respectively, which may generate more structure defects when doped 
in carbons [71]. A recent work by Lee at al. has made a successful 
demonstration of P and B co-incorporated activated carbon (P&B-AC) 
for achieving a high-performance ZHSC [78]. It was found that B doping 
was favor of the enhanced electric conductivity, while P doping could 
improve the wettability of electrode materials, synergistically 

promoting ion transport and charge storage capability. As expected, the 
P&B-AC-based ZHSC displayed a superior electrochemical performance 
such as an excellent specific capacity of 169.4 mA h g− 1 at 0.5 A g− 1, a 
capacity of 84.0 mA h g− 1 at 10 A g− 1, and outstanding cycling stability 
with 88% capacity retention after 30,000 cycles. 

Taking advantage of the unique electronic structures and properties 
of various heteroatoms, HDCs are promising candidates for constructing 
highly efficient ZHSCs. Table 3 summarizes the physical properties and 
the ZHSC performances of HDCs. It can be seen that the current research 
is highly focused on enhancing the electrochemical properties of HDC- 
based electrode. However, precise and reproducible doping is the 
biggest challenge but is crucial for achieving excellent electrode mate-
rials by altering the Fermi energy level and optimizing the band gap. 
Moreover, in-depth understanding of the working mechanism for per-
formance enhancement and the synergistic effect of different co-dopants 
has a far-reaching effect on the development of high-performance HDCs 
for ZHSCs. 

Fig. 4. (a) Schematic of the preparation of N, O co-doped HPC/CC. (b) Charge and discharge curves and (c) cycling performance at 5 A g− 1 of the N, O co-doped 
HPC/CC-based ZHSC. (d) Working mechanism of the aqueous N, O co-doped HPC/CC-based ZHSC. 
Reproduced with permission from Ref. [51]. Copyright 2020, The Royal Society of Chemistry. 
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Fig. 5. (a) Schematic of the fabrication of LDC and LC samples. (b) SEM and (c) TEM of LDC. (d) Elemental mappings of C, B, N and O in LDC. (e) Specific capacities 
and (f) Ragone plot of LDC-based aqueous ZHSC. (g) Ragone plot of quasi-solid ZHSC compared with other energy devices. (h) Cycling performance at 5 A g− 1. 
Reproduced with permission from Ref. [19]. Copyright 2019, Elsevier. 
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3.3. Hollow carbon spheres (HCSs) 

Carbon materials with controlled morphology and structure have 
been quite a hot topic in materials science [80–82]. Of particular in-
terest, hollow carbon spheres (HCSs), referring to hollow structured 
carbon particles with micron or nanometre sized shells, have showed 
wide applications in catalysis, sewage treatment, gas storage, 
drug-delivery carries, and energy storage devices because of their 
unique properties such as well-defined interior voids, high 
surface-to-volume ratios, large SSA, low density, controllable perme-
ability, tunable surface functionality, and excellent stabilities [83]. HCSs 
are considered superior to other porous carbon materials when used as 
electrode materials for Li-ion, Na-ion and Li-S batteries as well as 
supercapacitors [84–87]. The hollow structures can provide enough 
accessible sites, large electrode-electrolyte interface, and short mass 
diffusion [88]. Besides, the interior cavities in HCSs can not only offer 
large space for ion storage but also buffer volume expansion, resulting in 

an improved specific capacity and cycling stability [87]. 
Given the unique structures and properties, HCSs were employed as 

the cathodes for ZHSCs and exhibited prominent electrochemical per-
formances [42,49]. It was believed that the hollow structures can in-
crease the electrode/electrolyte contact area, which benefit to the ion 
adsorption/desorption kinetics. Chen at al., for the first time, introduced 
a flexible solid-state ZHSC based on copolymer derived HCSs as the 
cathode, Zn deposited on carbon cloth as the anode, and polyacrylamide 
hydrogel as the electrolyte [42]. In the work, HCSs were produced from 
one-step carbonization of the hollow polyaniline-co-polypyrrole (PACP) 
spheres that were synthesized using an emulsion method with a sur-
factant as the soft template. The HCSs presented a hollow sphere 
morphology with the diameter of ~100 nm (Fig. 6a and b). To 
demonstrate the significance of hollow structure, solid carbon nano-
particles (SCNs) were prepared using the same method as that for HCSs 
but without the use of soft template. Fig. 6c and d show the solid 
structure of SCNs. HCSs and SCNs both exhibited type IV N2 adsorption 

Table 3 
Comparisons of the physical properties and electrochemical performances of the previously reported heteroatom-doped carbons.  

Materials Specific 
surface area/ 
m2 g− 1 

Pore 
volume/cm3 

g− 1 

Electrolyte Specific 
capacity/ 
mA h g− 1 

Rate capability Energy 
density/ 
W h kg− 1 

Power 
density/kW 
kg− 1 

Cycling 
stability 

Ref. 

N-HPC 879 0.447 2 M ZnSO4  136.8 48.6% from 
0.1 A g− 1 to 
10 A g− 1  

191  3.633 90.9% after 
5000 cycles 

[74] 

HNPC 2762.7 / 1 M ZnSO4  177.8 60.8% from 
4.2 A g− 1 to 
33.3 A g− 1  

107.3  24.9 99.7% after 
20,000 cycles 

[18] 

FACs 1968 0.82 2 M ZnSO4  193.3 45.5% from 
0.1 A g− 1 to 
20 A g− 1  

101  14.1 89% after 
10,000 cycles 

[76] 

N, O co- 
doped 
HPC/CC 

197.45 0.139 2 M ZnSO4  138.5 54.2% from 
0.5 A g− 1 to 
20 A g− 1  

110  20 104.3% after 
10,000 cycles 

[51] 

B/N co- 
doped LDC 

597 0.46 1 M ZnSO4  127.7 33.5% from 
0.5 A g− 1 to 
20 A g− 1  

97.6  12.1 / [19] 

P&B-AC / / 2 M ZnSO4  169.4 49.6% from 
0.5 A g− 1 to 
10 A g− 1  

169.4  20 88% after 
30,000 cycles 

[78] 

BN-CMT / / Redox SA-Zn-Br double 
network hydrogel 
electrolyte  

416.6 16.8% from 
1 A g− 1 to 
10 A g− 1  

472.6  16 99.1% after 
10,000 cycles 

[79]  

Fig. 6. (a) SEM and (b) TEM images of HCSs. (c) SEM and (d) TEM images of SCNs. (e) N2 adsorption and desorption curves and (f) pore size distributions of HCSs 
and SCNs. (g) CV curves of HCSs and SCNs at 5 mV s− 1. (h) galvanostatic charge/discharge curves of HCSs and SCNs at 1.0 A g− 1. 
Reproduced with permission from Ref. [42]. Copyright 2019, The Royal Society of Chemistry. 
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and desorption isotherms with hysteresis loop, and similar pore size 
distributions, indicating the similar mesoporous structure in both sam-
ples (Fig. 6e and f). While the BET area of HCSs was 819.5 m2 g− 1, much 
larger than 246.7 m2 g− 1 of SCNs, suggesting the superiority of HCSs as 
electrode materials. As a result, the solid-state ZHSC fabricated with 
HCSs exhibited a larger cyclic voltammetry (CV) area than that based on 
SCSs, revealing a higher capacity (Fig. 6g). The specific capacities of the 
solid-state ZHSCs based on HCSs and SCNs were calculated to be 65.1 
and 38.8 mA h g− 1 at a current density of 1.0 A g− 1, respectively 
(Fig. 6h). The superior electrochemical performance of HCSs could be 
ascribed to two reasons. For one, the large SSA provides more active 
sites for ion adsorption and desorption, leading to an improved capacity. 
For another, the hollow structure increases the electrode/electrolyte 
interface, promotes electrolyte diffusion and accelerates the ion 
adsorption/desorption kinetics. A highest capacity of 86.8 mA h g− 1 and 
a maximum energy density of 59.7 W h kg− 1 with a power density of 
447.8 W kg− 1 were achieved with the HCSs-based solid-state ZHSCs, 
demonstrating the promising prospect of HCSs in ZHSCs. Apart from the 
cathode improvement, HCSs show great potential to optimize the elec-
trochemical performance of Zn anode. For conventional ZHSCs, the 
dendritic growth on the surface of Zn anode is a big challenge which 
leads to capacity attenuation. In order to improve the performance of 
HCSs-based ZHSCs, in a recent work, Liu’s group developed a novel 
aqueous ZHSC with mesoporous hollow carbon spheres (MHCSs) as the 
cathode and MHCSs coating Zn foil as the anode [49]. The MHCSs were 
first synthesized via a hard-template strategy with tetrapropyl orthosi-
licate as the template agent, as illustrated in Fig. 7a. The MHCSs 
exhibited a hollow sphere morphology with a large number of pene-
trating mesopores on the shell, which are favor of excellent electron and 
ion transport (Fig. 7b). The diameter of the spheres and cavities were 
about 352 nm and 210 nm, respectively, with a porous shell thickness of 
about 71 nm (Fig. 7c). As a result, a large BET surface area of 1275 m2 

g− 1 and a high pore volume of 1.73 cm3 g− 1 were achieved for MHCSs. 
The large specific surface area, abundant micropores and mesopores in 
MHCSs provided an important guarantee for fast ion adsorption/de-
sorption kinetics and rapid electrolyte diffusion, resulting in an 
increased double layer capacitance and rate performance. To further 
improve the performance of Zn anode, MCHSs were then coated on Zn 
foil to suppress dendrite growth on Zn anode. Benefiting from the 
inter-connected porous structure, the MCHSs-coated Zn//MCHSs ZHSC 
worked steadily for more than 550 cycles, whereas the Zn//MCHSs 
ZHSC suffered short circuit after 375 cycles (Fig. 7d). The different 
cycling performances could be revealed by the scanning electron mi-
croscopy (SEM) images. After 100 stripping/plating cycles, the smooth 
Zn foil became rough and many spikes formed, while the MCHSs-coated 
Zn foil remained porous and smooth without the formation of any spike 
after cycles, indicating that the MCHSs coating could effectively inhibit 
the dendrites growth. (Fig. 7e–h). As expected, the device showed a high 
energy density of 129.3 W h kg− 1 at a power density of 266.4 W kg− 1, 
excellent cycle stability with 96% capacitance retention after 10,000 
cycles (Fig. 7i). More importantly, even with a high mass loading of 
20 mg cm− 2, the ZHSC achieved a gravimetric capacity larger than 
160 mA h g− 1 at the current density of 0.1 A g− 1, and a high capacity of 
110 mA h g− 1 at 1 A g− 1 (Fig. 7j). 

Compared with other carbon materials, HCSs possess exceptional 
advantages of interior cavities, large electrode-electrolyte interface, fast 
electrolyte diffusion and ion transport and stress/stain buffering, lead-
ing to improved specific capacities, rate capability and cycling stability. 
Therefore, exploring the potentiality of HCSs as cathode materials for 
ZHSCs is of particular significance. Future research can be centered at 
boosting the electrochemical performance of HCSs by introducing hi-
erarchical pores including macro-, meso- and micro-pores, synthesizing 
an ordered structure, heteroatom doping and surface functionalization. 
Moreover, HCSs usually exhibit low density, which is unfriendly to 
volumetric capacity. Therefore, advanced strategies in improving volu-
metric capacity of HCSs are vital for their large-scale applications. 

3.4. Carbon nanotubes (CNTs) 

Carbon nanotubes (CNTs) are typical one dimensional (1D) carbon 
nanomaterials with a tubular structure, which are classified as single- 
walled carbon nanotubes (SWNTs) or multi-walled carbon nanotubes 
(MWNTs) [89,90]. CNTs possess outstanding properties such as high 
electric conductivity, uniform pore size distribution, good mechanical 
strength and electrochemical stability, which makes them suitable for 
energy storage electrode materials [91]. Besides, the electrochemical 
performance of CNTs can be greatly improved by adjusting the SSA, pore 
shape, pore structure and surface properties [92]. Moreover, CNTs, due 
to their excellent flexibility and mechanical resilience, have attracted 
significant attention as excellent flexible electrodes for high-power 
flexible energy storage devices [91,93]. 

Wang’s group provided the first demonstration of CNTs-based ZHSCs 
in 2016 [28]. In order to improve the energy storage property of CNTs, 
commercial CNTs were oxidized by concentrated H2SO4 and KMnO4 to 
synthesize oCNTs according to an improved Hummer method. Fig. 8a 
shows the C1s XPS spectra of oCNTs and CNTs, proving that some car-
boxylic and hydroxyl functionalities are introduced on the oCNTs sur-
face. As a result, oCNTs exhibited a quasi-rectangular CV shape with a 
broad anodic hump at 0.2 V and a cathodic hump at − 0.25 V, implying 
the presence of pseudocapacitance (Fig. 8b). Whereas CNTs only pro-
vided pure electric double layer capacitance as proved by the typical 
rectangular CV curve. Moreover, the larger CV area indicated a superior 
performance of oCNTs with respect to CNTs. Therefore, certain Faradaic 
reactions (>2C–O–Zn ↔ 2C˭O + Zn2+ + 2e− and >C–OH ↔ C˭O + H+

+ e− ) and electrochemical adsorption of the Zn2+ ions (C + Zn2+ ↔ 
C‖Zn2+) took place on oCNTs, both contributing to the energy storage of 
oCNTs. Nonetheless, the assembled aqueous ZHSC based on oCNTs only 
exhibited a specific capacitance of 53 F g− 1, which could be attributed 
to the relatively low SSA of CNTs. Energy storage devices tend to be 
miniaturized to meet the requirements of portable and integrated elec-
tronics. Recently, Qu’s group came up with a new micro ZHSC by 
integrating a CNT-based micro-cathode and a zinc-based micro-anode 
(Fig. 8c) [94]. To supplement irreversible dissolved Zn2+ ions, an elec-
troplating method was developed to in situ replenish the zinc anode by 
using two CNT papers as the working and counter electrodes. Benefiting 
from the unique electrode structure, an areal capacitance of 
83.2 mF cm− 2 was reached at a current density of 1 mA cm− 2, which 
maintained 65 mF cm− 2 when the current density increased to 
10 mA cm− 2. (Fig. 8d) Apart from large capacitance and excellent rate 
performance, a robust electrochemical stability with 87.4% capacitance 
retention after 6000 cycles was achieved with the micro ZHSC (Fig. 8e). 
More importantly, the as-obtained micro ZHSC can be bent and twisted 
at different angles and showed no noticeable change of the CV curves 
when the device was bent at different angles, implying its great potential 
for flexible electronics (Fig. 8f and g). 

Generally, the reported CNTs-based ZHSCs showed excellent rate 
performance and cyclic stability. The capacitance and energy density of 
CNTs-based ZSHC device, however, were far from satisfactory, which 
was restricted by their relatively small SSA (generally 120–500 m2 g− 1). 
Therefore, future research on CNTs-based ZHSCs could be directed to 
increasing the SSA and porosity, tailoring the surface groups and 
introducing more active sites on CNTs. In addition, CNTs-based micro 
ZHSCs exhibit great potential for portable and integrated electronics. 
Thus, some efforts need to be devoted to CNTs-based micro ZHSCs, 
aiming at improving the areal performance. 

3.5. Graphene 

Graphene, as one of the most widely studied 2D materials, is 
composed of a one-atom-thick flat carbon sheet, in which the carbon 
atoms are arranged in a sp2 hybrid configuration [90,91]. Graphene 
possesses many remarkable physicochemical properties including 
excellent electric conductivity (106 S cm− 1), large theoretical SSA 
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Fig. 7. (a) Schematic illustration of the 
fabrication and application of MCHSs. 
(b) SEM and (c) TEM images of MCHSs. 
(d) Cycling performance of the MCHSs- 
coated Zn‖MCHSs and Zn‖MCHSs at 
0.1 A g− 1, (e) SEM images of bare Zn 
electrode before cycles, (f) bare Zn, (g) 
MCHSs coated Zn electrodes after cy-
cles, and (h) Zn removed the MCHSs 
coating. (i) Ragone plot of MCHSs 
electrode-based ZHSC in comparison to 
other previously reported ZHSCs. (j) 
Gravimetric and areal capacitances of 
MCHSs at different mass loading. 
Reproduced with permission from 
Ref. [49]. Copyright 2020, Elsevier.   
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(2630 m2 g− 1), and outstanding mechanical flexibility, as well as 
chemical inertness [92,95]. As a result, graphene and graphene oxide 
(GO) are used as prominent electrode materials for energy storage and 
conversion devices [92,96,97]. 

The first attempt on the use of graphene for ZHSCs was made by 
Zhang and coauthors [37]. A new ZHSC comprising porous carbon 
derived from chemical activated graphene as the cathode and a Zn foil as 
the anode was developed. By optimizing the aqueous electrolyte salts, 
the as-assembled hybrid device delivered a maximum energy density of 
106.3 W h kg− 1, a power density of 31.4 kW kg− 1, and an ultralong 
cycling life up to 80,000 cycles with 93% capacity retention, which is 
the most stable system among the reported ZHSCs. As is well known, 
graphene can be easily decorated with some surface substituents, such as 
oxygen functional groups. As mentioned above, these oxygen functional 
groups can tailor the fundamental properties and introduce surface 
redox reactions to significantly improve the electrochemical perfor-
mance of carbon materials. Shao et al. conducted the demonstration of 
oxygen functionalized graphene in ZHSCs and explored the effects of 
oxygen functional groups on the Zn ions adsorption of graphene-based 
materials (Fig. 9a) [54]. The types and contents of surface oxygen 
functional groups in rGO were rationally customized via different re-
ductants and reduction methods, including hydrogen iodide reduction, 
ascorbic acid reduction, hydrazine hydrate/ammonia thermal reduc-
tion, and hydrothermal reduction with and without adding hydrogen 
peroxide, to synthesize a series of rGO materials (HI-rGO, VC-rGO, 
NH-rGO, HT-rGO and HHT-rGO). Though HHT-rGO possessed a lower 
conductivity (5.16 S m− 1) compared with that of HI-rGO (22, 
300 S m− 1), VC-rGO (6450 S m− 1) and NH-rGO (380 S m− 1), it exhibi-
ted a highest specific capacitance of 218 F g− 1 (Fig. 9b and c). The 

superior Zn ion charge storage capability was attributed to the large 
contents of C˭O and –COO– oxygen functional groups and the large 
electrochemical surface area, which increase the surface wettability and 
promote Zn ions adsorption on the electrodes. Further by optimizing the 
reduction time, a large specific capacitance of 277 F g− 1 and a great 
cycling stability of 97.8% capacitance retention after 20,000 in 1 M 
ZnSO4 electrolyte were achieved for HHT24-rGO based ZHSC (Fig. 9d 
and e). 

However, because of the strong conjugated π–π bonds between the 
graphene sheets, graphene often suffers agglomeration and restacking 
during the synthetic procedure, resulting in a decreased SSA, hindered 
ion and charge transport and limited charge storage [95,98]. An efficient 
solution to the problem is to combine graphene with 1D materials such 
as CNTs. Chen and coauthors demonstrated reduced graphene oxide/-
carbon nanotube (rGO/CNT) composite fibers as promising electrode 
materials for ZHSCs [99]. A new quasi-solid-state zinc-ion hybrid fiber 
supercapacitor was constructed by using rGO/CNT composite fibers as 
the cathode, the rational designed carbon (graphite) fibers plated with 
Zn layer as the anode, and a new neutral ZnSO4-filled polyacrylic acid 
hydrogel as the quasi-solid-state electrolyte (Fig. 10). The assembled 
hybrid device delivered a high energy density of 48.5 mW h cm− 3 at a 
power density of 179.9 mW cm− 3. Besides, benefiting from the unique 
electrode structure, Zn dendrite formation was efficiently suppressed 
even under high current density, leading to a long-term cyclic life of 10, 
000 cycles with 98.5% capacitance retention. Recently, Huang et al. 
assembled a self-healing ZHFSC based on a multi-walled carbon 
nanotubes-reduced graphene oxide (MWCNTs-RGO) cathode, 
MWCNTs-RGO-Zn anode, and PVA/Zn(CF3SO3)2 gel electrolyte, which 
delivered a maximum power density and energy density of 

Fig. 8. (a) C1s XPS spectra of oCNTs and CNTs. (b) CV curves of oCNT and CNTs in ZnSO4 and H2SO4 electrolytes at 10 mV s− 1. (c) Schematic of the preparation for 
the micro ZHSC. (d) Areal capacitances and IR drop versus various current densities. (e) Cycling performance of the micro ZHSC at 5 mA cm− 2. (f) Photographs of 
micro ZHSCs in the bent and twisted state. (g) CV curves of the micro ZHSC with different bending angles. 
(b) Reproduced with permission from Ref. [28]. Copyright 2016, Frontiers (g) Reproduced with permission from Ref. [94]. Copyright 2018, The Royal Society 
of Chemistry. 
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1433.2 mW cm− 3 and 13.1 mW h cm− 3, respectively, and above all, an 
excellent self-healing capability with the capacitance retention of 70.5% 
after the fifth self-healing were achieved [100]. 

In spite of the fascinating properties, the restacking of graphene is 
one of the biggest challenges that restrict their use in ZHSCs. In addition, 
ions transfer along graphene sheets usually leads to a longer transfer 
path in comparison with ions transfer through the graphene sheet. 
Moreover, the SSA and porosity decline significantly with the increase of 
the thickness of graphene and rGO electrodes, resulting in a reduced 
capacity. Therefore, more efforts could be made in solving these prob-
lems so as to improve the energy storage performance of graphene and 
rGO-based ZHSCs. 

4. Pseudocapacitive materials 

Although carbon materials with well-designed morphologies, struc-
tures or tunable surface properties, have shown great potential in 
ZHSCs, the specific capacity and energy density of pure carbon electrode 

are still far from satisfactory due to the intrinsic capacitive energy 
storage mechanism, which limits the application of pure carbons in 
ZHSCs. In this regard, pseudocapacitive materials such as conducting 
polymers, 2D Mxenes, TMOs, etc. are more attractive as they are capable 
to provide a larger capacitance in compared to carbons. In this section, 
we will review some recently reported significant achievements on the 
advanced engineering of nanostructured pseudocapacitive materials for 
ZHSCs and make a discussion on their electrochemical performances. 

4.1. Conducting polymers 

As typical pseudocapacitive materials, conducting polymers store 
energy through fast redox reactions of the bulk and provide a larger 
capacitance compared with carbon materials. However, most con-
ducting polymers show poor stability and short cyclic life due to the 
structure change during the charging and discharging process, which 
hinders their applications as electrode materials [101]. Therefore, 
fabrication of carbon/conducting polymer hybrids with carbon as the 

Fig. 9. (a) Schematic of the configuration and working mechanism of ZHSC. (b) Oxygen functionalities ratios and (c) specific capacitances, electric conductivities of 
HI-rGO, VC-rGO, NH-rGO, HT-rGO and HHT-rGO. (d) Conductivities and specific capacitances of HHT-rGO with different reducing time ranges. (e) Cycling per-
formance of HHT24-rGO based ZHSC at 2.5 A g− 1. 
Reproduced with permission from Ref. [54]. Copyright 2020, Wiley-VCH Verlag GmbH &Co. KGaA, Weinheim. 
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support is an effective approach to solve the problem [35,44,102,103]. 
The two components in the composites can exhibit a synergetic effect to 
improve the energy storage performance. Besides, the carbon substrate 
can not only promote efficient electron transfer, but also improve the 
mechanical strength of the composite. Moreover, porous carbon 

framework with hierarchical macropores, mesopores and micropores is 
beneficial for fast ion transportation and effective utilization of active 
materials, thus endowing high energy and power density. 

Several studies have reported the fabrication of carbon/conducting 
polymer composites with improved electrochemical properties for 

Fig. 10. Schematic illustration of the synthesis of rGO/CNT and Zn-coated graphite fibers for assembling a fiber-shape ZHSC and its energy storage mechanism. 
Reproduced with permission from Ref. [99]. Copyright 2019, Wiley-VCH Verlag GmbH &Co. KGaA, Weinheim. 

Fig. 11. (a) Charge and discharge curves of a Zn//poly(1,5-NAPD)/AC cell at 0.2 A g− 1. (b) Ex situ XPS and (c) XRD spectra of the cathode at different states. (d) 
High-resolution N 1s XPS spectra from the cathode at different states. (e) Illustration of the charge storage mechanism. 
Reproduced with permission from Ref. [102]. Copyright 2020, Elsevier. 
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ZHSCs by integrating carbons with various types of conducting poly-
mers, such as polyaniline (PANI) [103], poly(4,4′-thiodiphenol, TDP) 
[35] and poly(3,3′-dihydroxybenzidine, DHB) [44]. Liu’s group inno-
vatively used porous AC as the support for the synthesis of different 
conducting polymer/AC composites. For example, an electrodeposition 
method was used to prepare poly(4,4′-TDP)-modified nanoporous AC 
(poly(4,4′-TDP)/AC), which further served as the cathode for an 
aqueous ZHSC [35]. An interesting and important finding was that 
compared with the AC-based ZHSC, the redox-active poly(4, 
4′-TDP)/AC-based system not only showed a widened voltage window of 
0.1–1.9 V, but also increased the areal capacity threefold, thus achieving 
a high areal capacity of 1.16 mA h cm− 2. Coincidently, the introduction 
of poly(1,5-naphthalenediamine, NAPD) could enlarge the voltage 
window of a ZHSC device [102]. In order to shed a light on the reason for 
the widened voltage window and the energy storage mechanism of 
Zn//poly(1,5-NAPD)/AC device, ex situ XPS and XRD were used to 
study the behavior of poly(1,5-NAPD)/AC cathode at different charging 
and discharging states (Fig. 11a). Fig. 11b depicts the Zn 2p, O 1s, N 1s, 
and C 1s XPS spectra during the charging and discharging, in which the 
Zn, O, and S signals were gradually enhanced upon discharging, and 
then weakened in the following charging process. The ex-situ XRD result 
(Fig. 11c) combined the SEM images shows that the inorganic byproduct 
Zn4(OH)6SO4⋅5H2O formed at the discharged state and dissolved 
completely at 1.8 V. This means Zn2+ and H+ both participate in the 
charge storage process of poly(1,5-NAPD)/AC. Therefore, the dissolu-
tion of Zn4(OH)6SO4⋅5H2O flakes is due to the released H+ from the 
polymer. Hence, the insertion of H+ into the polymer is responsible for 
the broadened voltage window, as it inhibits the hydrogen evolution 
reaction. In addition to cations, SO4

2- anions in the electrolyte could 
participate in the energy storage process (Fig. 11d). Fig. 11e shows the 
proposed working mechanism of poly(1,5-NAPD)/AC. When charged to 
1.8 V, Zn2+ ions extracted from the polymer and SO4

2- ions intercalated it 
to oxidize –NH2 groups to be –NH+, and meanwhile released H+ ions. A 
similar phenomenon that anions participate the reaction was found in 
poly(3,3′-DHB)/AC composite as the electrochemical performance of 
poly(3,3′-DHB)/AC composite in ZnSO4 electrolyte was found superior 
to that in ZnCl2 and Zn(CF3SO3)2 electrolyte solutions [44]. The poly(3, 
3′-DHB)/AC composite with an enhanced pseudocapacitance was a 

promising candidate for flexible ZHSCs. An in-plane micro ZHSC was 
fabricated with the poly(3,3′-DHB)/AC composite as the cathode and a 
carbon paper plated with Zn as the anode (Fig. 12a–d). Benefiting from 
the excellent performance of poly(3,3′-DHB)/AC composite and the so-
phisticated device configuration, a high areal capacitance of 1.1 F cm− 2 

and a high areal energy density of 152 μWh cm− 2 were achieved 
(Fig. 12e and f), further demonstrating the great potential of poly(3, 
3′-DHB)/AC composite for microelectronics. 

CNTs and graphene are effective supports for pseudocapacitive ma-
terials due to their superior mechanical, thermal and electrical proper-
ties. Ma and co-workers reported the rational synthesis of 3D 
graphene@PANI composite hydrogel directly used as a free-standing 
electrode, which held a high capacitance of 414 F g− 1 and robust 
cycling stability with 81.55% capacitance retention after 10,000 cycles 
in a symmetric SC (Fig. 13a–d) [103]. The 3D composite hydrogel could 
largely increase the electrode and electrolyte interfaces, thus signifi-
cantly improving the energy storage properties of ZHSCs, which reached 
a specific capacity of 154 mA h g− 1 (Fig. 13e). 

The previous research all demonstrated that carbon/conducting 
polymer composites have the priority as cathode materials of ZHSCs due 
to their higher capacity and larger voltage window in comparison with 
their corresponding pure carbons. However, the cycling stability is still 
unsatisfactory. Future efforts can be devoted to fabricating novel con-
ducting polymers with stable physical and chemical structure or 
employing chemical encapsulation, aiming at improving the cycling 
performance. 

4.2. MXenes 

As a new star of 2D materials, MXenes are highly rated to be ideal 
electrode materials for energy storage applications due to high con-
ductivity, unique 2D layered structure, rich surface chemistry and 
excellent flexibility [104–106]. They can provide intercalated and redox 
pseudocapacitance in an acid solution, thus enabling high-rate electro-
chemical intercalation of Zn2+ and inspiring the design of Zn–MXene 
capacitors by using an acidulous electrolyte such as ZnSO4 [105–107]. 
Recently, Zhi and coauthors reported a flexible solid-state Zn//MXene 
capacitor with Ti3C2 MXene as the cathode, Ti3C2 MXene coated Zn 

Fig. 12. (a) SEM image of the Zn-plated carbon fiber paper. (b) CV loops at different scan rates. (c) Relationship between the peak current and the voltage scan rate 
for two redox peaks. (d) Illustration of a small-size planar ZHSC. (e) Charge and discharge curves at different current densities. (f) Ragone plot of a Zn//poly(3,3′- 
DHB)/AC ZHSC. 
Reproduced with permission from Ref. [44]. Copyright 2019, American Chemical Society. 
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nanosheets as the anode and ZnSO4-gelatin gel as the solid-state elec-
trolyte [32]. Benefiting from the metallic conductivity of Ti3C2 MXene 
cathode and the integrated 3D structure of anode, the solid-state device 
delivered an extremely high capacitance of 330 F cm− 3 at a current 
density of 0.5 A g− 1 and an excellent rate capability with a capacitance 
retention of 91.6% at a current density of 3 A g− 1. Moreover, only 82.5% 
of the specific capacitance maintained after 1000 cycles. Mechanism 
research showed that the Zn//Ti3C2 MXene hybrid device stored energy 
based on ion adsorption/desorption at the Ti3C2 cathode and Zn/Zn2+

plating/stripping on the Zn@Ti3C2 MXene anode. Similar to other 2D 
materials, MXenes usually suffered from agglomeration because of 
strong van der Waals interactions, which limits their electrochemical 
performance. An effective strategy to overcome this problem is to 
combine MXenes with CNTs. Considering this, Song and co-workers 
successfully prepared a CNT delaminated V2C MXene (DV2C@CNT) 
composite as a favorable cathode for high-performance ZHSCs [36]. 
Different from the above Ti3C2 cathode, DV2C@CNT composite stored 
energy via the fast H+ and Zn2+ ions co-insertion/extraction process. 
More interestingly, it was found that Zn(OH)2)3(ZnSO4)(H2O)n flakes 
were formed immediately on cathode and anode surfaces once the ZHSC 
device was assembled. Benefiting from conductive CNT framework and 
the fast H+ and Zn2+ ions co-insertion/extraction in MXene, the com-
posite delivered a maximum specific capacity of 190.2 F g− 1 with su-
perior rate capability. 

Mxenes-based ZHSCs usually deliver a large volumetric capacitance 
and excellent rate performance due to high conductivity, fast reversible 
insertion/extraction mechanism and flexible layered structure, which 
are considered progressive candidates for ZHSCs. However, the inferior 
stability of Mxene nanosheets during the charge and discharge process is 
still a key challenge in the design of Mxene-based materials. In addition, 
the formation of Zn(OH)2)3(ZnSO4)(H2O)n flakes severely obstructs the 
pores, and therefore hinders the capacitance and cycling performance of 
Mxenes. Future research can be focused on solving the problems, in 
order to improve the electrochemical performance of MXene-based 
ZHSCs. 

4.3. Transition metal oxides (TMOs) 

Transition metal oxides (TMOs) characterized by natural abundance, 
low cost, multiple valences of metal and rich redox reactions, have been 
extensively investigated in supercapacitors and Li-ion capacitors [108, 
109]. As discussed above, TMOs can be utilized as the cathode materials 
for assembling a new type of ZHSCs. Kang at al. for the first time 
demonstrated a novel configuration of MnO2//2 M ZnSO4//AC ZHSC, 
which avoided the use excessive and unstable Zn foil as anode and thus 
improved the electrochemical performance based on the whole device 
[29]. By using this asymmetric device, the voltage window was widened 
to 2 V, which is larger than of carbon-based conventional ZHSCs 
(Fig. 14a). As a result, a maximum specific capacity of 54.1 mA h g− 1 

and energy density of 34.8 W h kg− 1 were achieved with the MnO2//AC 
ZHSC at a current density of 0.1 A g− 1. Apart from these achievements, 
some serious problems still existed. The device presented a poor 
coulombic efficiency as demonstrated by the completely asymmetric 
charge and discharge curves (Fig. 14b). Moreover, the capacitance 
declined quickly with 65.3% capacity retention after the 3000 cycles, 
indicating an inferior cycling stability of the device (Fig. 14c). The poor 
rate and cycling performance could be ascribed to two reasons: for one, 
severe manganese dissolution; for another, partially irreversible 
formation-dissolution of Zn4(OH)6SO4⋅nH2O on the cathode. Therefore, 
the addition of extra Mn2+ ions in the ZnSO4 aqueous electrolyte was 
found to improve the maximum capacity up to 83.8 mA h g− 1. When 
using 2 M Zn(CF3SO3)2 solution as the electrolyte, the device exhibited a 
capacity retention of 93.4% after 5000 charge-discharge cycles as the 
side reactions were suppressed (Fig. 14d). Therefore, stable structure is a 
key factor for design of a high-performance TMO//carbon ZHSC. Chen 
and coauthors reported that the structure stability of MnO2 could be 
improved by pre-intercalation of Zn2+ ions [33]. The pre-intercalation of 
Zn2+ brought a significant structural change from layered structured 
δ-MnO2 to a highly stable tunnel structure of ZnxMnO2 nanowires, 
which ensures fast and efficient insertion/extraction of Zn2+ ions during 
the charge and discharge process. The Zn2+ stabilized ZnxMnO2 nano-
wires with a high mass loading on activated carbon cloth was then 
directly used as the flexible cathode for fabricating a rechargeable 
ZnxMnO2/carbon cloth//activated carbon cloth aqueous ZHSC, which 

Fig. 13. (a) Schematic of the preparation of 3D graphene@PANI hydrogel. The optical images of the 3D graphene graphene@PANI (b) hydrogel cylinder and (c) free- 
standing electrode film. Illustration of the device configuration and mechanism of the graphene@PANI hydrogel electrodes based (d) SC and (e) ZHSC. 
Reproduced with permission from Ref. [103]. Copyright 2018, The Royal Society of Chemistry. 

H. Wang et al.                                                                                                                                                                                                                                   



Nano Energy 85 (2021) 105942

18

exhibited remarkable electrochemical performances, such as a wide 
voltage window of 0–2 V and a large areal capacitance of 
1745.8 mF cm− 2. Finally, the maximum areal energy density and power 
density reached 969.9 µWh cm− 2 and 20.1 mW cm− 2, respectively. 
Although the stability was improved with the ZnxMnO2 electrode, the 
cycling performance with capacity retention of 83.1% for 5000 cycles is 
still inferior compared to those carbon-based ZHSCs (Fig. 14e). 

TMOs provide competitive candidates for high-performance ZHSCs. 
However, the research on the application of TMOs in ZHSCs is still 

limited. More importantly, the use of TMOs usually give rise to a big 
challenge of electrochemical stability. Therefore, more electrode mate-
rials based on other inserted pseudocapacitive TMOs such as Nb2O5, 
vanadium oxides, manganese oxides and so on, can be investigated in 
ZHSCs and strategies of stabling their layered or tunnel structures and 
suppressing the formation of by-products are highly desired. 

Fig. 14. (a) CV and (b) charge and discharge curves of MnO2//2 M ZnSO4//AC ZHSC. (c) Cycling performance of MnO2//2 M ZnSO4//AC ZHSC. (d) Cycling 
performance of MnO2//2 M Zn(CF3SO3)2//AC ZHSC. (e) Cycling performance of the MnO2//ACC and ZnxMnO2//ACC ZHSCs at 15 mA cm− 2. 
(d) Reproduced with permission from Ref. [29]. Copyright 2018, Elsevier. (e) Reproduced with permission from Ref. [33]. Copyright 2020, WILEY-VCH Verlag 
GmbH & Co. KGaA, Weinheim. 

Table 4 
Summary of the compositions, properties and electrochemical performance of different electrolyte systems for ZHSCs.  

Materials Electrolyte Flexibility Voltage 
window (V) 

Specific capacity 
/mA h g− 1 

Rate capability Energy 
density 
/W h kg− 1 

Power 
density /kW 
kg− 1 

Cycling 
stability 

Ref. 

PCNFs 1 M ZnSO4 Without 0.1–1.7 V 177.7 52.8% from 
0.5 A g− 1 to 
20 A g− 1 

142.2 15.39 ~90% after 
10,000 cycles 

[67] 

AC SA-Zn double network 
hydrogel electrolyte 

Excellent 0–2.4 260.5 17.7% from 0.2 
to 2 A g− 1 

286.6 / 95.4% after 
2000 cycles 

[46] 

CNT KOH-H2SO4 dual-pH 
electrolytes 

Without -1.2–1.2 18.7 mF cm− 2 58.8% from 
5 mV s− 1 to 
50 mV s− 1 

/ / 94.0% after 
10,000 cycles 

[113] 

AC Redox SA-Zn-Br double 
network hydrogel 
electrolyte 

Excellent 0–2.6 654.8 7.9% from 2 to 
6 A g− 1 

605 / 87.7% after 
5000 cycles 

[119] 

NAC EG40 Without 0.2–1.8 / / 82 15 5500 cycles 
(110 days) at 
− 20 ◦C 

[38] 

VOPO4∙2H2O UV-crosslinked ZIP with 
0.65 M Zn(OTf)2 salt 

Excellent Average 
voltage 1.2 V 

78 14.7% from 0.05 
to 0.5 A g− 1 

96 / 63% after 50 
cycles 

[39] 

FCNSs 0.2 M Zn(CF3SO3)2 in 
EMIMCF3SO3 

Without 0.1–2.4 300 F g− 1 42.3% from 0.1 
to 20 A g− 1 

217 13 82% after 
35,000 cycles 

[47] 

FL-P 0.2 M ZnCl2 in Et4NBF4/ 
PC electrolyte 

Without 0–2.5 363.9 F g− 1 11.3% from 0.2 
to 6.4 A g− 1 

315.6 23.6 / [48] 

a-MEGO 3 M Zn(CF3SO3)2 (aq.) Without 0–1.9 212 F g− 1 48.6% from 0.1 
to 20 A g− 1 

106.3 31.4 93% after 
80,000 cycles 

[37] 

HCS PAM hydrogel 
electrolyte 

Excellent 0.15–1.95 86.8 54.3% from 0.5 
to 4 A g− 1 

59.7 / 98% after 
15,000 cycles 

[42] 

Graphite Biodegradable IL Without 0.8–1.2 / / 53 0.4 86% after 
1000 cycles 

[112]  
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5. Electrolytes 

Besides electrode materials, the electrolyte as a key component of a 
ZHSC device has a strong impact on the electrochemical performance of 
ZHSCs. An ideal electrolyte should possess a lot of features including an 
improved ionic conductivity, proper ionic sizes, reduced viscosity, a 
wide voltage window, a broad operating temperature range, excellent 
stability and so on [110]. However, up to now, few electrolyte systems 
could meet these requirements. Table 4 summarizes the recent devel-
opment of electrolytes systems in ZHSCs. In this section, the most recent 
developed electrolyte systems for ZHSCs such as aqueous electrolytes, 
organic and IL electrolytes, new types of electrolytes and solid-state 
electrolytes, and their effects on the electrochemical performances of 
ZHSCs are discussed. 

5.1. Aqueous electrolytes 

Aqueous electrolytes are the most commonly used for ZHSCs, which 
contain one or more soluble zinc salts, such as Zn(CH3COO)2, ZnSO4, 
ZnCl2, Zn(NO3)2 and Zn(CF3SO3)2 [37,51]. They normally possess 

excellent properties such as low viscosity and high ion mobility, leading 
to good rate performance. Zhang at al investigated the Zn stripping/-
plating behavior in various typical Zn-based aqueous electrolytes 
(ZnCl2, Zn(NO3)2, Zn(SO4)2, Zn(CH3COO)2, and Zn(CF3SO3)2) and 
found that the efficiency of Zn stripping/plating was significantly 
influenced by the concentration and anions type of the electrolyte [37]. 
By comparison, 3 and 4 M Zn(CF3SO3)2 aqueous solution exhibited 
higher Zn stripping/plating reversibility with average Coulombic effi-
ciencies of 98.4% and 98.9% for 1000 cycles at 1 mA cm− 2, respectively, 
as a result of the weakened interaction between Zn2+ and water mole-
cules. Moreover, an extended operating voltage of 0–1.9 V was achieved 
with 3 M Zn(CF3SO3)2 electrolyte due to the inhibited hydrogen evo-
lution, which exceeded the limit of most reported aqueous electrolytes 
for ZHSCs (0.2–1.8 V). However, the application of the highly concen-
trated Zn(CF3SO3)2 electrolyte in ZHSCs was strongly restricted by the 
relative high cost. 

5.2. Organic and ionic liquid (IL) electrolytes 

Considering the high voltages of organic solvents and ionic liquids 

Fig. 15. (a) CV curves of the ZHSC with an IL. (b) Charge and discharge curves of the ZHSC with an IL. (c) Specific capacitances of the FCNS, FCNSs200, FCNSs300, 
FCNSs600, and CNS samples. (d) Schematic of Zn-CNT asymmetrical electrodes in KOH-H2SO4 dual-pH electrolytes setup with an inset of the photo of actual device. 
(e) CV curves and (f) Charge and discharge curves of BP-based ZHSC with “water in salt” electrolyte. (g) Ragone plot of different supercapacitors and BP-based ZHSC 
with “water in salt” electrolyte and Et4NBF4/PC electrolyte. (h) Charge and discharge curves of BP-based ZHSC with Et4NBF4/PC electrolyte. (i) The comparison of 
voltage ranges in different electrolytes. 
(c) Reproduced with permission from Ref. [47]. Copyright 2019, The Royal Society of Chemistry. (d) Reproduced with permission from Ref. [113]. Copyright 2018, 
Elsevier. (i) Reproduced with permission from Ref. [48]. Copyright 2020, WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. 
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(ILs) in SCs, these two types of electrolytes were also applied in ZHSCs 
[111]. Tang et al. reported a novel organic electrolyte for ZHSC by 
dissolving 1 M Zn(CF3SO3)2 in acetonitrile, which can be worked in a 
voltage between 0 and 1.8 V [69]. An energy density of the device 
reached 52.7 W h kg− 1 at a power density of 1725 W kg− 1. However, 
the capacitance declined rapidly with only 77% capacitance retention 
when the current density increased from 0.1 A g− 1 to 2 A g− 1. Moreover, 
the use of acetonitrile might suffer from safety risk due to the flammable 
nature. Liu et al. developed a ZHSC based on a biodegradable IL elec-
trolyte that was composed of Zn(OAc)2, water and choline acetate [112]. 
The device delivered an operating voltage of 1.8 V and an energy density 
of 52.6 W h kg− 1 but a significant power deterioration with a maximum 
power density of 0.4 kW kg− 1. Interestingly, different from SCs in which 
the voltage of organic and IL electrolytes is twice or triple as large as 
aqueous electrolytes, most of the organic and IL electrolytes show 
similar voltages to that of aqueous electrolytes in ZHSCs, as their stable 
voltages are not strictly affected by water decomposition. Recently, 
Chen’s group developed a new mixed electrolyte of 0.2 M Zn(CF3SO3)2 
in EMIMCF3SO3 IL, which delivered a high working voltage of 2.4 V 
(Fig. 15a) [47]. By assembling the IL electrolyte with functionalized 
carbon nanosponge-based cathode, a high-performance ZHSC was ob-
tained, which exhibited a wide voltage window of 0.1–2.4 V, a high 
specific capacitance of 198 F g− 1 at 0.2 A g− 1 and a superb energy 
density of 54.3 W h L− 1 (Fig. 15b). Unfortunately, similar to the previ-
ous reports, the ILs-based ZHSC had a mediocre rate performance with a 
capacitance retention of 64% at 20 A g− 1, which could be attributed to 
the relative high viscosity and low ionic conductivity as compared to 
aqueous electrolytes (Fig. 15c). In addition to these achievements, it is 
still difficult for a ZHSC based on a single traditional electrolyte (eg. 
aqueous, organic or IL electrolytes) to exceed the limit voltage of 1.8 V, 
according to the literature search. 

5.3. New types of electrolytes 

In order to resolve the narrow voltage range and further improve the 
energy storage performance of ZHSCs, some new types of electrolytes 
have received considerable attention for use as the next-generation 
electrolytes. Wu et al. introduced a novel asymmetrical-bipolar liquid 
electrochemical capacitor system by employing Zn negative electrode in 
KOH solution, CNT positive electrode in H2SO4 electrolyte, and a bipolar 
IEM as separator (Fig. 15d) [113]. Due to the dual-pH electrolyte, the 
device presented excellent stability at an ultrahigh voltage of 2.4 V for 
10,000 cycles. Nonetheless, the specific capacitance was relatively low 
(18.7 mF cm− 2), which was because of the small specific surface area of 
CNTs-based cathode materials. The “water in salt” electrolyte that was 
proposed by Wang at al. in 2015 have been successfully applied to 
high-voltage aqueous SCs and batteries due to the formation of 
electrode-electrolyte interface [111,114]. Recently, Zhi at al. exploited a 
“water in salt” electrolyte containing 21 M LiTFSI and 1 M Zn(CF3SO3)2 
in ZHSCs to extend the working potential up to 2.2 V (Fig. 15e) [48]. The 
extended voltage window could be attributed to the intimate interaction 
between the super–concentrated electrolyte ions and water, thus 
significantly suppressing water decomposition. By employing electro-
chemical exfoliated black phosphorus (BP) as the cathode and Zn as the 
anode, the fabricated ZHSC device with “water in salt” electrolyte ach-
ieved a high capacitance of 304 F g− 1 at 0.2 A g− 1 and a prominent 
energy density and power density of 204.4 W h kg− 1 and 18, 
787.7 W kg− 1, respectively (Fig. 15f and g). More excitingly, they found 
that the operating voltage of the BP-based ZHSC could be further 
extended to 2.5 V by using mixed Et4NBF4/PC solvent as the electrolyte, 
leading to a larger capacitance of 363.9 F g− 1 and a higher energy 
density of 315.6 W h kg− 1 (Fig. 15g–i). These results are much better 
than that those of other ZHSCs, demonstrating the superiority of the 
“water in salt” and mixed organic electrolytes. 

5.4. Solid-state electrolytes 

With the rapid development of portable and wearable electronics, 
power sources tend to be more flexible and miniaturized [9,109,115]. 
Therefore, flexible ZHSCs are attracting increasing attention. In this 
regard, solid-state electrolytes are particularly pronounced in various 
types of electrolytes due to their unique properties including excellent 
flexibility, high mechanical strength and stability, no electrolyte leakage 
and a wide voltage range [116]. Based on the many studies, most of the 
recent flexible ZHSCs used electrolyte based on ZnSO4-PVA solid-state 
electrolyte, which exhibited a narrow voltage of 1.8 V and a limited 
energy density. To widen the voltage window and improve the energy of 
solid-state ZHSCs for large-scale applications, Xu at al. introduced a 
novel zwitterionic natural polymer hydrogel electrolyte into a 
high-voltage solid-state ZHSC system [46]. The hydrogel electrolyte was 
prepared by in situ free radical polymerization of acroleic acid and 
acrylamide, which not only possessed excellent mechanical strength and 
flexibility, but also ensured fast ion migration and robust cycling sta-
bility. More importantly, benefiting from the zwitterionic structure of 
the hydrogel electrolyte, a dynamic ‘molecular cage’ was formed to fix 
water molecule, thus reducing the electrochemical activity for water and 
extending the operating voltage to 2.4 V. As expected, a salient energy 
density of 286.6 W h kg− 1 at 220 W kg− 1 and a good capacity retention 
of 95.4% after 2000 cycles at 2 A g− 1 were achieved with the ZHSC 
assembled by AC cathode and Zn anode. Besides constructing a zwit-
terionic natural polymer hydrogel electrolyte, lately developed “redox 
electrolytes”, with the selective introduction of redox active additives 
into electrolytes, could not only enlarge the voltage window, but also 
add faradaic charges to the capacitive ones, thus boosting the energy 
density of the device enormously [110,117,118]. The approach involves 
highly soluble redox couples and less-expensive carbon, and thus is 
high-efficiency and cost-effective. Pan and coauthors further demon-
strated a novel redox bromide-ion additive hydrogel electrolyte 
(SA–Zn–Br) based on the zwitterionic natural polymer for assembling a 
flexible ZHSC (BH-ZHSC), which exhibited an unprecedented electro-
chemical performance [119]. Fig. 16a shows the synthesis procedure of 
the SA–Zn–Br electrolyte, in which extra redox couple (3Br/Br3

- ) is 
added into a double-network hydrogel of polyacrylic acid–acrylamide. 
The addition of redox bromide ions could contribute to extra faradaic 
pseudocapacitance for energy storage besides the electric double-layer 
capacitance caused by electrostatic adsorption/desorption of ions on 
the surface of AC cathode (Fig. 16b). The energy storage mechanisms of 
the flexible BH-ZHSC device can be described as the following 
equations: 

Anode : Zn2+ + 2e− ↔ Zn2+

Cathode : C+SO4
2− ↔ C

⃦
⃦SO4

2−

2Br− ↔ Br2 + 2e− ↔ Br3− − Br−

As shown in Fig. 16c, the BH-ZHSC device exhibited good stability in 
the voltage windows of 1.8–2.6 V, which were attributed to the intro-
duced redox couples (3Br/Br3

- ) in the electrolyte. With the increase of 
voltage higher than 1.8 V, the non-linear charge-discharge curves 
showed increasingly obvious discharge voltage platform, demonstrating 
a larger pseudocapacitive contribution by the 3Br/Br3

- redox pair 
(Fig. 16d). As a result, a wide voltage window of 0–2.6 V, an amazing 
capacity of 654.8 mA h g− 1, an ultrahigh energy density of 
605 W h kg− 1, and excellent flexibility were achieved with the AC-based 
BH-ZHSC device, which are the best results for the reported flexible 
ZHSCs up to now (Fig. 16e–g). Moreover, the device was stable for 5000 
cycles with a capacity retention of 87.7% (Fig. 16h). Despite these 
achievements, the capacity declined rapidly when the current density 
increased and only maintained 52.3 mA h g− 1 at a current density of 
6 A g− 1, which would be a big challenge for the actual application of the 
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flexible ZHSC (Fig. 16i). 

6. Zn anode 

The metallic Zn with high theoretical gravimetric and volumetric 
capacities (820 mA h g− 1 and 5855 mA h cm− 3), low-cost, natural 
abundance, low redox potential (− 0.76 V vs standard hydrogen elec-
trode (SHE)) and prominent stability in aqueous electrolyte, have been 
demonstrated to be a promising anode material for ZHSCs. Up to now, 
Zn foil is the most commonly used anode for ZHSCs. However, issues 
related to the structural instability and the low Zn stripping/plating 
efficiency, which are relevant to the current and pH of electrolytes, have 
been unsolved. As a result, the cycling life of the reported ZHSCs were 

still far from 100,000 cycles for electrical double-layer capacitors as of 
late. In addition, the Zn foil-based ZHSCs show the poor rate retention in 
comparison with those of carbon-based supercapacitors due to the low 
diffusion ability of Zn ions. To have a throw light on the Zn stripping/ 
plating behavior of Zn foil, Zhang and co-authors recently explored its 
performance in various typical electrolytes (ZnCl2, Zn(NO3)2, Zn(SO4)2, 
Zn(CH3COO)2, and Zn(CF3SO3)2) [37]. The Zn stripping/plating effi-
ciency was found closely related to the concentration and anions of the 
electrolyte, and an excellent reversibility with Coulombic efficiency of 
98.4% over 1000 cycles at 1 mA cm− 2 was achieved for Zn foil in 3 M Zn 
(CF3SO3)2 electrolyte. Apart from electrolyte optimization, design of 
novel Zn host and surface modification of Zn anode have been found 
effective to improve the reversibility of Zn plating and stripping and 

Fig. 16. Schematic illustration of (a) the synthesis of SA–Zn–Br electrolyte and (b) energy storage mechanism of the BH-ZHSC device. (c) CV curves at 10 mV s− 1 and 
(d) charge and discharge curves at 2 A g− 1 of BH-ZHSC with different voltage windows. (e) Charge and discharge curves at 2 A g− 1 of BH-ZHSC at different current 
densities. (f) Ragone plot of BH-ZHSC. (g) Photographs of BH-ZHSC with different bending angles. (h) Cycling performance at 6 A g− 1 and (i) capacity retention of 
BH-ZHSC. 
Reproduced with permission from Ref. [119]. Copyright 2020, The Royal Society of Chemistry. 
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suppress the growth of Zn dendrites [30,32,49,94]. For instance, a hi-
erarchically nanostructured 2D-Zn metal electrode prepared by the 
controlled electroplating method was designed as a promising alterna-
tive for anode of ZHSCs, which delivered a high energy density of 
208 W h kg− 1 and an outstanding cycling stability with ~99% capaci-
tance retention [30]. Despite these achievements, several practical as-
pects such as current density and deposited/stripped capacity both of 
which can significantly affect the electrochemical behavior of Zn anode 
still need to be taken into consideration. Special focus on extending the 
long-term cyclability of Zn anode at low and high currents are also of 
significance to meet the demand of large-scale storage applications. 

7. Summary and future perspective 

Over the past few years, ZHSCs have experienced a booming devel-
opment in terms of integration of the merits of supercapacitors such as 
fast charge-discharge rate, large power and density, and the advantages 
of Zn-ion batteries including high theoretical capacity, large abundance, 
low cost, environmental friendliness, low redox potential of the Zn 
anode. In this review, we provide a comprehensive outline of the tech-
niques and the recent progress of ZHSCs. A major emphasis is focused on 
the great advancements on cell configurations, advanced engineering of 
nanostructured cathode materials including carbon-based materials (eg. 
PCs, HDCs, HCSs, CNTs and graphene) and pseudocapacitive materials 
(conducting polymers, MXenes, TMOs), and the most recent developed 
electrolyte systems such as aqueous electrolytes, organic electrolytes 
and ionic liquids, new types of electrolytes as well as solid-state elec-
trolytes for enhancing the performance of ZHSCs. 

Up to now, although great achievements have been made, the 
practical application of ZHSCs as high-performance energy storage 
systems has been seriously hampered due to the lack of high- 
performance cathode materials and electrolyte systems and dissatisfac-
tory energy densities of the state-of-the-art ZHSCs. Therefore, a proper 
control of the composition, morphology and structure is crucial to pur-
sue high-capacity materials for high-energy and power ZHSCs. In addi-
tion, the development of electrolytes for ZHSCs is in the initial stage. The 
assembly of high-performance ZHSCs starve for more suitable electro-
lyte systems which exhibit high voltage and stability. In our opinion, 
future research on ZHSCs can be directed to the following aspects.  

1) Improving the specific capacity of carbon-based materials. (i) The 
pore structure has a great impact on the electrochemical perfor-
mance of ZHSCs. For example, micropores enhance ion adsorption/ 
desorption, mesopores promote electrolyte diffusion and macropores 
serve as ion reservoirs to provide sufficient space for ion accommo-
dation. Therefore, it is important to build a 3D hierarchical porous 
structure to improve energy storage and ion adsorption/desorption 
kinetics. (ii) The pore size is important to achieve high energy stor-
age of ZHSCs, but it is difficult to control the size precisely just 
through simple thermal activation and chemical etching. In this re-
gard, templated carbons with controllable pore to match well with 
the electrolyte ions are more attractive. (iii) Heteroatom doping is an 
efficient way to regulate the electronic structures and surface prop-
erties of carbons, therefore, enhancing the chemical adsorption/ 
desorption of ions on the electrode surface. Strategies for precise and 
reproducible doping are favored for achieving excellent carbon- 
based electrode materials. In addition, more efforts should be paid 
to understanding the working mechanism for performance 
enhancement and the effect of different dopants. (iv) Synthesis of 
carbon-based composites that combining carbons with various types 
of pseudocapacitive materials are promising for ZHSCs in virtue of 
higher capacity and sometimes wider operating voltage window 
compared with the corresponding carbons. However, the rate and 
cycling performances are still the biggest challenge for impeding 
their application. Therefore, strategies to improve the stability of 

pseudocapacitive materials and suppress the side reactions should be 
emphasized.  

2) Exploring novel pseudocapacitive materials for new-type of ZHSCs. 
Multiple TMOs, transition metal sulfides, layered-double- 
hydroxides, metal–organic frameworks-derived metal oxide com-
posites, MXenes, as well as conducting polymers can provide more 
opportunities for furthering the development of ZHSCs. Moreover, 
future research can focus on strategies such as pre-intercalation, 
element doping, nano-structuring, array architecture, and hollow 
structure, to improve the electrical conductivity, ion diffusion ki-
netics and electrochemical stability of pseudocapacitive materials.  

3) Searching for more suitable electrolytes for ZHSCs. As an important 
component of a ZHSCs, electrolytes also have an important impact on 
the electrochemical performance. The requirement of electrolytes 
can be listed as follows: a) the electrolytes should be low-cost, easy- 
preparation, and environmental friendly; b) high ionic conductivity 
is crucial to a small internal resistance and an improved power 
density; c) the electrolytes hold a wide operating voltage which is 
important for reaching high energy density; d) good electrochemical 
stability and chemical stability of the electrolyte can ensure a long 
cycling life; e) the size of electrolyte ions should match well with the 
pore size of the carbon-based material. Last but not the least, the 
electrolytes should have excellent flexibility to meet the growing 
demand for potable electronics. Therefore, more research on novel 
electrolyte systems, such as hybrid electrolytes (aqueous&organic, 
organic&ILs, or ILs& polymer combinations), “water in salt” elec-
trolyte, zwitterionic natural polymer hydrogel, and “redox electro-
lyte” with a much wider voltage window and operating temperature 
range than conventional aqueous and organic electrolytes are highly 
desired. Besides, the energy storage mechanism in novel electrolytes 
should be systematic studied.  

4) Improving the volumetric performance based on the whole device. 
High volumetric performance is especially essential to the future 
electronic devices, which trend to miniaturized. For conventional 
ZHSCs, the use of low-density carbon materials and excessive Zn foil 
will greatly reduce the volumetric performance based on the whole 
device. Therefore, construction of new configurations, and devel-
opment of dense cathode materials and ultrathin Zn-based anode are 
important steps for improving the volumetric performance and 
advancing practical application of ZHSCs.  

5) Improving the electrochemical behavior of Zn anode so as to enhance 
the power density and Coulombic efficiency of ZHSCs. Usually, 
conventional ZHSCs use Zn foils as anodes, which show poor rate 
performance and low Zn stripping/plating efficiency. Therefore, 
future research can be focused on construction of 3D hierarchical 
nano-structured Zn anode and surface modification of the electrode 
to overcome these issues. In addition, those strategies used in Li-ion, 
Na-ion, and Zn -ion batteries for protecting metal anodes can be 
learned to improve the behavior of Zn anode in ZHSCs.  

6) Exploration of the fundamental energy storage mechanism of ZHSCs. 
As we have discussed above, the energy storage mechanism of ZHSCs 
is comparatively complex and under debate, which varies with the 
electrode materials and electrolytes. Comprehensive electrochemical 
methods, advanced operando characterization techniques and pre-
cise theoretical calculations will be critical to understand the ion 
storage mechanisms in various electrodes such as ion adsorption/ 
desorption or ion insertion/extraction behaviors, investigate ion 
transport mechanism at electrode/electrolyte interface, and study 
the electrochemical stability of electrode materials and working 
voltage window of novel electrolytes.  

7) Fabrication of flexible and multifunctional ZHSCs. Flexible power 
devices that integrate multi-functions such as shape-memory, con-
densability, stretchability, thermal and photo response, are vital for 
next-generation flexible, portable and wearable electronics. The 
main challenge for fabrication of flexible ZHSCs is to develop high- 
performance electrode materials and solid-state electrolytes with 
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high flexibility, strong mechanical strength and other properties 
including self-healing, condensability and stretchability. CNTs, gra-
phene, MXenes, 2D TMOs, metal-organic frameworks, transition 
metal chalcogenides and flexible carbon cloth can provide an avenue 
to flexible cathode materials. While electrodeposition and electro-
plating are effective strategies to prepare flexible anode materials. 
Besides, more progress can be achieved by developing more novel 
solid-state electrolytes with wide electrochemical window, such as 
zwitterionic natural polymer hydrogel, “redox solid-state electro-
lyte”, IL&polymer hybrid electrolytes and so on, aiming at improving 
the energy and power performance of flexible solid-state ZHSCs. 
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