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Abstract

One of the most exciting new developments in energy storage technology is

flexible Zn‐ion hybrid supercapacitors (f‐ZIHSCs), which combine the high

energy of Zn‐ion batteries with high‐power supercapacitors to satisfy the needs

of portable flexible electronics. However, the development of f‐ZHSCs is still in

its infancy, and there are numerous barriers to overcome before they can be

widely implemented for practical applications. This review gives an up‐to‐date
description of recent achievements and underlying concepts in energy storage

mechanisms of f‐ZIHSCs and emphasizes the critical role of cathode, anode,

and electrolyte materials systems in speeding the prosperity of f‐ZIHSCs. The

innovative nanostructured‐based cathode materials for f‐ZIHSCs include

carbon (e.g., porous carbon, heteroatom‐doped carbon, biomass‐derived
porous carbon, graphene, etc.), metal‐oxides, MXenes, and metal/covalent‐
organic frameworks, and other materials (e.g., activated carbon, phosphorene,

etc.) are mainly focused. Afterward, the latest developments in flexible anode

and electrolyte frameworks and impacts of electrolyte compositions on the

electrochemical properties of f‐ZIHSC are elaborated. Subsequently, the

advancements based on fabrication designs, including quasi‐solid‐state, micro,

fiber‐shaped, and all climate‐changed f‐ZIHSCs, are discussed in detail. Lastly,

a summary of current challenges and recommendations for the future progress

of advanced f‐ZIHSC are addressed. This review article is anticipated to further

understand the viable strategies and achievable approaches for assembling

high‐performance f‐ZIHSCs and boost the technical revolutions on cathode,

anode, and electrolytes for f‐ZIHSC devices.
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1 | INTRODUCTION

With the fast advancement of society, energy production
has turned into a terrific issue that cannot be evaded easily.
Conventional fossil fuel‐based energy technologies own the
advantages of simple accessibility, stable cost, and excellent
industrial linkages. However, environmental contamina-
tions and their consumption processes are extremely
disadvantageous due to harmful gases and sluggish
regeneration of fossil fuel‐based energy.1 In the present
time of the expansion in energy utilization, conventional
fossil‐fuel‐based energy technologies may not have the
option to address human needs completely. In this regard,
the production and storage of energy through electro-
chemical energy conversion and storage systems are
considered one of the clean energy sources that can be
handled, stored, and transported quickly in an environ-
mentally friendly manner. Hence, the related electroche-
mical energy conversion and storage devices, for example,
fuel cells,2 lithium‐ion batteries (LIBs),3 supercapacitors
(SCs),4 and so forth, have attained keen attention of the
researchers. Furthermore, in the medical field, the health
maintenance apparatus assimilated into the personal
outfits, maintained by electrical energy, is the emergent
research hotspot of advanced energy storage devices.5–8

Even though the advancement and utilization of LIBs have
achieved the most attention in the world as they matches
the international market/industrial standards. However,
limited stock of Li‐metal, short‐life time, safety, and low
power density of LIBs are pretty challenging.9–12 In
comparison, SCs are considered excellent candidates due
to their quick charging–discharging ability, better opera-
tional life, and high power density but the relatively
moderate energy density of SCs restricts their extensive
applications in commercial mode.10–15 In such situations,
where the power density and energy density are critically
required, LIBs or SCs alone are unqualified candidates for
future electronic applications. This inspired the researchers
to develop a new kind of electrochemical energy storage
device that combines the advantages of both SCs and
batteries.

The emergence of smart wearable electronics devices
with high‐tech features and innovative, versatile inter-
active experiences has slowly transformed our civilization.
Unlike standard stiff gadgets, flexible electronic equip-
ment could be stretched, folded, twisted, or bent up to a
specific level while retaining its regular functioning.
Flexible energy storage devices (FESDs) with high energy
and power density, good mechanical strength, improved
safeness, and extended cycle lifetime are required to
realize the flexible potential in advanced electronics.
Among other FESDs, flexible supercapacitors (FSCs) have
attracted extensive attention in academia and industry

over the last several decades because of their high power
density (>10 kWkg−1), fast charging/discharging rate (few
seconds), and extended cycle life (>105 cycles). However,
the FSCs' energy density is significantly low compared to
batteries due to the use of only the external surface up to a
few nanometers of the electrodes, which falls well short of
the needs of current electronics. The development of
hybrid supercapacitors (HSCs) with various asymmetric
topologies has been undertaken to overcome the limita-
tions of conventional SCs. The HSCs combine the
complementing benefits of capacitor‐ and battery‐type
electrodes. As a result, HSC can provide high energy
density while preserving high power density and ultra‐
stability, making them an attractive alternative for the
selection of energy‐storage devices. Thus, the development
of alternative HSC based on Zn2+ divalent cation has been
accelerated in recent years with enhanced electrochemical
properties and great flexibility and opened a new
paradigm for the advanced FESDs.

Herein, we provided a comprehensive summary of
emerging technologies, advancements, and prospects of
flexible Zn‐ion hybrid supercapacitors (f‐ZIHSCs), as
schematically presented in Figure 1. The fundamentals of
ZIHSCs comprises cell designs/configurations, working
principle of carbon and noncarbon cathodes, energy
storage mechanisms, and the significant equations that
are initially introduced. The innovative nanostructured‐
based cathode materials for f‐ZIHSCs include carbon
(e.g., porous carbon [PC], heteroatom‐doped carbons
[HADCs], PC, HADC, biomass‐derived porous carbon
[BPC], graphene, etc.), metal‐oxides, metal carbides
(MXenes), metal‐organic frameworks/covalent‐organic
frameworks (MOFs/COFs), and other materials (e.g.,

FIGURE 1 Summary of f‐ZIHSC describing the configurational
constituents and structurally different assembled devices. f‐ZIHSC,
flexible Zn‐ion hybrid supercapacitor.

2 of 41 | JAVED ET AL.
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activated carbon [AC], carbon nanosheets [CNS], phos-
phorene, etc.) are mainly focused. Afterward, the latest
developments in flexible electrolyte frameworks and
impacts of electrolyte compositions on the electrochemi-
cal properties of f‐ZIHSC are elaborated. Subsequently,
the advancements on the basis of fabrication designs,
including quasi‐solid‐state, micro‐, fiber‐shaped, and all
climate‐changed f‐ZIHSCs, are discussed in detail. Lastly,
a summary of current challenges and recommendations
for future progress in the development of advanced
f‐ZIHSC are addressed. This review article is anticipated
to deliver a further understanding of viable strategies for
high‐performance f‐ZIHSCs and boost the technical
revolutions on cathode, anode, and electrolytes for
f‐ZIHSC devices.

2 | THE FUNDAMENTAL OF
ZINC ‐ION SUPERCAPACITORS

The most important venture is to understand the
operational mechanism of different energy storage
devices. The fundamental knowledge about the under-
lying charge storage mechanism of various energy storage
devices is extremely significant to develop new electro-
chemical devices with high performance. Lukatskaya
et al.16 summarized the electrochemical signatures of
different energy storage devices (SCs and batteries),
making it easier to understand their difference. Figure 2
describes a complete set of information about the
electrochemical double‐layer capacitor (EDLC), pseudo-
capacitive, and battery‐type charge storage mechanisms
of SCs. It is well known that the EDLC charge storage is
based on physical adsorption/desorption of the electrolyte
ions on the surface of porous and high surface area
carbon‐based materials, and thus different from pseudo-
capacitors (PCs) and batteries in principle.17 However,
phase transformations and intrinsic kinetics (i–v) are
two important considerations that depict a logical border
line in the charge storage mechanism in various SCs
(Figure 2A). The energy storage mechanism of the PCs is
mainly categorized into surface redox and intercalation
pseudocapacitive processes depending on the nature of
electrode materials. In the case of surface redox PCs,
almost rectangular cyclic voltammetry (CV) curves are
observed with the addition of slight deviation due to the
redox reactions without any phase change in the cathode
material (Figure 2B). The emerging materials for surface
redox PCs include transition metal oxides (TMOs),18

metal sulfides,19 phosphides,20 and two‐dimensional (2D)
materials.21,22 In the case of intercalation PCs, the charge
storage mechanism is based on the combination of both
redox reactions and the intercalation of electrolyte ions in

the host electrode material simultaneously. The intrinsic
kinetics (i–v) is the same as surface redox PCs; however,
the shape of CV curves differs significantly from the
previous two types (Figure 2C). The possible materials for
intercalation PCs include tunnel‐structured Cu7S4,

23

KCu7S4,
24 FeS2,

25 Nb2O5,
26 and other spinal structured

materials.27 While talking about the batteries, the
charging mechanism is accompanied mainly by the phase
transformation of the electrode material with the addition
of surface redox reactions and intercalation process,
which can be identified by the strong oxidation/reduction
peaks that appeared in CV curves, respectively
(Figure 2D). Moreover, classic semi‐infinite diffusion
(i.e., i–v0.5) is observed for current (i) and applied voltage
(v) applied to batteries (electrode material, such as
LiCoO2, LiFePO4, etc.), whereas SCs are signalized by a
linear sweep estimation that has directly proportional
relation (i–v). The ion insertion process causes certain
dimensional changes that lead to the strain, whereas
phase transformation crops up to relax the appeared
strain. Additionally, the phase transformation is also
responsible for the substantial volume change that ruins
the electrode performance critically, leading to shorting of
cycling stability of batteries. Furthermore, the nucleation
and growth of by‐products are produced during the phase
transformation process, which highly affects the materi-
al's kinetics and reduces the batteries' rate performance
significantly.16

2.1 | Zn‐ion hybrid supercapacitor

The highlighted weaknesses associated with batteries
(short life span and smaller power density) and SCs
(lower energy densities) restrict both devices' perfection
in practical applications. To get both features in one
device, the recommended substitution for both SCs
and batteries has emerged as HSCs. The fabrication of
HSCs includes a capacitive/pseudocapacitive‐electrode
and another battery‐type Faradic‐electrode, and the rest
of the parameters are the same as usual SCs. A
new type of HSC was recently introduced in which Zn
metal‐based anode was proposed as a battery‐type
electrode and known as Zn‐ion hybrid supercapacitor
(ZIHSC).15,28 The metallic Zn has outstanding electro-
chemical properties, such as the low redox potential
(−0.76 V vs. Zn2+/Zn) and high theoretical capacity
(820 mAh g–1). The ZIHSC device holds great promise
and retains similar charming characteristics as SCs
while contributing to the superior energy density of
batterie's level.28,29 In this aspect, the Ragone plot has
summarized the comparison of power densities and
energy densities of different energy storage devices

JAVED ET AL. | 3 of 41
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(Figure 3). The ZIHSC possesses high energy and power
density compared to SCs and batteries. Batteries provide
higher energy density via the ions insertion–extraction
process, whereas the capacitive/pseudocapacitive‐
electrode offers excellent power density through a fast
ion adsorption–desorption mechanism.29,30

Conventional HSCs are generally based on Li+,31

Na+,32 and K+33 univalent ions as charge carrier bodies.
Figure 4A compares the typical physical parameters
of various cations used in batteries. Li metal is a valuable
charge carrier source with high energy capability;
however, its application is restricted by low safety, high
cost, and limited Li's source on the Earth's crust. On the
other hand, Na+ and K+ have much more plentiful
sources on the Earth than Li+ and are considered more
charming energy storage devices on a large scale. The Na+

(0.95 Å) and K+ (1.33 Å) possess a much bigger ionic
radius than Li+ (0.60 Å), and thus, the electrode's selection
is quite difficult. Only limited compounds have the ability
to deintercalate/intercalate Na+ or K+ ions with a useful
lifetime. Moreover, K‐based electrolytes possess higher
ionic conductance due to the much smaller hydrated
radius (3.31 Å) of solvated K+, enabling a higher rate
capability of charge storage in K+ as compared to Li+ and
Na+ (Figure 4A).34 The major drawbacks of these
univalent ions are that they may react with the organic
electrolytes causing safety risks,35 and HSCs based on the

univalent ions are quite expensive and difficult to
manufacture.29,36 On the other hand, the divalent and
trivalent ions, including Zn2+,37 Mg2+,38 Ca2+,39 and
Al3+,40 are the emergent class of charge carrier bodies
for energy storage applications with high energy density
due to more electron transfer mechanism. The high Earth's
abundance, cost‐effectiveness, ameliorated safety, higher

FIGURE 2 Summary of charge storage
mechanisms of different kinds of SCs and
batteries based on their electrochemical
signatures. (A) Electrical double‐layer
capacitor. (B) Surface redox PCs. (C)
Intercalation PCs. (D) Batteries, where i=
current, v= sweep rate. Reproduced with
permission: Copyright 2016, Nature.16 PC,
porous carbon; SC, supercapacitor.

FIGURE 3 Ragone plots declare the performance comparison
of different energy storage devices, capacitors, supercapacitors,
batteries, and Zn‐ion hybrid supercapacitors.

4 of 41 | JAVED ET AL.
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volumetric energy density, and ease of manufacture make
them excellent candidates compared to univalent charge
carrier bodies (Li+, Na+, K+). A general comparison of
gravimetric and volumetric capacities of various energy
storage devices is shown in Figure 4B. Nevertheless, the
research progress of Mg2+, Ca2+, and Al3+ based hybrid
energy storage devices has stagnated due to the bigger
radius of solvated cations, poor reversibility (plating/
stripping), and sluggish reactions.

In contrast, Zn metal has been proven as a perfect
candidate due to its salient features such as higher
theoretical volumetric capacity (5855mAh cm−3), appro-
priate small redox potential (−0.76 V vs. standard hydro-
gen electrode), and comparatively smaller polarization
ability than Al3+, Mg2+, and Ca2+ metals.40,42 Moreover,
the progressive attribution of the ZIHSC can be indorsed
to the zinc ions abundance, non‐expensiveness, impressive
performance, and lower environmental risks.29,36 These
merits demonstrate the tremendous potential of zinc
metal in a diversity of definite applications, such as
portable electronics, wearable devices, electric vehicles,
and so forth.

2.2 | Research roadmap of ZIHSC

The research aspires on ZIHSC initiated pretty recently
(Figure 5). Tian et al.43 reported the first ZIHSC in 2016;
the device assembly included a zinc metal as an anode,
carbon nanotubes (oxidized, CNT‐oxi) as a cathode, and
the ZnSO4 (aq.) was utilized as an electrolyte. This
assembled ZIHSC holds a specific surface area (SSA) of
∼211 m2 g−1 of CNT cathode and delivered a small

specific capacitance (∼53 F g−1). To handle the high-
lighted concern of a smaller surface area of carbon
materials, in 2017, Tang's44 research group utilized PC
having a higher surface area of ∼3384m2 g−1 as a
cathode and developed the ZIHSC. This device offered
a relatively higher capacitance of ∼170 F g−1 0.1 A g−1

and a decent energy density of ∼53Wh kg−1. Afterward,
the researchers focused on expanding the voltage
window from 0.2 to 1.8 V by optimizing different
parameters to enhance the energy density of ZIHSC. In
this regard, Wang et al.45 contributed to introducing a
highly concentrated water‐in‐salt (WIS) electrolyte,

FIGURE 4 (A) A comparison of physical parameters including cationic radius and corresponding hydrated radius of different cations.
(B) Volumetric and gravimetric capacities of various energy storage devices based on the different cations. Reproduced with permission:
Copyright 2019, Elsevier.41

FIGURE 5 Milestones and emerging history of ZIHSCs. a,43

b,44 c,45 d,45 e,45 f.45 ZIHSC, Zn‐ion hybrid supercapacitor.

JAVED ET AL. | 5 of 41
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holding the constituents of 20M (mol kg−1) lithium
bistrifluoromethanesulfonimide (LiTFSI) and 1M Zn
(TFSI)2. This WIS electrolyte offered a wider voltage range
up to 2.1 V and a remarkably higher Coulombic efficiency
of ∼99.7%. Further, extending the same research direction,
Zhang et al.'s46 research group targeted to get a higher
energy/power density for ZIHSC devices. They assembled
ZIHSC with hierarchically PC doped with nitrogen,
utilized as a cathode for ZIHSCs. This study focused on
studying the energy storage mechanism of cathode
material for the ZIHSC. It was declared that the formation
of C–O–Zn bonds reduced the energy barrier resulting in
higher capacitance. The research goes on with time, and
in 2019, Chen et al.47 successfully introduced the first
flexible ZIHSC by utilizing a hydrogel electrolyte based on
polyacrylamide (PAM). This pioneer flexible solid‐state
ZIHSC (f‐ZIHSC) exhibited 86.8mA h g−1 capacity and a
high energy density of 60Wh kg−1. Further in 2020,
Maughan et al.48 assembled a ZIHSC based on Ti3C2

MXene cathode that delivered a higher capacity of
189mAh g−1 with capacity retention of 96% up to 1000
cycles. In 2021, Deng et al.49 developed WIS hydrogel
(20M CH3COOK and 1M Zn(CH3COO)2) based flexible
quasi‐solid‐state ZIHSC to enlarge the voltage window up
to 0–2.1 V by lowering the water decomposition level. The
assembled device delivered a maximum energy density of
100.2Whkg−1 at a power density of 488W kg−1. Further-
more, the f‐ZIHSC device showed ∼99.5% of retention
after 4000 cycles. All these efforts bring forth new
horizons to develop novel f‐ZIHSC delivering higher
energy/power densities. Several impressive research works
have proposed excellent designs in electrode materials
and their interactions with electrolytes to boost their
performances.

During the last few years, inspiring progress has been
accomplished in the development of ZIHSC. Emerging
energy storage mechanisms, advanced electrode materials,
and innovative device designings are constantly being
developed and investigated, and a significant break-
through and an increasing number of publications was
observed in this field. Nonetheless, compared to tradi-
tional batteries and SCs, the growth of ZIHSC is as yet in
its earliest stages, and the deficiency of comprehension of
the response interaction and interfacial characteristics
needs further assiduous investigations. As progressively
reported, flexible electronics with coherent functionalities
are involved in numerous innovative challenges. An
appropriate and systematic review devoted to f‐ZIHSC is
necessary to lay out current advances and vindicate future
research guidelines. Thus, we aim to present the funda-
mentals and charge storage mechanism of SCs, ZIHSC,
and follow the pertinent reaction process during the
charging/discharging process.

3 | FLEXIBLE ZIHSC

New flexible electronic devices, such as smart textiles, soft
robotics, and biosensors, have been significantly advanced
in recent years. Integration of flexible devices and flexible
energy storage systems should be smooth, representing
another paradigm change. Flexible Zn‐ion batteries (ZIBs)
have received great attention among other energy storage
devices because of their different characteristics, including
high flexibility, cost‐effectiveness, superior stability, and
reliability. Flexible ZIBs are viable for flexible energy
storage systems due to the hydrogel and solid‐state
electrolyte used in their construction and operation.
However, most reported flexible ZIBs have a short lifetime
(100–1000 cycles) and a poor power density, both of which
are disadvantageous. In this context, the discovery of
ZIHSCs piqued the attention of flexible ZHSCs, primarily
as a result of a variety of appealing characteristics, such as
ultra‐long cycle lifespan, cost‐effectiveness, high safety,
and environmental friendliness. Generally, the flexibility
of ZIHSC depends upon the electrodes and gel electrolytes
(GEs) required to be mechanically flexible and should
have excellent stability under different stress situations.50

3.1 | Charge storage mechanism
and working principle of ZIHCs

An f‐ZIHSC is a hybrid SC device composed of battery‐like
anode material and EDLC‐type cathode material that
simultaneously serve as high‐energy and high‐power
sources. A typical f‐ZIHSC has a similar configuration as
a traditional SC, except for the material used for the
anode. f‐ZIHSC is assembled with a Zn‐foil anode, a
carbon‐based cathode, a flexible electrolyte, and an ion‐
permeable separator (Figure 6). A flexible solid‐state
electrolyte based on various zinc salts, such as Zn(NO3)2,
ZnCl2, Zn(CF3SO3)2, ZnSO4, and Zn(CH3COO)2, are
utilized to assemble the f‐ZIHSC.51 The high ionic
mobility and low viscosity of aqueous electrolytes
make them advantageous, whereas, they also hold some
limitations, for example, the small operating voltage
(0.2–1.8 V) and the decomposition of water (competitive
reaction, hydrogen evolution at <0.2 V vs. Zn2+/Zn and
oxygen evolution at >1.8 V vs. Zn2+/Zn).52 In comparison,
nonaqueous electrolytes, including WIS solid‐state elec-
trolytes, organic solvents, and ionic liquids, can broaden
the voltage window beyond 1.8 V, leading to improved
energy density.30,53,54 But certain limitations are associ-
ated with nonaqueous electrolytes, for example, safety
risk, increased cost, small rate capability, and low power
density. Hence, the ZnSO4 (1–3M) is the most frequently
utilized electrolyte in f‐ZIHSCs.

6 of 41 | JAVED ET AL.

 26379368, 2023, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/cey2.271 by C

ity U
niversity O

f H
ong K

ong, W
iley O

nline L
ibrary on [08/03/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



3.2 | Working principle of a carbon‐
based cathode of f‐ZHSC

Generally, it is supposed that carbon‐based f‐ZIHSC
stores energy via the fast ion adsorption/desorption
process onto the surface of the cathode (carbon), and
the reversible plating/stripping (Zn/Zn2+) takes place
onto the metallic zinc anode through the charging/
discharging process.55 More specifically, the Zn2+

cations from the electrolytic solution move/deposit onto
the Zn‐anode via the charging process, whereas the Zn
stripping occurs during the discharging process, accord-
ing to Equation (1). A general schematic illustration for
the charge storage mechanism of carbon‐based materi-
als is shown in Figure 7A. On the other hand, the

carbon cathode's working mechanism is relatively more
complicated than that of the Zn anode. In fact, different
research groups have different opinions about the
carbon‐based cathodes' energy storage mechanism.
One group believed that the adsorption/desorption of
cations (Zn2+) contributes to capacity enhancement,
according to Equation (2).56 However, the other group
claimed that anions are the primary carriers' bodies that
adsorb/deadsorb at the carbon cathode to develop EDLC
to store charge. Afterward, move back to the electrolytic
solution during the discharge process, according to
Equation (3).52,57

Zn anode:

Zn + 2e Zn.2+ −↔ (1)

FIGURE 6 (A) Schematic presentation of f‐ZIHSC. (B) Schematic presentation of the working mechanism of typical f‐ZIHSC. f‐ZIHSC,
flexible Zn‐ion hybrid supercapacitor.

FIGURE 7 Schematic illustration of the working principle of (A) carbon‐based ZIHSC and (B) noncarbon‐based ZHSC. Reproduced
with permission: Copyright 2021, Elsevier.58 ZIHSC, Zn‐ion hybrid supercapacitor.
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Carbon cathode:
Adsorption/desorption method (physical)

C + X C||‖X .− −↔ (2)

C + Zn C||‖Zn .2+ 2+↔ (3)

“C” represents the carbon material and “X” indicates
the anion.

Adsorption/desorption method (chemical)
Recently, while comparing the ZnCl2, Zn(Ac)2, and

ZnSO4 electrolytes, Zhi's research group has proven by
theoretical calculations that SO4

2− anions offer an ideal
electrochemical behavior by delivering the least adsorp-
tion energy, confirming the anionic participation in the
energy storage mechanism.57 On the other hand, Dong
et al.'s59 research group contributed their findings as
follows: when the operating potential window goes
beyond the zero‐charge potential, the anions (SO4

2−)
adsorbs/desorbs from the surface of carbon cathode,
while when the operating potential window is lower,
cationic adsorption/desorption dominates. These
results signify that cations' natures substantially influ-
ence the operating potential window and the zero‐
charge potential of the carbon materials. In addition,
the chemical/physical adsorption/desorption (Zn2+/
H+) can also be taken place, particularly when the
carbon is doped with certain heteroatoms (P, N, O, etc.)
(Equations 4 and 5 display the chemical adsorption/
desorption).60 Besides, numerous investigations have
proven the generation of Zn4SO4(OH)6⋅xH2O (zinc
hydroxide sulfate hydrate) onto the surface of carbon
cathode, indicating the occurrence of side reactions,
which reveals that the energy storage in f‐ZIHSC is not
totally reversible (Equations 6–8).61

C…O + Zn /H + e C…O…Zn/C…O…H.2+ + − ↔
(4)

N…O + Zn /H + e N…O…Zn/C…O…H.2+ + − ↔
(5)

Here C…O and N…O indicate the functional groups
attached to carbons.

Precipitation/dissolution method

6H O 6OH + 6H .2
− +↔ (6)

x

4Zn + 6OH + SO + xH O ZnSO (OH)

H O.

2+ −
4
2−

2 4 6

2⋅

↔
(7)

x xZn SO (OH) H O 4Zn + SO + H O.4 4 6 2
2+

4
2−

2⋅ ↔
(8)

3.3 | Working principle of the
noncarbon‐based cathode of f‐ZHSC

Recently, a new version of f‐ZIHSC has been proposed in
numerous investigations: a hybrid assembly of a pseu-
docapacitive cathode (generally TMOs), a zinc salt‐based
electrolyte, and a carbon‐based anode. Compared to the
traditional carbon‐based f‐ZIHSC, this advanced device
evades the utilization of unstable Zn‐foil anode, which is
favorable to enhancing the overall specific capacity and
performance of the f‐ZIHSC. Significantly, the advanced
asymmetric device offers a broadened operating voltage
window compared to the carbon‐based f‐ZIHSCs, conse-
quently contributing to a high level of the device's energy
density. The basic charge storage mechanism of advanced
pseudocapacitive f‐ZIHSC is believed to be based on Zn2+

ions insertion/extraction onto the cathode's surface and
the adsorption/desorption of ions onto the surface of the
carbon anode (Figure 7B).39 Specifically, the discharging
process causes the movement of Zn2+ ions from
electrolytic solution and diffusion into the cathode,
whereas the adsorption of anions takes place onto the
carbon anode. On the other hand, the charging process
extracts the Zn2+ ions from the cathode, and the already
adsorbed anions are desorbed into the electrolytic
solution. The possibility of side reaction (Zn4SO4(OH)6 ⋅
xH2O formation/dissolution; Equation 7) to have oc-
curred is as similar to that of the carbon‐based f‐ZIHSC
while using the ZnSO4 electrolyte. But instead of the
cathode, the formation/dissolution of Zn4SO4(OH)6 ⋅
xH2O can take place onto the carbon anode. Further-
more, it is also investigated that there may be a side
reaction along with the anode and cathode materials,
however, still not understood.39,62 The undissolved
by‐product onto the electrode surfaces may cause a
reduction in the specific capacitance at higher current
densities and reduce the cycling life span of the device.

4 | CONFIGURATIONS
OF f ‐ZIHCS

The f‐ZIHSC should be capable enough of encountering
deformations without immolating the electrochemical
performances. Therefore, each constituent in f‐ZIHSC
should be transformed from conventional fragile/rigid
materials into flexible/soft materials. Besides, the active
components should have a solid connection with the
flexible/soft conductive substrates to evade detaching
under real situations. Motivated by the leakage‐free
strategies, GEs are appropriate for assembling the
f‐ZIHSC as integrated devices.

8 of 41 | JAVED ET AL.
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4.1 | Flexible substrates

Flexible substrates for the development of f‐ZIHSC are
getting the most attention due to their high flexibility,
smooth surface, and low cost. Moreover, the flexible
support for active material's loading is anticipated to
produce higher capacitance.63 Some commonly used
flexible substrates are discussed. In our daily routines, we
extensively utilized different types of cellulose‐paper for
packaging, wiping, and decorating. Additionally, the use
of cellulose‐paper is prominently extended to flexible/
portable electronics, for example, transistors, photo-
diodes, displays, and circuits.64 Moreover, various studies
exemplified that cellulose‐paper is also a perfect sub-
strate/support for the active material loading in the
fabrication of high‐quality/performance of f‐SCs.65 Car-
bon paper (CP) is considered one of the best choices to be
used as a flexible substrate. CP comprises microfibers
developed as flat sheets. As an electrode, it helps in the
diffusion of the reacting species across the catalytic
stacked fragment of the membrane electrode.66,67 Similar
to CP, carbon nanofoam contains clusters of carbon
filaments arranged as a 3D network. The large SSA,
excellent conductivity, high porosity, and better mechan-
ical integrity make them an appealing candidate to be
used as flexible substrates in the development of portable
electronics such as SCs, fuel cells, and so forth.68 The
fabric cloth (FC) is a highly porous and flexible material
that is manufactured by pressing/weaving synthetic/
natural fibers (polyester/cotton). Emerging investigations
on cotton FC with flexible functionalities reformed the
utilization of cotton FC as a vesture for a large number of
applications.37 Furthermore, prototypes of fiber SCs69

and textile‐based SCs70 are reported for FC‐based energy
storage electronics.71 Cellulose or polyester‐based
synthetic sponges are highly porous in nature and
commonly used for personal care, household cleaning,
and packaging. Particularly, the commercially available
synthetic sponge is being employed as an admirable
substrate for the development of flexible electronics.72,73

A new type of cable‐shaped stretchable flexible substrate
has been reported, which can be implemented in
numerous wearable electronics because such devices
can be interwoven in any place or shape. The cable‐
shaped f‐ZIHSC can be deformed into any other complex
form while sustaining its high integration.50,59

4.2 | Flexible anodes

In the early stage, pristine Zn foil/sheet was being utilized
directly as anodes material for the fabrication of f‐ZIHSC
due to the special characteristics of Zn metal, such as ease

to fabricate the device and cost‐effectiveness.74,75 How-
ever, it is necessary to criticize the inadequate flexibility of
Zn metal for successive repetitions, which is insufficient to
fulfill the demands of portable/flexible/wearable electro-
nic applications for practical applications. Additionally,
the Zn metal experiences the shape memory impact that
makes Zn metal unable to survive on consistent bending
and has a severe problem of dendrite growth.58 To obtain
the flexible Zn anode, generally, two approaches have
been adopted: (i) coating pastes of Zn powder on flexible
substrates such as carbon cloth (CC), titanium foil, and so
forth, with the help of binding/conductive additives (e.g.,
carboxymethyl cellulose, polytetrafluoroethylene, or poly-
vinylidene fluoride);76,77 (ii) direct deposition/electrode-
position of Zn onto the flexible substrates.78 In this regard,
Zeng et al.78 constructed a 3D‐Zn/CNT anode via
deposition of Zn onto the flexible CNTS. The substrate
(CNTs) offers flexible room with significantly small
voltage hysteresis of 27mV and a good life span of 200 h
without dendrite growth at 2mA−2.

Similarly, Huang et al.'s79 research group fabricated
electrodeposited Zn onto the flexible CC substrate to
assemble a flexible quasi‐solid‐state ZIHSC. Besides the
overall substrate impacts, Zn substrates can likewise be
utilized to direct the development of Zn. Zheng et al.80

revealed a theoretically creative substrate‐directed epi-
taxy guideline procedure for Zn deposition.

4.3 | Flexible cathodes

The loading of active material onto a flexible substrate is
the most pragmatic strategy to construct a flexible
cathode. The coating of powder pastes onto the flexible
substrates is also a well‐known approach.81,82 However,
the binders and conducting additives are inactive
constituents that limit the quick transport of electrons/
ions, leading to intensified electrode polarization and the
loss of energy density.83 Besides, the limited interaction
between the current collector and the active materials
may lead to detaching of the material from the substrate
at the time of large deformations.84 To simplify the
preparation procedures of the flexible cathodes and
improve the mechanical/electrochemical properties,
many research groups are focusing on fabricating flexible
cathodes for ZIHSC via in situ growth of active materials
onto the required flexible substrates.85–87 By adopting
such strategies, conductive/binder additive materials can
be avoided, and good performance with high flexibility
can be obtained. Recently, several nanomaterials grew on
flexible substrates through various synthesis methods,
among them hydrothermal,56,88 electrospinning,74 and
electrodeposition47 strategies are well developed and

JAVED ET AL. | 9 of 41

 26379368, 2023, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/cey2.271 by C

ity U
niversity O

f H
ong K

ong, W
iley O

nline L
ibrary on [08/03/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



considered most reliable. Besides in situ development,
endeavors have also been made to construct flexible
cathodes by adopting the active dispersion's vacuum
filtration and making free‐standing films.89

4.4 | Flexible electrolytes

The fast progress in wearable and portable devices
inspired to develop the minimized and flexible electro-
nics.90–92 The f‐ZIHSC is one of the miniaturized energy
storage devices and attracted the researchers' most
attention. For the fabrication of f‐ZIHSC, electrolytes
play a vital role. Different types of flexible electrolytes are
being used, and gel (polymer) electrolytes (GEs) are
considered the most distinct electrolytes. GE not only
works as an electrolyte for ionic conduction between
cathode and anode but also works as a separator to block
the movement of electrons and overcome the leakage
current in the flexible device. Generally, a competent GE
for flexible ZIHSC should own specific characteristics: (i)
good electrochemical and mechanical stability; (ii) low
glass transition temperature (Tg) value; (iii) higher
conductivity (ionic) and more Zn2+ transfer number;
(iv) substantial salt‐dissociation ability.93 To encounter
these demands and deliver a better mechanical/electro-
chemical characteristic for the entire device, the back-
bone (gel) species, the crosslinking conditions, the
electrolytic type/concentration, and the end‐capping
(functional) groups need overall attention. The low ionic
conductivity (in contrast to the liquid‐equivalent) of
the GEs is one of the main challenges that restrict
the required/ideal energy density of f‐ZIHSC at high
current densities. Specifically, the ionic conductivity of
polyethylene oxide,94 polyvinyl alcohol (PVA),52,95 and
gelatine‐based96 electrolyte ranges from 10−5 to 10−3 S
cm−1. Cross‐linked PAM and polyacrylic acid (PAA)
based GEs are considered to have the highest conductiv-
ities (at room temperature)47 because the higher concen-
tration of trapped water molecules can accelerate the
movement of dissolved ions. In general practice, the GE
having more polar end cap (functional) groups and
interconnected porosity can hold more water molecules,
which is advantageous for enhanced ionic conductivity.
Instead, the excess water can undoubtedly weaken the
mechanical strength of GEs; therefore, a suitable balance
between the water content and the mechanical features
requires careful optimization. The zinc salt in coopera-
tion with the backbone (polymer) plays a vital role in
defining the mechanical as well as the electrochemical
properties of the GEs.97 In this respect, Wang et al.'s98

research group compared different Zn salts (ZnCl2,
ZnSO4, and Zn(CF3SO3)2) incorporation with PVA. It is

concluded that small‐anionic salts, such as ZnSO4 and
ZnCl2, offer higher ionic conductivity in contrast with the
larger anionic salts (Zn(CF3SO3)2).

Wang et al.'s98 research group put forward that a
PAM‐based GE can provide the highest conductivity
(∼71.4 mS cm−1) while using an optimal concentration of
ZnCl2 (7.5M) when further increasing the ZnCl2
concentration results in stiffness of GEs with inadequate
conductivity and stretchability. Such findings are proba-
bly due to the hygroscopic nature of zinc‐salt (ZnCl2),
which extracts water molecules from the PAM matrix.
Huang et al.'s54 research group reported that PAM could
hold LiTFSI (21M) and Zn(CF3SO3)2 (1 M) while
sustaining good flexibility as well as electrochemical
properties. Furthermore, to avail of the advantages
of WIS electrolytes, it is a big challenge to generate
hydrogels that can resist self‐shrinkage (using divalent
cationic salts) while sustaining the admirable mechanical
and electrochemical properties. Recently, Wu et al.99

thoroughly investigated the Hofmeister effect of numer-
ous salts in PVA. Their findings may motivate the
adoption of the rational strategies of GEs for f‐ZIHSC.

It is worth mentioning that the GEs containing a single
polymer can only satisfy the partial requirements. In
contrast, the development of composite GEs is beneficial
to taking each component's combined advantages. Cross‐
linking of various polymers and copolymerization (two or
more monomers) are the two most widely utilized
techniques to develop composite GEs. For example, Wu
et al.'s100 research group took into account a well‐known
fact that the amorphous region (polymer) is the central
hub for charge transfer. In this regard, they exposed that
the cross‐linking of PVA with PAA can broadly enhance
the amorphous proportion of GEs, resulting in the
overall enhancement of ionic conductance. Similarly,
Han et al.'s30 research group put forward that co‐cross‐
linking of PAM with PAA using sodium alginate results in
impressively increased conductivity up to 28.2mS cm−1

along with admirable stretchability. Table 1 displays
summarized characteristics, including mechanical proper-
ties, flexibility, ionic conductivity, and special functionali-
ties (self‐healing, anti‐self‐discharging, etc.) of various
flexible electrolytes.

To enlarge the potential window and enhance the
energy density, Han et al.'s30 research group has
introduced a hydrogel electrolyte based on zwitterionic
natural polymer for an f‐ZIHSC. The hydrogel electrolyte
was synthesized via in situ polymerizations of acrylamide
and acroleic acid, and this solid‐state electrolyte pos-
sessed excellent flexibility, good mechanical strength,
and better cycling stability. More significantly, the
zwitterionic structure of the electrolyte engendered a
molecular cage leading to a strong interaction between

10 of 41 | JAVED ET AL.

 26379368, 2023, 1, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/cey2.271 by C

ity U
niversity O

f H
ong K

ong, W
iley O

nline L
ibrary on [08/03/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



water molecules and the hydrogel electrolyte. Conse-
quently, decreasing the number of water molecules and
enlarging the voltage window (∼2.4 V), as well as the
appreciable energy density (286.6W h kg−1 at 220W
kg−1) and excellent capacitive retention (95.4%, 2000
cycles at 2 A g−1), was obtained.

Apart from this zwitterionic hydrogel electrolyte,
some artificial redox‐mediated electrolytes were also
developed. These electrolytes were prepared by the
controlled addition of the redox‐active additives, which
was proved not only to broaden to broaden the voltage
window but also to improve the Faradic charge storage
resulting in enhancing the energy density of f‐
ZIHSC.109–111 The strategy involved the very soluble
redox pair in getting the highly efficient and cost‐
effective f‐ZHSCs. Another novel type of redox hydrogel
electrolyte was put forward by Han et al.'s112 research
group, which holds the bromide (Br) ions as a redox
additive in addition to the zwitterionic natural polymer
for the development of a flexible R‐Br‐ZIHSC. Using this
redox Br‐ion additive hydrogel (R‐Br‐hydrogel), the R‐Br‐
ZIHSC displays an extraordinary electrochemical per-
formance. The assembled R‐Br‐ZIHSC exposed excellent
stability under a wider voltage window (1.8–2.6 V),
attributing the influence of 3Br/Br3

− into the hydrogel
electrolyte. Furthermore, at the voltage of more than
1.8 V, nonlinear charge/discharge curves were observed
that could be obtained due to the higher pseudocapaci-
tive contribution of the redox pair. Moreover, it is quite
appreciating that besides the wider voltage window, an
exceptional capacity of 655mA h g−1 and 605Wh kg−1 of
energy density were obtained. These are the maximum

values reported for the flexible ZIHSC to date. Figure 8
summarizes the various materials used to fabricate
flexible solid‐state electrolytes, anodes, and cathodes
with emerging techniques for fabricating the flexible
anode and cathode materials.

In the last few decades, the innovation in Zn‐based
energy storage devices has put forward significant
outcomes on GEs that fulfill the ever‐growing interest
in flexible and portable electronic devices. Numerous
GEs can naturally be extended to f‐ZIHSC. Generally,
one predominant task for flexible electronics is the
inadequate wettability between electrode–electrolyte
interfaces. Therefore, with the fundamental necessities
of mechanical characteristics and ionic conductivity,
more efforts need to be devoted to investigating the
interfacial properties and enhancing interfacial contact.

TABLE 1 Summarized characteristics of different flexible electrolytes

Electrolyte Flexibility
Ionic
conductivity

Mechanical properties Special functions

Ref.
Tensile
strength

Compression
strength Temp.

Self‐ healing/
discharge

P(AA‐co‐AAm)/CoCl2 Good – 550 kPa 400 kPa Self‐healing [101]

Gelitine/ZnSO4 Excellent 25mS cm−1 – – 25°C Antiself‐discharge [102]

Gelitine/ZnSO4 High 3.38mS cm−1 – – 25°C [103]

Polyacrylamide‐ZnCl2 Good 71.4 mS cm−1 – – 25°C [98]

PVA‐CMC/Zn
(CF3SO3)2

Excellent 1.73 Sm−1 0.51MPa 0.20MPa −20 to 20°C Low self‐discharge [104]

PAA–chitosan Excellent 51.3 mS cm−1 – – −20 to 60°C Self‐healing [105]

PAM/PAA‐LiClO4 Excellent 40.1 mS cm−1 3.1 MPa – 25°C – [106]

B‐PVA/NFC Good 18.1 mS cm−1 23.1 kPa 26.2 kPa 25°C – [107]

ZnSO4‐PAA Excellent 21.7 mS cm−1 250.1 kPa – 25°C – [108]

PAM‐PANa Better 4.02 mS cm−1 – – −15°C Antifreezing [52]

Abbreviations: PAA, polyacrylic acid; PAM, polyacrylamide; PVA, polyvinyl alcohol.

FIGURE 8 Summary of various electrolyte materials and
synthesis techniques for the fabrication of flexible anode and
cathode materials.
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Furthermore, shape integrity is another critical bench-
mark that is crucial for the long life span of f‐ZIHSC.

5 | RECENT PROGRESS IN
f ‐ZIHSCS CATHODE MATERIALS

5.1 | Carbon‐based materials

Owing to the unique and admirable features of carbon,
such as high chemical stability, good conductivity, larger
SSA (∼3000m2 g−1), and variable pore size/structure,
carbon‐based cathode materials have been extensively
studied for electrochemical energy storage applications. So
far, a variety of carbon‐based materials have been
invented, such as PC, CNS, CNTs, graphene, graphite,
reduced graphene oxides (rGOs), and so forth, which hold
a leading position as the most extensively used electrode
materials for energy storage systems. The following
section will discuss recent substantial achievements in
carbon‐based materials and highlight the excellent elec-
trochemical performance based on rational designs,
structural modifications, well‐established morphologies,
and variable surface properties for f‐ZIHSCs.

5.1.1 | Porous carbon

PC is one of the promising candidates as a cathode
material for f‐ZIHSC based on its exceptional character-
istics, including huge pore volume, higher SSA, and easy
processibility. Recently, different synthetic approaches,
including carbonization–activation, molten salt, template‐
assisted, and so forth, have been adopted to furnish PC
with intrinsic features in a controlled mode, illustrating
excessive prospects for the PC utilization to store the
zinc ions.113–115 Dong's research group initially introduced
AC (YP‐50F) as a cathode material for ZIHSC, where zinc‐
foil was employed as anode and ZnSO4 as an electrolyte
(aq.).44 This assembled device offered an energy density of
84Wh kg−1 at a power density of 14.9 kW kg−1 with 91%
of capacitance retention over 10,000 cycles.

Following the pioneers, Huang et al.79 constructed a
flexible cathode based on PC through a dual modification
approach, including air calcination followed by poly-
dopamine (PDA) doping. Figure 9A presents the
schematic fabrication process evidenced by the scanning
electron microscopy (SEM) images (Figure 9B), declaring
that the air calcination causes to develop the large pores
on the surface of CC, whereas the pristine CC has a
comparatively smooth surface without having any pore.
In fact, the combustion of carbon during air calcination
leads to the partial removal of carbon atoms resulting in

the development of porous morphology. Further, the
grafting of the PDA on porous PC is entirely uniform,
and no aggregation of PDA nanoparticles appeared,
signifying the abundance of the porosity at PDA@PCC,
resulting in remarkably enhanced that favored the
absorption of Zn2+ ions. The PDA@PCC cathode
displays super‐hydrophilicity (Figure 9C), which causes
to enhance the electrolytic wettability that is beneficial
for the fast mobilization of Zn2+ ions inside the electrode
materials. A flexible quasi‐solid‐state f‐ZIHSC is as-
sembled using PVA hydrogel as electrolyte (Figure 9D);
notably, to maintain the high flexibility, instead of zinc
foil, Zn@CC was utilized as anode for the assembling of
the device. Figure 9E shows the different sized assembled
f‐ZIHSC while empowering a digital device. Benefiting
from fast adsorption and redox reaction of Zn2+ ions, the
PDA@PCC electrode delivered a large areal capacity of
1.25 mAh cm−2 and is worth praising cycling stability
with no capacity decay over 10,000 cycles. Besides, the
assembled flexible device offered an excellent energy
density of 9.70 mWh cm−3. Most interestingly, several
flexible and safety‐related experiments proved that
cutting or sewing onto the device has no substantial
effect on the device's performance (Figure 9F). These
results declare that a highly safe and risk‐free energy
storage device can be installed on any electronic gadget
via sewing/cutting.

Zhou et al.116 highlighted an important subject and
put forward their work to enhance the charge storage
capability of the PC by adopting a two‐step in situ
activation approach. The fabricated hierarchically porous
AC holds on a remarkable SSA (∼3525m2 g−1) based on a
combination of mico/mesopores. The assembled device
offered a maximum capacitance of ∼231mAh g−1 at
0.5 A g−1 and an admirable rate capability having an
excellent retained capacity of 119mAh g−1 at 20 A g−1.
As well as, the f‐ZIHSC presented good cycling stability
with capacitive retention of 70% after 18,000 cycles.

It is worth noticing that the enhanced SSA will not
essentially be enough to enlarge the capacity in propor-
tion; some other important parameters, including pore
size/porosity, also have a significant impact on the
charge storage capability. An anomalous boosted capac-
ity was observed, particularly when the pore size reaches
closer to the ionic size.117,118 Therefore, the maximum
capacitance of PC could be attained by achieving a pore
size closer to the diameter of the hydrated Zn2+

(0.86 nm). In this context, Wang et al.119 reported PC
nanosheets derived from starch (PCNS), loaded with very
narrow pore sizes ranging ∼0.79–2.18 nm. Although this
PCNS owns an SSA of ∼2671.9 m2 g−1, a large storage
capacity of 149mAh g−1 was achieved at 0.2 A g−1. Most
significantly, 91% of the capacity retention was reported
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over 10,000 cycles at 10 A g−1. The outcomes of their
work highlighted the fact that matching porosity is a very
effective way to enhance the capacity of PC in f‐ZIHSC.
Wang et al.120 also shared the same conclusions in
another independent research work.

On the contrary, despite boosting the capacity,
mesopores and macropores will favor the ions/mass
transportation compared to micropores. Therefore, the
optimal solution is to construct a hierarchal mixture
of porosities to address both high rate capability and
large capacity.121 Finally, it can be concluded that, for
flexible energy storage systems, narrow pores are
significantly important when the energy density is an
exclusive consideration while enlarging the pore size is
beneficial when the power supply is a major concern.
Aside from structural modifications, constituent engi-
neering is another foremost concern of generally

endorsed approaches to improve the electrochemical
behavior of PC. As a matter of fact, the approaches
described above are not equally exclusive but are
consistently optimized concurrently. For instance, typical
activation methods, such as activation via steam, KOH,
or acid, will certainly introduce a considerable number of
oxygen groups in PC. These groups are precious in
enhancing the super‐hydrophobicity of PC, resulting in
improving the pseudocapacitance. Recently, Zheng
et al.56 developed 3D oxygen‐enriched porous carbon
(3D‐OPC) as a cathode for f‐ZIHSC via a two‐step
synthetic route involving combustion and subsequent
acid treatment. The schematic illustration for the
preparation of 3D‐OPC has been shown in Figure 9G.
In the first step, combustion of the starting material
(sodium ethoxide with ethanol) resulted in the genera-
tion of PC followed by the acid treatment, which

FIGURE 9 (A) Schematic Illustration of the PDA@PCC preparation, (B) SEM images, and (C) water contact angle of pristine CC, PCC,
and PDA@PCC. (D) Schematic presentation of f‐ZIHSC assembly. (E) Optical photographs of different sizes of assembled f‐ZIHSC. (F)
Cutting test representation of fabricated f‐ZIHSC. Reproduced with permission: Copyright 2020, Elsevier.79 (G) Schematic design for the
fabrication of OPC. (H) Working mechanism of assembled f‐ZIHSC. (I) Digital photographs of the assembled device under various twisting
and bending states. (J) CV curves of the assembled flexible device at different angles of bending and twisting. (K) Digital photographs of
mobile phone and wristwatch powered with two/three fabricated f‐ZIHSC. Reproduced with permission: Copyright 2020, Elsevier.56 CV,
cyclic voltammetry; f‐ZIHSC, flexible Zn‐ion hybrid supercapacitor; OPC, oxygen‐enriched porous carbon; PDA, polydopamine; SEM,
scanning electron microscopy.
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introduced the oxygen‐carrying functional groups to
get the OPC. Further, the SEM images revealed the
fact that these OPCs are 3D architectonic by the
interconnection of macropores that are separated by
C‐walls. The working mechanism of the fabricated
architecture is the reversible ions adsorption/desorption
on 3D‐OPC (cathode) and Zn2+ ions deposition/stripping
on (Figure 9H) fast electrochemical kinetics has been
experienced.

The benefits of the oxygen‐carrying functional groups
offer excellent pseudocapacitance and the 3D‐porous
structure to endow rapid electrochemical kinetics. The
assembled device delivers outstanding specific capacity
(132.7 mAh g−1), superb energy density (82.36Wh kg−1),
and excellent cyclic stability over 10,000 cycles with 88%
capacity retention. More admirably, the assembled device
maintained its capacitive behavior while bending at
different angles (0°, 90°, and 180°) and twisting
(Figure 9I,J), evidencing its wonderful stability when
experiencing deformation, which is auspicious to be
applied in flexible/portable electronics. Three f‐ZIHSCs
were connected in series to charge a mobile phone and
power a wristwatch unveiling its prodigious potential in
wearable electronic applications (Figure 9K).

f‐ZIHSC based on PC holds numerous advantages,
including easy preparation, low cost, abundant raw
material, and simple understanding for large‐scale
production. Besides, small energy density and less
volumetric capacitance are obtained due to the PC's
insignificant density, unfavorable for practical applica-
tions. This is crucial to understanding that a controlled
morphology, suitable SSA, appropriate pore size, and
desired pore structure of PC lead to high performance.

5.1.2 | Heteroatom‐doped PC

Substitutional doping of carbon surface with oxygen (O),
nitrogen (N), boron (B), phosphorus (P), sulfur (S),
fluorine (F), and so forth is one of the leading strategies
to simultaneously modify the intrinsic properties and
enhance the electrochemical characteristics of PC.122

Consequently, HADCs are considerably being employed
in a broad range of applications, for example, electro-
chemical fuels, catalysis industry, sewage treatment,
sensors, biomedical and energy storage applications,
and so forth.123,124

O‐doping has been recognized as an efficient
approach to improving the capacitance of PC‐based
cathodes. Considering that O‐doping is unavoidable
during the preparation of materials, one may exploit
O‐doping to produce highly effective doped carbons.
Recently, Zhang's research group74 has developed a super

hydrophilic oxygenated porous carbon fiber (OPCF)
cathode via electrospinning and acid (nitric acid)
treatment method. The schematic illustration of the
preparation process of OPCF is shown in Figure 10A.
The energy‐dispersive X‐ray mapping results confirm the
successful O‐doping in the PC matrix (Figure 10B). The
as‐prepared OPCF holds appreciating characteristics,
including excellent conductivity, good hydrophilic
surface, and a large SSA (427.6 m2 g−1). The theoretical
simulations and experimental data analysis unveiled that
the carboxyl and carbonyl groups on the surface of PC
not only are the reason to enhance the wettability but
also boost up the adsorption of the Zn2+ ions, thereby
offering an improved pseudocapacitance. Furthermore,
to expose the practical application of fabricated OPCF as
a high‐value cathode with the loading of 20.1 mg cm−2,
which proved to be an excellent candidate with higher
capacitance retention of 73%. Figure 10C shows the
schematic structure of a quasi‐solid‐state f‐ZIHSC based
on OPCF cathode, Zn anode, and the gelatin electrolyte.
More interestingly, the assembled devices are tested in
series and parallel connections (Figure 10D). The
obtained results proved that the assembled device is
one of the best candidates for flexible electronic systems
with good cyclic life by retaining 92.1% of the initial value
(Figure 10E). Moreover, the assembled flexible device is
also employed to power a digital thermometer that
successfully remained operational for more than 24 h
(Figure 10F).

N‐doped carbons have attained the furthermost
attention of researchers in the field of energy storage
systems.125 Due to their silent features, such as the N
atom owning the highest electronegativity (∼3.04) in
comparison with S (∼2.58), P (∼2.19), and B (∼2.04)
atoms, which results in the polarizing of the carbons in
the vicinity leading to reduce the band gaps resulting
from improving the electrical conductivity.124 Moreover,
N‐dopant provides abundant active sites to store the
charge and enhance the hydrophilicity of the materials,
eventually improving the capacity.125 These unique
features have empowered the N‐doped carbons as
auspicious materials for f‐ZIHSC.

Zhang et al.'s46 research group produced N‐doped
hierarchical PC (NHPC) as a cathodic material for
f‐ZIHSC via a two‐step strategy, including template
synthesis followed by the NH3 activation process. The
prepared NHPC holds a large SSA of 2762.7 m2 g−1 and
offers a capacity of 148.2 mAh g−1 at 4.2 Ag−1. The
authors attributed the excellent electrochemical perform-
ances to the N‐dopants improving the conductivity,
hydrophilicity, and active reaction sites. Most impor-
tantly, this study elucidated complete detail about the
adsorption of Zn2+ ions onto the NHPC surface. They
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declared that the C–O–Zn bond formation is the rate‐
determining step of entire Zn2+ ions adsorption, and the
N‐doping reduces the energy barrier from ∼2.13 to
∼1.25 eV, thereby speeding up the Zn2+ ions adsorption.
These findings anticipate a coherent guide for HADC
systems to enhance the electrochemical properties of PC
in f‐ZIHSC.

Aside from O and N heteroatoms, B can also be
consolidated into the carbon networks to improve Zn2+

ions storage. The B atom owns similar integer valence
electrons and van der Waals radius as of carbon atom.126

Furthermore, the length of the B–C bond is somewhat
more significant than that of the C–C bond. Conse-
quently, B‐doping has a negligible effect on the lattice
parameters of carbons structure. On the contrary,
B‐doping tunes the energy bandgap and conductivity

(p‐type), resulting in an improvement of the overall
conductivity of the material.127 Qiu's research group
designed a layered 2D B/N co‐doped PC (LDPC) via
intercalator‐guided pyrolysis technique as a cathode
material for f‐ZIHSC,103 in which H3BO3 is utilized as
the intercalator and acrylonitrile copolymer as a source of
carbon. The preparation of LDPC involves three steps;
firstly, the copolymer and intercalator undergo self‐
assembling, pyrolysis of the self‐assembled copolymer/
intercalator hybrid takes place in the second step, and
finally, the deintercalation of B2O3 occurs, as illustrated
in Figure 10G. H3BO3‐guided LDPC exhibits an uneven
layered array of numerous ultrathin nanosheets having a
wrinkled as well as hierarchically porous surface
(Figure 10H,I). Moreover, the enriched B/N heteroatoms
offer more Faradaic reactions by enhancing the number

FIGURE 10 (A) Schematic presentation of OPCF. (B) EDS elemental mappings (O, N, and C) of OPCF. (C) Structural diagram
presenting the assembly of the quasi‐solid‐state f‐ZIHSC. (D) CV curves recorded at 5 mV s−1 for a single device and two devices when
connected in series and in a parallel. (E) Cycling stability of f‐ZIHSC. (F) Digital photographs of a thermometer powered by a single f‐ZIHSC
device. Reproduced with permission: Copyright 2021, Elsevier.74 (G) Schematic illustration of LDPC and LPC. (H) TEM image of LDPC.
(I) N2 sorption isotherm for LDPC (the inset is the presentation of the PSD curve). (J) Schematic presentation of quasi‐solid f‐ZIHSC based
on LDPC cathode. (K) Ragone plot of fabricated quasi‐solid f‐ZIHSC compared with recently reported work. (L) Discharge curves at various
bending conditions. Reproduced with permission: Copyright 2019, Elsevier.103 CV, cyclic voltammetry; EDS, energy‐dispersive spectroscopy;
f‐ZIHSC, flexible Zn‐ion hybrid supercapacitor; LDC, layered B/N co‐doped porous carbon; LDPC, layered 2D B/N codoped PC; OPCF,
oxygenated porous carbon fiber; PSD, pore size distribution; TEM, transmission electron microscopy.
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of active sites, resulting in increasing the charge storage
capacity. Taking advantage of favorable characteristics
and unique layered/porous morphology, the assembled
ZIHSC (Zn//ZnSO4//LDPC) offered an excellent capacity
of 128mAh g−1, with an admirable energy density of
97.6Wh kg−1 at 0.5 A g−1. These extraordinary values are
over the top for those rGOs, intercalator‐free carbon
(LC), YP‐50F, and so on. Additionally, a quasi‐solid‐state
ZIHSC was assembled with LDPC as cathode, Zn metal
as an anode, and gelatin/ZnSO4 gel as electrolyte
(Figure 10J). The assembled device offered 86.8Wh kg−1

energy density at 429.6 kW kg−1 power density and 81.3%
capacity retention after 6500 cycles. The obtained energy
density (86.8Wh kg−1) is superior to several reported
ZIHSC, Zn‐based batteries, lead‐acid batteries, electro-
chemical capacitors, and so forth (Figure 10K). In the
end, the authors also highlighted the excellent mechani-
cal flexibility of the f‐ZIHSC by obtaining the approxi-
mately same capacity (97mAh g−1 at 1 A g−1) under
different bending positions (Figure 10L).

The distinctive characteristics and unique electronic
structures of heteroatoms, HADC, have been recognized
as auspicious candidates for fabricating highly efficient
f‐ZIHSCs. The improvement of electrochemical propert-
ies of the HADC‐based cathodes is one of the crucial
research focuses of this era. However, particular and
reproducible doping techniques are the primary task. At
the same time, it is very critical to attain excellent
electrode materials by optimizing the bandgap and
varying the Fermi energy level. Most importantly, a
comprehensive understanding of the reaction mecha-
nism for the synergistic effect and reactivity enhance-
ment of various codopants significantly impacts the
production of highly efficient HADC materials for
f‐ZIHSC.

5.1.3 | Biomass‐derived porous carbon

BPC has received wide consideration as a cathode material
for f‐ZIHSC, benefiting from low cost, modifiable chemi-
cal/physical features, economic value, and environmental
safety.128 The natural biomass is enriched with carbon and
has plentiful heteroatoms, such as P, N, S, and so forth,
which can accomplish in situ doping.129 More impor-
tantly, benefiting from the intricate and intrinsic network
of natural biomass, a PC with appropriate design and pore
size can be produced directly via simple carbonization and
activation process from biomass.130,131 In this context,
Weng et al.67 reported BPC based on pencil shaving
(BPC‐PS) via simple carbonization and KOH activation
process. The preparation scheme of the BPC‐PS samples at
different activation temperatures is illustrated in

Figure 11A. Field emission scanning electron microscopy
images revealed that both BPC and BPC‐PS samples have
irregular morphology with quite rough surfaces (bottom
part of Figure 11A). The author claimed that the prepared
BPC‐PS material is loaded with very narrow pore sizes
ranging ∼0.8–1.2 nm, generated by the appropriate etching
(Figure 11B). It is worth mentioning that such narrow‐
sized micropores, comparable with the diameter of
hydrated‐Zn2+ (0.86 nm) and bare‐Zn2+ (0.76 nm), are
highly beneficial to promoting the Zn2+ storage.46

Although this BPC‐PS owns a moderate SSA of
∼1293m2 g−1, a large storage capacitance of 413.3 F g−1/
183.7mAh g−1 (in aq. electrolyte) and the maximum
energy density of 147.0Wh kg−1 at 136.1Wkg−1 is
attained. Most significantly, 62% of the capacitance
retention is reserved at 1 A g−1 even by enhancing the
mass loading up to 17mg cm−2. The schematic illustration
of the assembled flexible solid‐state device based on Zn
anode, BPC‐PS cathode, and hydrogel electrolyte is shown
in Figure 11C. The as‐fabricated f‐ZIHSC shows excellent
flexibility at different deformations (Figure 11D) and holds
a highly reversible capability, sustaining 100% Coulombic
efficiency and 64% of initial capacitance over 80 cycles.
The f‐ZIHSC can charge the commercial mobile phone
and retain 1.13 V after 200 h of charging (Figure 11E). The
outcomes of their work highlighted that matching porosity
with the pore size of Zn2+ ions (hydrated/bare) is a very
effective way to enhance the capacity of PC in f‐ZIHSC. In
addition to the matching porosity to obtain a highly
efficient electrode material, the operating temperature
range is another important parameter that needs serious
consideration for the practical application of devices that
work in harsh atmospheres. In this respect, Yang et al.'s132

research group developed BPC derived from coconut shell
(CS) as a cathode material. The schematic procedure for
the fabrication process is illustrated in Figure 11F. The
fabricated electrode displays an outstanding specific
capacitance of 423.5 F g−1 and an ultrahigh energy density
of 190.3W h kg−1 at 89.8W kg−1 in an aqueous electrolyte.
The highly porous morphology of BPC‐CS accelerates the
kinetics of ions. It offers appropriate active sites that
stimulate quick dynamics during electrochemical
reactions leading to a boost in the capacitive performance.
More interestingly, this study put forward a newly
designed, low‐cost, flexible PVA/MMT/Zn(ClO4)2 hydro-
gel electrolyte displaying antifreezing and heat resistant
properties. A quasi‐solid‐state f‐ZIHSC was fabricated
using BPC‐CS as cathode, zinc anode, and PVA/MMT/Zn
(ClO4)2 hydrogel electrolyte (Figure 11G). It delivers an
excellent energy density (138.6Wh kg−1) and superior
power density (18 kWkg−1). It is worth noticing that the
flexibility of the GE plays a vital role in being utilized as a
power supply in wearable electronics. Digital images in
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Figure 11H have verified thin membraned hydrogel
electrolytes with excellent flexibility and bending propert-
ies. Moreover, the flexibility of the assembled device is
evaluated by bending the f‐ZIHSC at different angles
ranging from 0° to 120°, and the corresponding galvano-
static charge–discharge (GCD) curves remain almost the
same, depicting the wonderful mechanical flexibility of
the f‐ZIHSC device for practical application (Figure 11I). It
is well‐known that different biomass sources are naturally
enriched with diverse chemical compositions. To take
advantage of numerous chemical components simulta-
neously, a mixture of biomass materials can be utilized to
develop highly efficient electrode materials. In this regard,
Yu et al.'s88 research group put forward an important
report based on a mixture of coconut husk and bagasse as
a biomass source to fabricate hierarchical PC as a cathode
material for the f‐ZIHSC. This study work exposed the fact
that different biomass sources can generate PC with
unique and distinct morphological characteristics. As

evidence, the bagasse (cellulose‐rich) derived PC owns
abundant pores with large SSA but poor conductance. On
the contrary, CS (lignin‐rich) keeps excellent graphitiza-
tion degree and good conductance but inadequate
porosity. A mixture of bagasse and CS‐derived PCs was
fabricated as cathode material to utilize the advantages of
both BPCs. Consequently, a promising capacity (305mAh
g−1), admirable energy density (118Wh kg−1), and ex-
cellent cyclic stability (95% capacity retention over 20,000
cycles) were obtained.

Another important research work was introduced by
Chen et al.'s133 research group, utilizing the benefits
simultaneously from BPC doped with heteroatoms (HD‐
BPC). They selected bamboo as a source of natural
biomass having a short growth period, excessive yield, and
ease to convert into PC via a simple combustion process
(Figure 11J). The final product owns all the benefits of
BPC, including large SSA, abundant active site, enlarged
microporosity, and so forth. On the other hand,

FIGURE 11 (A) Schematic presentation of BPC, BPC‐PS, and their respective FESEM images at different reaction conditions. (B) Pore
size distribution curves of BPC and BPC‐PS. (C) Schematic illustration of quasi‐solid‐state f‐ZIHSC. (D) Different bending condition and
their respective CV curves of f‐ZIHSC and (E) self‐discharging curves and inset showing the charging of a mobile phone while using f‐
ZIHSC. Reproduced with permission: Copyright 2020, Elsevier.52 (F) Schematic illustration of the production of BPC‐CS from CS. (G)
Schematic presentation of assembled quasi‐solid‐state f‐ZIHSC, CSAC//PVA/MMT/Zn(ClO4)2 gel electrolyte, and Zn anode. (H) Digital
photographs of PVA/MMT membrane and assembled f‐ZIHSC. (I) CV cures at different bending angles. Reproduced with permission:
Copyright 2021, Elsevier.132 (J) Bamboo and bamboo‐derived PC's schematic presentation. (K) CV curves of the assembled device at different
bending conditions. (L) Cyclic performance of the fabricated device (inset displaying a thermometer powered by using f‐ZIHSC).
Reproduced with permission: Copyright 2021, Elsevier.133 BPC‐PS, BPC based on pencil shaving; BPC, biomass‐derived porous carbon; CV,
cyclic voltammetry; FESEM, field emission scanning electron microscopy; f‐ZIHSC, flexible Zn‐ion hybrid supercapacitor; MMT,
montmorillonite; PC, porous carbon; PVA, polyvinyl alcohol.
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heteroatom doping of bamboo‐derived BPC can further
intensify the charge transfer and wettability and enhance
pseudocapacitance charge storage via redox reactions.134

Figure 11J displays the schematic illustration of the
preparation route. The as‐fabricated product offers numer-
ous carbon defects, higher SSA, and larger pore volume.
On account of all these features, the fabricated cathode
based on N–O–BPC shows much higher energy density
and specific capacitance as compared to the pristine BPC
based on bamboo. Moreover, the assembled f‐ZIHSC holds
admirable flexibility as proven by the recorded CV curves
obtained at different bending angles (Figure 11K), as well
as excellent cyclic stability with ∼99% of capacitance
retention after 2500 cycles (Figure 11L). The potential for
practical application of the assembled device is confirmed
by powering a digital thermometer for several hours, as
shown in the inset of Figure 11L.

5.1.4 | Graphene

Graphene is the most extensively studied material in
different research fields, especially energy storage sys-
tems. Its unique properties include significantly high
SSA, excellent electronic conduction, and superabundant
porosity.135,136 Nevertheless, the stacking of graphene
sheets is the biggest challenge that limits their perform-
ance by reducing the SSA, hampering the ion/charge
transport, and restricting the charge storage.58,137 A
practical solution to the problem mentioned above is to
merge the graphene with certain 1D materials, for
example, CNTs. Zhang et al.'s108 research group intro-
duced rGO/CNTs nanocomposite fibers as a capable
cathode material for ZIHSC. A quasi‐solid‐state f‐ZIHSC
device is fabricated by utilizing the rGO/CNTs fibers as
cathode, zinc‐plated carbon as the anode, and ZnSO4‐
filled PAA hydrogel as electrolyte. The assembled device
offers a higher energy density of 48.5 mWh cm−3 with a
power density of 179.9 mW cm−3. Additionally, taking
advantage of unique morphology, the formation of zinc
dendrites is efficiently suppressed, resulting in long‐term
cycling stability of 10,000 cycles with retention of 98.5%.

Multi‐walled carbon nanotubes (MWCNTs) are
another leading class of CNTs, which is one of the
common choices as an SC material, as they possess
outstanding conductivity and excellent SSA.138 Combining
the advantages of both mentioned materials and taking full
benefits of interlayer spacing of graphene nanosheets,
MWCNT cannot just be embedded between the graphene
sheets. Moreover, MWCNT can additionally generate a
conductive framework with the longitudinal direction via
contact with active material, resulting in electrochemical
performance enhancement.139,140 Liu et al.'s141 research

group fabricated free‐standing CC containing graphene
and MWCNTs (Figure 12A). The addition of MWCNTs
successfully prevented the restacking of the graphene
nanosheets, enabling the enhanced ion‐accessible surface
area and porosity. The density functional theory (DFT),
based on pore size distribution, declares that mesopores
ranging from 2.5 to 15 nm as well as numerous micropores
are also detected (Figure 12B). The schematic presentation
of the assembling device based on fabricated material as
cathode, zinc foil as an anode, and GE membrane as an
electrolyte is shown in Figure 12C. The assembled f‐ZIHSC
displays an excellent energy density of 158.1Wh kg−1 at
236.9Wkg−1 with an enlarged potential voltage of 2.4 V.
The f‐ZHISC also demonstrates an admirable excellent
cyclic stability without any visible capacitance decay over
30,000 cycles. Most importantly, the flexibility of the
assembled device is verified by bending at 180° for 300
times, afterward evaluating the GCD curves presented in
Figure 12D. The obtained results are fascinating in that
91.8% of capacitance is retained even after 300 times
bending at 180°; these results declare that the device is
suitable for practical applications. Furthermore, as evi-
dence, the f‐ZIHSC has been magnificently employed to
power a digital watch at different bending positions, as
shown in Figure 12E, proving that the fabricated device is
one of the excellent candidates for wearable electronics.

Another attractive characteristic of graphene is that it
can easily be functionalized with specific substituents,
such as oxygen, which can modify the fundament's
features and initiate redox reactions, enhancing the
carbons' electrochemical activity. In this respect, Shao
et al.61 illustrated rGO functionalized with oxygen
(O‐rGO). They investigated the effects of oxygen‐
containing moieties on zinc ion's adsorption in f‐ZHSC
(Figure 12F). The contents and kinds of oxygen‐containing
moieties are rationally tailored by adopting different
reduction methods and reductants. Among different
prepared cathode materials, hydrogen peroxide‐assisted
hydrothermally obtained rGO (HHT‐rGO) possesses high
conductivity (5.16 Sm−1) and a large specific capacitance
(218 F g−1). This superior charge storage capacity is
attributed to the vast contents of –COO– and C═O groups,
as well as the large SSA, that enhance the hydrophilicity
for zinc‐ion adsorption on the electrode surface. The
schematics of full quasi‐solid‐state f‐ZIHSC are presented
in Figure 12G, and the fabricated HHT‐rGO cathode‐
based device delivers a higher specific capacitance of
1257mF cm−2; interestingly, the device offers 780mF
cm−2 of specific capacitance even though the scan rate
increases to 20mV s−1. The excellent flexibility of the
device is firmly proven by a 0% drop in capacitance while
bending at different angles ranging from 0° to 90°, as
shown in Figure 12I. More admirably, the device delivers
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outstanding areal energy density (342 µWh cm−2) and
excellent power density (880mW cm−2) that is far
exceeded by other recently reported quasi‐solid states
f‐ZIHSC as well as aqueous ZIHSC (Figure 12J).

5.2 | Metal‐oxide based materials

TMOs are considered one of the leading candidates to
be used as a cathode material in f‐ZIHSC with enhanced
energy and power densities. They possess multiple
valence states that allow substantial redox reactions
to offer high specific capacitance in energy storage
systems, especially for f‐ZIHSC. Recently, Ma et al.'s39

research group has been the pioneers to introduce
MnO2 as a cathode material for the fabrication of
f‐ZIHSC. The assembled device is based on γ‐MnO2 as
cathode, and AC as an anode, which can attain
comparable energy density to that of Zn–MnO2 battery
with an excellent power density of 13.0 kW kg−1. An

important finding of this study is that the electroche-
mical performance of the fabricated device depends on
the composition/concentration of the electrolyte. It is
reported that the addition of a specific amount of Mn2+

ions in an electrolytic solution (ZnSO4) improves the
capacity up to 83.8 mAh g−1. The replacement of SO4

2−

by CF3SO3
−, (2 M Zn(CF3SO3)2 used as electrolyte

instead of ZnSO4) terminates manganese's dissolution,
resulting in excellent stability with 93.4% of capacitance
retention over 5000 cycles. Unfortunately, the Zn
(CF3SO3)2 is ∼37 times more expensive than the ZnSO4

electrolyte.142 Therefore, some new emerging strategies
should be adopted to avoid the high cost as well as side
reactions; moreover, good safety characteristics and
excellent electrochemical performance can be attained.
In this perspective, Chodankar et al.'s143 research group
introduced a dual strategy by the engineering electrolyte
and electrode features that enhanced the overall
performance of fabricated f‐ZIHSC. Firstly, engineering
of rGO‐incorporating‐NbPO (niobium oxy‐phosphide)

FIGURE 12 (A) SEM image of MWCNTs embedded rGO electrode. (B) N2 adsorption/desorption isotherm (pore size distribution is
displayed in inset). (C) Schematics of f‐ZIHSC. (D) Capacitive retentions of f‐ZIHSC at a different bending angle of 180° (inset displaying
corresponding GCD records). (E) f‐ZIHSC powering a watch under different bending, twisting, and folding conditions. Reproduced with
permission: Copyright 2021, American Chemical Society.141 (F) Schematic illustration of the configuration and reaction mechanism of
f‐ZIHSC, emphasizing the surface oxygen group' enhancing the charge storage. (G) Schematic presentation of quasi‐solid‐state f‐ZIHSC. (H)
GCD curves recorded at different current densities. (I) CV curves obtained at different bending angles using assembled quasi‐solid‐state
f‐ZIHSC. (J) Ragone plot; comparison of energy and power densities of recently reported f‐ZIHSC. Reproduced with permission: Copyright
2020, Wiley‐VCH GmbH.61 CV, cyclic voltammetry; f‐ZIHSC, flexible Zn‐ion hybrid supercapacitor; GCD, galvanostatic charge–discharge;
rGO, reduced graphene oxide; SEM, scanning electron microscopy.
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leads to improving the capacitive capability of cathode
material. Secondly, the addition of a low‐cost additive to
the conventional Zn‐electrolyte impressively enhances
the electrochemical stability. Comprehensive informa-
tion about the fabrication of hybrid rGO‐assisted NbPO
(2D‐layered) architecture is exposed in Figure 13A. The
architecture rGO–NbPO (in the aqueous state) offers
excellent capacitance of 191.88 F g−1, the highest energy
density of 56.03Wh kg–1, and admirable energy effi-
ciency of 50%–55%. As the designed rGO–NbPO has
shown exceptional features, it is expected to be utilized
in the field of flexible electronics. To verify the practical
applicability, stability, and flexibility of the assembled
f‐ZIHSC device, a charging–discharging test over 50,000
cycles at a high current rate (4 A g–1) has been
performed and the device expressed 76.81% of capaci-
tance retention declaring the excellent stability of the
rGO–NbPO cathode. Moreover, the results obtained

through the Nyquist plot (Figure 13B), before the
stability test, after 25,000 cycles, and after 50,000 cycles,
express an excellent electrolyte/electrode interface
connectivity. Furthermore, the flexibility of the as-
sembled device was verified by recording the CV curves
at different bending angles (Figure 13C); the obtained
overlapped plots show the excellent electrochemical
performance of the device without any loss in capaci-
tance, and the digital images (Figure 13D,E) are also
evident for the flexibility of the device, making it
suitable for wearable electronics.

To achieve a high energy density from f‐ZHSC is still a
pursuit for a longer life span. Energy storage devices can
be integrated with certain energy conversion systems,
which can be an effective way to enlarge the practicability
of f‐ZHSC. At the time when the energy storage device is
exhausted, the integrated system can collect energy from
the environment and recharge the system for smooth

FIGURE 13 (A) Schematic illustration of rGO‐NbPO. (B) Nyquist plots performance of material before and after the stability tests.
(C) Flexibility of f‐ZIHSC test recorded by CVs at different bending angles. (D) Digital photographs of f‐ZIHSC at different bending angles.
(E) Lighting of LEDs. Reproduced with permission: Copyright 2020, Elsevier.143 (F) Schematic presentation of the synthetic route for CFC@
PC/Co‐N‐C. (G–I) SEM images of CFC and CFC@PC/Co‐N‐C at low and high magnification. (J–L) Presentation of the “air chargeable”
ZIHSC and its working under different deformations including squeezing, twisting, and folding, respectively. (M) Demonstration of f‐ZIHSC
powering a digital hygrometer. Reproduced with permission: Copyright 2019, Wiley‐VCH GmbH.144 (N) Schematic illustration of the
assembly of f‐ZIHSC based on GNS/CNT@MnO2 electrode as cathode and AC as an anode. (O) Discharge curves at different bending angles.
(P) Two f‐ZIHSCs are connected in series to light up a blue LED. Reproduced with permission: Copyright 2021, Elsevier.145 AC, activated
carbon; CFC, carbon fiber composite; CNT, carbon nanotube; CV, cyclic voltammetry; f‐ZIHSC, flexible Zn‐ion hybrid supercapacitor; LED,
light‐emitting diode; NbPO, niobium oxy‐phosphide; PC, porous carbon; rGO, reduced graphene oxide.
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functioning. Hence, consolidating f‐ZIHSC with other
energy conversion units takes into consideration an
encouraging self‐charging system. In this perspective,
Ma et al.'s144 research group introduced a unique air‐
chargeable f‐ZIHSC, consisting of a Zn‐metal electrode
(in the middle) and U‐shaped fabricated electrode with
constituents of PC/Co‐N‐C immobilized CC, and the
schematic diagram for the material synthesis process and
corresponding SEM images are shown in Figure 13F,G,I,
respectively. The fabricated unique U‐shaped electrode
has bifunctional properties, working as a capacitor (one
side) and as an air electrode (another side). The
developed f‐ZIHSC is proven to be highly durable under
different mechanical deformations (Figure 13J–L). More-
over, the developed system attained a quick charging of
depleted f‐ZIHSC to 88% (within 10min) and excellent
stability during 60 discharging–charging cycles, enabling
to power an electronic device (Figure 13M). Another
interesting work is demonstrated by Zhang et al.'s145

group, which adopted a prezincation treatment of
electrode to construct a highly efficient f‐ZIHSC using
GNS/CNT@MnO2 electrode as cathode and AC as an
anode, having ZnSO4/MnSO4‐xanthan GE (Figure 13N).
The assembled device offers excellent specific energy
(41.5Wh kg−1) and outstanding cycling stability while
retaining 81% of capacity with 100% of Coulombic
efficiency over 10,000 cycles at a high current density of
2 A g−1. Additionally, the fabricated device can be bent at
different angles (Figure 13O) with no prominent loss in
inefficiency. The device can also enlighten light‐emitting
diode (LED; Figure 13P), demonstrating the practicabil-
ity of the designed f‐ZIHSC.

Despite all this inspiring progress, the structural
stability and the conductance of the materials are still
manifest drawbacks of TMOs. Therefore, the electrodes'
life span and rate capability are beyond that of carbon‐
based materials. To alleviate the conductance issues,
conductive substrates (CNT/CC) are being coupled
with TMOs; even so, the intrinsic problems, including
disproportionation reactions, phase evolution, and metal
dissolution of TMOs, should be urgently to implement
the effective strategies.

5.3 | MXene‐based materials

MXenes are profoundly appraised as an ideal electrode
material for energy storage systems because of their
higher conductivity, novel 2D‐layered design, attractive
surface chemistry, and admirable flexibility.146,147 It is
worth mentioning that the MXenes have the ability to
provide redox and intercalated pseudocapacitance in
acidic electrolytes, leading to a prominent Zn2+ ions

intercalation and stimulating the design of Zn–MXene SC
while using the mild‐acidic electrolytes, for example,
ZnSO4.

148,149 Recently, Wang et al.'s150 research group
investigated and utilized 3D MXene along with rGO to
develop a composite aerogel as a cathode material for
f‐ZIHSC for the first time. The developed f‐ZIHSC exhibits
excellent specific capacitance of 128.6 F g−1 and a higher
energy density of 34.9Wh kg−1, as well as holds an
impressive long cycling life. Following the pioneers, Ma
et al.151 introduced a spherical Sn4+–Ti2CTx/C cathode
material with extended interlayer spacing, which success-
fully reduces the chances of restacking of MXene sheets
and offers enhanced reaction kinetics. The schematic
illustration for the fabrication process of Sn4+–Ti2CTx/C
composite cathode is shown in Figure 14A, and the
interlayer expansion process is illustrated in Figure 14B.
The flakes of Ti2CTx are observed to be vertically aligned
onto the exterior of the C‐spheres, which enhances the
ion's transportation by reducing the diffusion paths and
consequently promotes the reaction kinetics (Figure 14C).
More importantly, the Sn4+–Ti2CTx/C cathode‐based
f‐ZIHSC holds on excellent anti‐self‐discharge character-
istics. The Zn‐anode is primarily responsible for the self‐
discharging ability.102 During the charging process, Zn2+

ions undergo reduction and generate Zn atoms, which
effectively prohibits the cation accumulation onto the
surface of the anode, thus reducing the internal electro-
static interactions, as demonstrated in Figure 14D. It is
worth mentioning that the fabricated solid‐state f‐ZIHSC
based on Sn4+–Ti2CTx/C cathode can work at low
temperatures; as proven by recording the Nyquist plots
of electrochemical impedance spectroscopy (Figure 14E),
corresponding ionic conductances at different tempera-
tures are displayed in Figure 14F. The excellent ionic
conductance allows the f‐ZIHSC device to offer a
discharge capacity of 92mAh g−1 at 0.5 A g−1 with good
rate capability (Figure 14G). The f‐ZIHSC is highly
applicable in real‐world applications, as proved by
running the digital meter in subzero temperature (ice)
(Figure 14H). Furthermore, Li et al.'s152 research group
also shared their findings as an effective strategy to avoid
interlayer stacking and agglomeration that limit the
practicality of the devices. They developed a 3D‐MXene
derived composite (MXene‐Zn) having a morphology of
nanobelt, which effectively suppressed the restacking of
the flakes. Additionally, this study also introduced
MXene‐Zn as an anode material in replacement of
conventional zinc foil, which played a vital role in
enhancing the efficiency of the device. The assembled
device (MXene‐Zn anode, PC cathode) delivers outstand-
ing specific capacity (75.2mAh g−1) and energy density
(60.2Wh kg−1), and moreover holds 92.5% of capacity
retention after 10,000 cycles.
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f‐ZIHSC is still suffering from certain problems that
lead to shortening the life span and efficiency. Dendrite
formation at the surface of zinc anode is one of the major
challenges to be addressed. In this regard, Wang et al.'s153

research group put forward an interesting strategy to use
the MXene as an anode material instead of zinc‐anode to
avoid dendrite formation and side reactions. Figure 14I
presents the transmission electron microscopy (TEM)
image of the 2D‐lamellar structure of the MXene
nanosheet, and the inset displays the digital photograph
of a flexible MXene anode. The formation of the MXene is

accomplished by the etching of Al from Ti3AlC2, which is
confirmed by XRD (Figure 14J). The f‐ZIHSC is designed
by assembling MnO2‐CNT (cathode) and MXene (anode)
in a sandwiched manner in an aqueous electrolyte. The as‐
fabricated material exhibits (in aqueous media) admirable
specific capacitance (115.1 F g−1) and excellent energy
density (98.6Wh kg−1 at 29.7Whkg−1). Moreover, the f‐
ZIHSC in GE also performs the high values of 59.9W kg−1

(energy density) and 12.4Wh kg−1 power density. The
flexibility of the device is further evaluated by adjusting
the bending angles from 0° to 120° (Figure 14L).

FIGURE 14 (A,B) Schematics of the preparation process and intercalation kinetics of Sn4+‐Ti2CTx/C sphere, respectively. (C) SEM
image of Ti2CTx/C sphere. (D) Schematic presentation of the anti‐self‐discharge process. (E) AC impedance resistance. (F) Calculated ions
conductivity of fabricated material at different temperatures and (G) stability test of flexible ZIHSC at different temperatures. (H) Working of
the quasi‐solid‐state f‐ZIHSC in ice to power an electronic device. Reproduced with permission: Copyright 2020, Wiley‐VCH GmbH.151 (I)
HRTEM image of MXene electrodes. Inset: photographs of the free‐standing MXene electrode. (J) XRD patterns of prepared materials. (K)
CV curves at different bending conditions using fabricated f‐ZIHSC. (L) Schematic illustration displaying the flexibility of fabricated f‐
ZIHSC. Reproduced with permission: Copyright 2019, Springer.153 (M) SEM image of layered MXene anode. (N) Schematics of Zn−MXene
f‐ZIHSC. (O) Capacitance retention curve while bending at various angles. (P) Wristwatch powering by two f‐ZIHSCs. Reproduced with
permission: Copyright 2019, American Chemical Society.102 AC, activated carbon; CV, cyclic voltammetry; f‐ZIHSC, flexible Zn‐ion hybrid
supercapacitor; HRTEM, high‐resolution transmission electron microscopy; SEM, scanning electron microscopy; XRD, X‐ray diffraction.
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Encouragingly, the device at different angles had no
prominent change and obtained CV curves overlapped
(Figure 14K). This kind of emerging strategy can lead to
thinking about new ideas for the development of efficient
energy storage systems in the near future. Afterward, Shi
et al.'s154 research group also prepared a flexible electrode
anchoring the MXene nanosheet onto the exterior of the
cotton cloth (CC) substrate as an anode for f‐ZIHSC. The
assembled f‐ZIHSC not only displays excellent stability
with 80.7% capacitive retention over 16,000 cycles but also
possesses high flexibility by retaining 93% capacitance
during the bending tests (0–150°).

There is another important issue that needs to be
addressed here; while dealing with the energy crisis and
using renewable energy sources, the developed recharge-
able energy storage devices produce a huge quantity of
e‐waste, including electrolytes, heavy metals, and so forth
that are highly toxic, acidic, or alkaline causing the serious
environmental hazards.155,156 To handle this issue, degrad-
able energy storage systems were suggested to be generated,
but it is not so easy to develop such electronics because they
need to be stable for energy storage purposes.157,158 Yang
et al.102 successfully fabricated a degradable f‐ZIHSC based
on the MXene (cathode) and Zn nanosheets vertically
aligned onto the Ti3C2 film as the anode. Ultra‐thin free‐
standing few‐layer Ti3C2 MXenes are evident from the SEM
image (Figure 14M). The charge storage mechanism of the
f‐ZIHSC with ZnSO4‐based GE is depicted in Figure 14N.
While evaluating the electrochemical performance, the
whole capacitor retains 82.5% of capacitance over 10,000
cycles and is completely degraded within 7.25 days, with the
lowest self‐discharging rate of 6.4mVh−1. This admirable
anti‐self‐discharging ability can be attributed to the zinc
anode where the Zn2+ ions are reduced to Zn, diminishing
the electrostatic interaction generated by SO4

2−. Moreover,
the assembled solid‐state flexible Zn−MXene device holds
up to 100% of capacitance under different deformations
(Figure 14O), signifying desirable flexible capability, and
can light the smartwatch (Figure 14P).

MXene‐based f‐ZIHSC generally offers an outstanding
rate performance and higher volumetric capacitance due
to the quick insertion/extraction reversible reaction,
highly flexible layered morphology, and excellent conduc-
tivity, empowering it as progressive candidates for
f‐ZIHSC. However, the lower stability experienced during
the charging and discharging process is still one of the key
challenges in designing MXene‐based materials. Addition-
ally, the development of Zn(OH)2)3(ZnSO4)(H2O)n flakes
critically blocks the structural pores, which hampers the
cyclic performance and capacitance of the MXenes‐based
electrode materials very seriously. These problems need to
be seriously considered for improving the overall perform-
ance of MXene‐based f‐ZIHSC.

5.4 | MOFs‐/COFs‐based materials

MOFs and COFs belong to a series of crystalline and
highly porous materials. They have drawn much
consideration in energy storage systems because of their
higher SSA, adjustable pore sizes, well‐ordered morphol-
ogy, and distinct redox‐active porous framework. They
are also structurally stable, having copious active sites
and high conductance, which are the foremost require-
ments for the development of SC electrodes. In this
regard, Xin's research group introduced f‐ZIHSC based
on AC‐coated poly(4,40‐thiodiphenol) electrodeposited
on CC as the cathode materials (Figure 15A).159 The
deposited redox‐active polymer plays an important role
in further enhancing the energy storing capability of the
device, broadening the voltage window from 0.2 to 1.8 to
0.1–1.9 V (Figure 15B) and more importantly, leading to
an increase in the areal capacitance around three times
compared to the Zn//AC device. The reported f‐ZIHSC
also expressed better cycling stability of 71% of the
capacitive retention over 2000 cycles. The author also
compared the electrochemical performance of the device
with those in the literature based on energy and power
densities and proclaimed the best results for the AC‐
coated poly(4,40‐thiodiphenol) electrodeposited on CC‐
based f‐ZIHSC (Figure 15C). Additionally, the flexibility
of the assembled quasi‐solid‐state f‐ZIHSC as pouch
encapsulation is revealed by driving a digital electronic
and a mini fan's motor (Figure 15D,E). It is worth
mentioning that the electrochemical performance of the
pouch type f‐ZIHSC is not hampered at all while bending
and cutting the pouch edges.

Perfect anode material for Zn2+ storage should
reversibly keep the Zn2+ with a slightly higher redox
potential in comparison with the (Zn) stripping/
plating potential. The mentioned requirement causes
the inadequate availability of appropriate materials. To
date, a couple of studies have revealed the advance-
ment of Zn2+ storage anodes based on inorganic
materials, such as ZnxMo2.5+yVO9+z,

162 Mo6S8,
163 and

Na0.14TiS2.
164 These anodes (inorganic) accommodate

the Zn2+ via the intercalation process in their lattice
channels/interlayer spaces. Because of the sluggish/
slow diffusion kinetics of these anodes, the f‐ZIHSCs
fail to deliver appropriate cycling stability and rate
performance. In this regard, Yu's research group
reported for the first time that a 2D poly‐acrylamide
COF (PI‐COF) anode has a strong capability to store
Zn2+. The well‐ordered porous networks (Figure 15F)
of PI‐COF permit fast/quick ion diffusion and the
effective approachability of carbonyl groups (redox‐
active) holding the low energy barrier. The Fourier‐
transform infrared and Raman analysis (in situ)
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FIGURE 15 (A) Schematic illustration of the preparation of Zn//poly(4,40‐TDP)/AC f‐ZIHSC device. The inset displays a digital
photograph of the flexible cathode. (B) CV curves recorded from bare carbon cloth, AC coating, and poly(4,40‐TDP)‐modified AC as
cathodes material. (C) Ragone plots displaying the comparison of energy and power densities of fabricated material with some recently
reported devices. (D) Representation of assembled device that retains its normal working after partially cut. (E) A tiny electric fan is driven
by two f‐ZIHSC connected in series. Reproduced with permission: Copyright 2019, The Royal Society of Chemistry.159 (F) SEM images of
prepared material. (G) FT‐IR spectra of CNT grown on CC and the PI‐COF. (H) CV curves of PI‐COF//MnO2 f‐ZIHSC at different scan rates.
(I) Upper and cross‐section views of Zn2+ diffusion paths. (J) Cycling performance of fabricated f‐ZIHSC under various deformations,
Reproduced with permission: Copyright 2020, American Chemical Society.160 (K) Synthetic pathway for the preparation of PA‐COF. Inset
displays SEM image of prepared material. (L) Thickness and flexibility measurements of f‐ZIHSC. (M) Digital photograph of lighting the
LED (1.5 V) by f‐ZIHSC. (N) Discharge curves recorded at different bending states. (O) Cycling performance under frequent bending state.
Reproduced with permission: Copyright 2020, American Chemical Society.161 AC, activated carbon; CC, carbon cloth; CNT, carbon
nanotube; CV, cyclic voltammetry; FT‐IR, Fourier‐transform infrared; f‐ZIHSC, flexible Zn‐ion hybrid supercapacitor; LED, light‐emitting
diode; PI‐COF, polyacrylamide covalent organic framework; SEM, scanning electron microscopy.
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accompanying the DFT study (Figure 15G,H) have
proven that imide carbonyl groups in PI‐COF are the
redox‐active hub, as well as exposed to the Zn2+‐
storage reaction mechanism. By utilizing the PI‐COF
anodes coupled with MnO2 cathodes, an f‐ZIHSC was
assembled, which displayed very stable CV curves at
various scan rates in the potential window of 0.0–1.8 V
(Figure 15I) and offered outstanding energy densities
from 23.9 to 66.5 Wh kg−1 at 133 to 4782 W kg−1.
Furthermore, the assembled device owns excellent
flexibility and cycling stability as proven by obtaining
the capacitance retention (82.5% after 2000 cycles),
even by bending at different angles (Figure 15J). The
results signify that PI‐COF//MnO2 is potentially beneficial
for wearable and flexible electronics. All these exciting
features of their fabricated PI‐COF anodes will encourage
to make more efforts dedicated to designing new/
interesting redox‐active monomers to substitute the
nonactive triphenylamine monomers utilized in this study
work and manufacturing PI‐COF morphologies holding
high theoretical specific capacity.

Another challenging issue to fabricate a thermally/
chemically stable polymeric electrode having plentiful
nucleophilic centers for Zn2+ (electrophilic) ion accep-
tor165 is highlighted by Wang and his research fellows.
The modular nature of the COFs that can further be
adjusted via modifying an electron‐rich backbone with
some heteroatoms has inspired Wang's group to introduce
some new strategies by developing a phenanthroline COF
(P‐COF). The synthetic route for the preparation of P‐COF
is illustrated in Figure 15K. The developed P‐COF offers a
higher capacity of ∼247mAh g−1 at 0.1 A g−1 with the least
capacitance decay of about ∼0.38% over 10,000 cycles. The
flexible P‐COF‐based ZIHSC is ∼0.3mm thick and can be
bent to 120° (Figure 15L), indicating a robust fabrication.
Furthermore, the device's practicality is confirmed by
lightening a 1.5 V LED lamp (Figure 15M), and the
stability of the device is proven by recording the
discharge/charge curves while bending at different angles,
showing no performance decay up to 300 bending cycles
(Figure 15N,O). These excellent electrochemical results
declared that the P‐COF‐based f‐ZIHSC holds great
potential in wearable/portable electronics applications.

5.5 | Other materials

Some other carbon materials, including AC, CNS,
phosphorene, and so forth, are also utilized in ZIHSC
as cathode material. AC is normally obtained via the
carbonization process and the activation of fully com-
mercialized carbon‐enriched precursors.166,167 The com-
mercially available AC has been broadly explored to

develop electrodes for conventional SCs and other energy
storage devices.168,169 Concerning the arising of ZIHSC,
the research findings published by Wang et al.44 explain
the perception that the ZIHSC involved precisely
commercially available ACs as positive electrodes.
Afterward, the research consideration on commercial
ACs is mainly focused on changing the procedures to
attain the functionalization or miniaturization of ZIHSC.
In this regard, Wang et al.'s120 research group introduced
coin‐type ZIHSC, where commercial AC works as a
cathode, Zn‐foil is utilized as an anode, and ZnSO4

is used as an electrolyte. The AC holds irregular
morphology with comparatively uneven surfaces, dem-
onstrating a high SSA and porous morphology. The
assembled AC//Zn‐based ZIHSC offers an excellent
capacity of 121mAh g−1 at 0.1 A g−1. Additionally, the
assembled device offers admirable stability of 91% of
capacitance retention after 10,000 cycles. Chen's group
puts forward another important research work based on
the experiment and DFT calculations; they developed a
WIS hydrogel type electrolyte filled with ZnCl2
(Figure 16A) to enhance the energy storage capacity of
SD‐AC and the zinc metal's reversibility simultaneously.
The SSA and porosity of the SD‐AC have been compared
with the commercial AC, as shown in Figure 16B. The
comparison displays a clear picture that higher SSA and
porosity of SD‐AC lead to an ultrahigh energy density
compared to its counterparts. The Ragone plot evidences
the high‐ranked performance of SD‐AC‐based assembled
devices in terms of energy and power density compared
to numerous AC‐based f‐ZIHSC (Figure 16C). The
mechanical flexibility of the assembled device was
confirmed via multiple practical usage scenarios at low/
high temperatures and different deformations to power
an electronic device (Figure 16D).

Among different carbon materials, CNS is considered
one of the best choices for energy storage systems. The
interconnected and hierarchical morphology of CNS
offers high SSA and sufficient micro‐/meso‐/macro‐/
pores channels for quick/fast ion/electron transportation.
Many research findings have been reported in which
CNS worked as cathode material for f‐ZIHSC; for
example, Wang et al.171 introduced oxygen functiona-
lized hierarchically porous CNS as a cathode material via
an in situ self‐activation approach to improve the
electrochemical performance of f‐ZIHSC. The f‐ZIHSC
offers a higher specific capacity (169.4 mAh g−1), an
improved energy density (125.1Wh kg−1), and an admi-
rable power density (16.1 kW kg−1), as well as ultra‐long
cyclic stability with capacity retention of 93.1% after
60,000 cycles. Wu et al.172 also contributed and put
forward exciting work by fabricating f‐ZIHSC based on
N and S codoped CNS cathode material. The assembled
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device displays a high specific capacity of 100.5 mAh g−1

with an excellent rate‐capability of 50.8% at 20 A g−1,
outstanding cyclic stability, and superior energy density
(86.5W h kg−1). Moreover, the flexible device is also
employed to power electronics, for example, electronic
timers and mobile phones. Lou et al.170 also reported a
low‐cost and highly efficient f‐ZIHSC based on 2D‐CNS
doped with N and O following the single‐stepped
combustion of wood. The three preparation steps,
including carbonization, pore‐formation, and doping
with N and O, were all achieved in one combustion step
(Figure 16E). It is worth mentioning that the obtained
material holds uniform 2D sheet‐like morphology with
an excellent surface area of 1248m2 g–1, which is
beneficial to providing the short ionic pathways and
enhancing the conductivity and wettability of the
material. A quasi‐solid‐state f‐ZIHSC is constructed
while coating the prepared 2D CNS onto a CC as a
cathode material (Figure 16F). The device exhibits an

admirable specific capacity of 34.6 mAh g–1 and an
excellent energy density of 27.7Wh kg–1. To unveil the
practicality of the developed material, the CV curves are
recorded at different bending angles, displaying no
obvious change in the curve shape (Figure 16G).
Moreover, the flexible device ensures the typical opera-
tion of a digital electronic device (Figure 16H), demon-
strating the excellent usage capability of the f‐ZIHSC in
the next‐generation flexible energy storage systems.

Phosphorene is a 2D material, highly stable allotropic
of phosphorous comprising a single layer of artificially
made black phosphorous. The few‐layer phosphorene
(FLP) has illustrated incredible potential as a capacitive
cathode in energy storage systems due to its mechanical
robustness, high SSA, and excellent charge carrier
mobility. Huang et al.'s54 research group recently fabri-
cated the FLP via electrochemical exfoliation of phospho-
rous black and utilized it as a cathode for f‐ZIHSC. SEM
images (Figure 16I) and elected area electron diffraction

FIGURE 16 (A) Schematic illustration of assembling of f‐ZIHSC. (B) SSA, microporosity, and respective energy densities of SD‐AC and
AC‐based f‐ZIHSC. (C) Ragone plot of f‐ZIHSC in comparison with literature. (D) The presentation of a thermometer and a digital watch
powered under various deformations. Reproduced with permission: Copyright 2020, Wiley‐VCH GmbH.120 (E) Schematic presentation of
synthetic route for CNS. (F) Schematics of f‐ZIHSC assembling. (G) A thermo‐hygrometer powered by prepared f‐ZIHSC based on CNS.
(H) CV curves recorded at different bending states by quasi‐solid‐state f‐ZIHSC. Reproduced with permission: Copyright 2020, Elsevier.170

(I) SEM and (J) corresponding SAED images of FLP. (K,L) Schematic presentation of FLP‐based ZIHSC and symmetric supercapacitor in
charged condition. (M) Schematics of the printing process. (N) The cycling stability test at high current density, (O) the GCD curves
obtained under various current densities, and (P) spiral and (Q) Taichi pattern printed SC powering an electronic watch. (R) Schematic
illustration of the Taiji‐patterned electrode and its ionic pathway. Reproduced with permission: Copyright 2020, WILEY‐VCH Verlag
GmbH.54 AC, activated carbon; CNS, carbon nanosheet; CV, cyclic voltammetry; FLP, few‐layer phosphorene; f‐ZIHSC, flexible Zn‐ion
hybrid supercapacitor; GCD, galvanostatic charge–discharge; SAED, selected area electron diffraction; SEM, scanning electron microscopy;
SSA, specific surface area.
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pattern (Figure 16J) confirm the wavy ultrathin nano-
flakes morphology of the prepared FLP. The stacking of
many nanosheets resulting in the development of the 3D
network is also verified. The charge storage mechanism
of FLP‐based ZIHSC is schematically presented in
Figure 16K,L. Based on two different electrolytes, includ-
ing propylene carbonate (PPC) and “WIS,” two different
f‐ZIHSCs using FLP as cathode material were assembled.
The WIS‐based f‐ZIHSC delivers an excellent capacitance
of 304 F g−1 at 0.2 A g−1, whereas PPC‐based f‐ZIHSC
offers 363.9 F g−1 at the same current density. Moreover,
the f‐ZIHSC assembled with WIS electrolyte displayed
admirable antiself‐discharge capacity while retaining the
capacitance of 76.16% over resting for 300 h. On the other
hand, the ZIHSC having PPC electrolyte showed only
12.12% of capacitance retention over resting for 200 h. The
higher anti‐self‐discharge capacity of WIS‐based f‐ZIHSC
is ascribed to the higher salt concentration inhibiting the
diffusion of the ions. Furthermore, the well‐expressed
flexibility of the prepared material by developing the
f‐ZIHSC with FLP, zinc powder, and PAM hydrogel, as
cathode, anode, and electrolyte, respectively, was devel-
oped via printing the conductive carbon in spiral and
taichi patterns (Figure 16M). The assembled device offers
216.8 F g−1 over 275 cycles, and their overlapped GCD also
indicates decent cyclic stability (Figure 16N,O). Both
designs are successfully utilized to power electronic
watches (Figure 16P,Q). The schematic illustration for
the fabrication of f‐ZIHSC is demonstrated in Figure 16R.

6 | FIBER ‐SHAPED f ‐ZIHSC

Fiber‐based electronic devices are the newly emerging class
of flexible electronics, evolved in recent years, offering
wearability, shape versatility, and distinctive ultra‐flexibility.
These excellent properties allow numerous deformations,
such as stretching, twisting, bending, and so forth.173,174 Till
now, various kinds of fiber electronics, including sen-
sors,175,176 generators,177 and detector,178 have been devel-
oped. These electronics have progressively searched for the
matching fiber energy system to satisfy the independent,
stable, and complete application setup.41 Fiber‐shaped
ZIHSC with an ultra‐long‐life span, robust safety, and higher
capacitance are well‐established because of its extensive
applications in portable/wearable electronics, smart gar-
ments, and multifunctional incorporated fabrics.59 Chen
et al. are the pioneers in developing the fiber‐shaped
ZIHSC. rGO/CNT composite fiber was utilized as cathode,
and Zn‐deposited graphite fiber was employed as the
anode (Figure 17A).50 The cross‐section SEM image of
rGO/CNT fiber declares the well‐established layered mor-
phology, offering numerous reaction active sites, which

is advantageous for the quick Zn stripping/plating
(Figure 17B). Consequently, excellent conductivity leads to
higher energy and power density in f‐ZIHSC. The assembled
device offered a remarkable energy density (48.5mWh cm−3)
and admirable power density (179.9mWcm−3). Moreover,
profiting from the fiber‐shaped assembly and the outstanding
flexibility of the utilized hydrogel (PAA) electrolyte, the
flexibility of the assembled device is also tested under CV
curves while bending at various angles (Figure 17C). The
same kind of obtained CV curves confirms no change in the
device's efficiency under different formations unveiling the
outstanding flexibility of the prepared electronics. Further-
more, the practicality of the fabricated device was confirmed
by powering the LED under various bending conditions
(Figure 17D). However, the overall electrochemical perform-
ance of the device drops immediately while increasing the
scan rate, which is attributed to the inadequate interaction
area between electrode materials and electrolytes, leading to
the slow electron/ion transfer rate. Hence, rational design of
freestanding 3D architectures onto a conductive fiber can be
an effective approach to achieving high‐performance
f‐ZIHSC. In this context, Pu et al.'s81 research group
developed 3D‐N‐doped CNT architecture onto the CNT
fiber (3D‐NCNT@CNT), as shown in Figure 17E. The main
purpose of this contribution is to enhance the charging/
discharging rate via fast electron/ion transport at NCNT
material and enlarge the SSA of the 3D‐NCNT networks.
The SEM images (Figure 17F) unveil the successful growth
of the 3D‐nano architecture onto the surface of the NCNT
fiber, not only enhancing the porosity and SSA but also
generating more adsorption sites for the storage of the
charges. A quasi‐solid‐state fiber‐shaped ZIHSC is assembled
by twisting the zinc nanosheets deposited CNT fiber
(Zn‐NS@CNT) as anode and the 3D‐NCNT@CNT fiber as
a cathode (Figure 17G). It is worth mentioning that the
fabricated materials offer a remarkably extended voltage
window of 1.8 V, as presented in Figure 17H, and the
assembled device displays an admirably high areal energy
density of 5.18mWhcm−2 and excellent power density of
0.64mWcm−2. The author also compared the obtained
energy and the power density of assembled ZIHSC with the
other recently reported carbon‐based and fiber‐shaped
energy storage systems; the comparison confirms the
outstanding outcomes of the fabricated 3D‐NCNT@CNT‐
based f‐ZIHSC (Figure 17I). The excellent flexibility and
robustness have been well confirmed by recording the GCD
curves at different bending states (Figure 17J) as well as the
finite element simulation technique, demonstrating the
practicality of fabricated materials in next‐generation porta-
ble/wearable electronics (Figure 17K).

Fan et al.'s179 research group contributed another
interesting work, and they developed a fiber‐shaped
ZIHSC where the bone glue‐derived carbon‐doped
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carbon fiber (as a cathode) in coaxial arrangement with
spiral zinc foil (as an anode) has the PVA/ZnSO4 GE
(Figure 17L). Figure 17M reveals that fiber‐shaped
ZIHSC can be knotted, and the pouch‐type ZIHSC can
be warped around the wrist to power other wearable
electronics (LED bulbs) (Figure 17N), proving the
feasibility in the wearable electronic application. The
developed fiber‐shaped ZIHSC displays excellent flexibil-
ity upon numerous deformations, zigzag bending, U‐
shape twisting, and even strong knotting without
displaying no apparent loss of electrochemical perform-
ance, as confirmed by the regular overlapped GCD curves
(Figure 17O). The fiber‐type ZIHSC can be easily
connected in parallel or series to increase the voltage/
current twice and can be knitted into garments to
power smart electronics, such as watches and LEDs
(Figure 17P).

Shi et al.180 proposed a unique idea by interweaving
coaxial f‐ZIHSC with long (length in meters) Ti3C2Tx

MXene cathode (core electrodes) and zinc fiber shell
(anode). The zinc fiber is interwoven onto the cathode
surface (Ti3C2Tx MXene) across the solid electrolytes.
These interesting braided structures exposed a higher
capacitance than the simple spring‐like structures. The
resulting f‐ZIHSC displayed a higher areal capacitance
(214mF cm–2), admirable energy density (42.8 μWhcm−2

at 5mV s−1), and excellent cycling life span (83.58%
capacity retention over 5000 cycles) as well as maintained
its capacitance even when rotating at 180° (Figure 17Q).
The coaxial ZIHSC also tied in numerous types of knots,
verifying a shape‐controllable energy storage system.

7 | MICRO f ‐ZIHSC

Miniaturization is the key trend in the advancement
of portable and most coherent electronic devices that is
very significant for the recognition of the “Internet of

FIGURE 17 (A) Schematic presentation of synthetic route for the preparation and assembling of rGO/CNT composite‐based fiber‐
shaped f‐ZIHSC. (B) Cross‐section SEM image of the carbon fiber with Zn deposition at different magnifications and corresponding EDX
elemental maps. (C) Capacitance retention of fabricated material while bending at 90° for 5000 times. (D) Digital photos of the lighting a
LED under different deformations. Reproduced with permission: Copyright 2019, WILEY‐VCH Verlag GmbH.50 (E) Schematic diagram of a
stepwise fabrication process for the 3D‐NCNT@CNT fiber electrode. (F) SEM image displaying the good growth of CNTs. (G) Schematic
presentation of the quasi‐solid‐state f‐ZIHSC. (H) CV curves of the 3D‐NCNT@CNT fiber and Zn‐NS@CNT in a ZnSO4 (1M) aqueous
electrolyte. (I) Ragone plot presenting the comparison of energy and power densities of prepared f‐ZIHSC with literature. (J) CV curves
obtained at different bending conditions by utilizing the prepared ZIHSC based on the 3D‐NCNT@CNT cathode and Zn‐NS@CNT and. (K)
Digital photograph presenting the ZIHSC woven into a fabric glove. Reproduced with permission: Copyright 2021, Royal Society of
Chemistry.81 (L) Schematic presentation of fiber‐type quasi‐solid‐state f‐ZIHSC. (M) Digital photograph of a watch powered with four fiber‐
type cells connected in series. (N) Digital photograph of LED array driven by pouch‐type cells connected in series. Reproduced with
permission: Copyright, 2021, Springer.179 (O) CV curves of coaxial f‐ZIHSC under different bending states and powering of a digital watch by
assembled device. (P) LED array lightened by assembled f‐ZIHSC in series connection. (Q) Capacitance retentions while twisting.
Reproduced with permission: Copyright, 2021, Springer.180 CNT, carbon nanotube; CV, cyclic voltammetry; EDX, energy‐dispersive X‐ray
analysis; f‐ZIHSC, flexible Zn‐ion hybrid supercapacitor; LED, light‐emitting diode; rGO, reduced graphene oxide; SEM, scanning electron
microscopy.
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Things” as well as “artificial intelligence” in the near
future.181–183 To attain a higher power density and energy
density simultaneously with the existing miniaturized
electronic devices is one of the major challenges that
hampers further scaling down numerous electronics.184 It
is well known that zinc‐ion micro‐supercapacitors
(ZIMSCs) hold better electrochemical characteristics
because of their tiny size and reduced ion diffusion
pathway, describing the potential to bind the required
gap.185–187 Notably, electrochemical evaluations of ZIMSC
are not the same as those of f‐ZIHSC. The volumetric
density is more crucial than gravimetric density as the
mass of the loading material is negligible in ZIMSC.
Sun et al.188 are pioneers in fabricating the CNT‐based
miniature electrode via laser carving to develop the first
ZIMSC, delivering better areal capacitance (83.2mF cm−2

at 1mA cm−2). Although the electrochemical perform-
ance, including cyclability of assembled ZIMSC, needed to
be improved, this microdevice signifies a vital reference
for the ZIMSC. Following the pioneers, Zhang et al.185

tried to improve the electrochemical performance of
ZIMSC and successfully constructed a ZIMSC having AC
as cathode and Zn‐nanoarray as an anode. This device
exhibits high areal capacitance (1297mF cm−2 at 0.16mA
cm−2), excellent energy density (115.4 µWh cm−2 at
0.16mWcm−2), and outstanding cyclic stability with no
loss in efficiency after 10,000 cycles.185

It is normal practice to utilize AC as an anode
material in ZIMSC.189,190 However, the AC material
requires binders and a specific amount of conductive
additives that not only enhance the overall mass but also
causes to reduce the electrochemical efficiency. Mean-
while, the AC‐based anode cannot attain the ideal
electrochemical performance due to its electric double‐
layer energy storage process. Among the other efficient
materials, Ti3C2Tx MXene is considered a perfect
candidate for ZIMSC.191,192 As thoroughly discussed in
the previous section, MXene owns exceptional physical/
chemical properties. The internal conductive transition
metal carbide and TMO‐like surface, acting as active
sites, offer quick redox reactions,193 boosting the specific
capacitance of ZIMSC. In this perspective, Li et al.194

anticipated a simple laser‐writing technique to manufac-
ture patterned Ti3C2Tx‐based ZIMSC, following in situ
annealing treatment (Figure 18A) that enhances the
cycling stability of the assembled device with 80% of
capacitive retention after 50,000 cycles. The SEM image
shows that the multiple layers of Ti3C2Tx‐MXene and
accordion‐like structures are verified, generated by the
acid etching method (Figure 18B). More importantly,
the developed ZIMSC exhibits admirable flexibility, as
proven by recording the CV curves while bending at
various angles (0–180°, Figure 18C). Figure 18D displays

the results obtained by the rate capability of ZIMSC; the
excellent rate performance signifies its capability for a
potential application. Additionally, the stability of the
assembled device is also estimated under various bending
times (Figure 18E). The constant areal capacitance after
1000 times bending under each bending condition
exposes nonreducing capacitance, recommending its
significant flexibility. Moreover, the fabricated ZIMSC
device has admirable flexibility, as proven by driving a
digital timer and LEDs using a single ZIMSC device
under different bending conditions (Figure 18F,G). To
broaden the output efficiency and energy density of the
manufactured ZIMSC, two devices connected in parallel
and series displayed double output voltage/current at the
same scan rate (Figure 18H). Li et al.195 also fabricated a
flexible ZIMSC where Ti3C2Tx MXene is utilized as anode
and V2O5 worked as cathode via electrodeposition on
the graphite substrate without utilizing any conductive
material and binder (Figure 18I). The fabricated flexible
ZIMSC exhibits excellent electrochemical properties,
with an outstanding capacitance of 129mF cm−2, a
superior energy density of 48.9 μWh cm−2, and good
cycling stability (77% capacitance retention after 10,000
cycles). Furthermore, the device displays excellent
flexibility properties, as proven by the CV curves
recorded at different bending angles (Figure 18J,K).

Self‐powered wearable electronics are coordinated
with energy conversion and storage systems; for
example, solar‐charging units prompt widespread
attention in the industrial and scientific world. How-
ever, the inadequate tolerance to the fluctuations of
current (input), the limitations of inappropriate size
matching between coordinating modules, and safety
issues have hindered their practicality. Zeng et al.196

contributed well in this regard by introducing solar
charging (self‐powered) based printed flexible ZIMSC
(Figure 18L,M). The unique 3D morphology of the
biomass‐based kelp‐carbon integrated with storage of
ions (Zn2+) endows ZIMSC with an excellent specific
capacity of 196.7 mAh g−1. The integration of the
ZIMSC with solar cell (organic) as a self‐powered
energy system displays incredible energy conversion
and storage proficiency (17.8%), perfect solar‐charged
cycling stability (∼95% over 100 cycles), outstanding
flexibility, and an extensive current tolerance ability.
Additionally, the wearability and practicality of the
integrated energy unit are verified by powering a digital
watch, as displayed in Figure 18N. From this contribu-
tion, it can be claimed that the green integrated energy
units can bring new ideas to design the innovative
self‐powered energy units to achieve the goals of
economic, highly safe, stable, and long‐term smart
portable/wearable electronic systems.
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8 | ALL ‐CLIMATE CHANGE
f ‐ZHSCS

Aqueous electronics hold the advantages of eco‐friendliness,
cost‐effectiveness, and superior ionic conduction.197,198

Conversely, the freezing of water at low temperatures
prompts a quick drop‐off in its ionic conductivity leading
to an unexpected breakdown of the electronics.199,200

Few traditional strategies are being utilized to overcome
the freezing of the electrolytes (aq.), for example, the
addition of organic additivities or summation of

additional solutes (acids/inorganic salts) in electrolytes
at higher concentrations.201,202 The fundamental princi-
ple of this strategy is to inhibit the network of ordered
hydrogen bond formation between water molecules via
the solvents/solutes interactions, thus preventing ice
formation.203 Although the mentioned approach success-
fully diminishes the freezing of electrolytes (aq.), some
noticeable drawbacks persist.

Some organo‐hydrogel electrolytes experience flam-
mability toxicity and are overpriced; moreover, they also
entail laborious and complex preparation procedures.204

FIGURE 18 (A) Schematic illustration for the fabrication of the ZIMSC through laser‐writing technique. (B) SEM image displaying
multilayered MXene (Ti3C2Tx). (C) CV curves recorded by assembled ZIMSC under various bending positions. (D) Areal capacitance of the
ZIMSC at various current densities and different bending times. (E) Change in the areal capacitance recorded by ZIMSC under various
bending position at numerous bending cycles. (F) Digital photographs of the electronic timer powered by the single ZIMSC device under a
flat and bending condition. (G) CV curves obtained by connecting two ZIMSC in series and parallel position. (H) Digital photographs of the
assembled ZIMSC array powering a flexible LED array under various deformations. Reproduced with permission: Copyright 2021,
Springer.194 (I) Schematic illustration of fabrication and assembling process of the ZIMSC. (J) GCD curves obtained at different bending
times at 90° of bending angle. (K) The photograph of a ZIMSC device under bending state. Reproduced with permission: Copyright 2022,
Elsevier.195 (L) Graphical presentation of the solar‐charging (self‐powered) energy unit and (M) working mechanism of the ZIMSC. (N)
Concept presentation of the flexible solar‐charging (self‐powered) energy unit. Reproduced with permission: Copyright 2021, Springer.196

CV, cyclic voltammetry; GCD, galvanostatic charge–discharge; LED, light‐emitting diode; SEM, scanning electron microscopy; ZIMSC,
zinc‐ion micro‐supercapacitor.
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Therefore, the coherent formation of antifreezing hydrogel
electrolytes without organics additives is highly antici-
pated and could hold remarkable electrochemical
performance. In this regard, Fu et al.'s205 research
group introduced f‐ZIHSC as outstanding low‐
temperature versatility by developing self‐adhesive and
antifreezing poly‐zwitterionic hydrogel electrolyte
(PZIHE) by the self‐catalytic nano‐reinforced approach
(Figure 19A). Beside, the solid interfacial adhesion
and unique conductivity in cooperation with fantastic
mechanical stability over an extensive temperature range
(25−60°C; Figure 19B). The electrochemical performance,
via recording the CV curves of ZIHSCs in a temperature
range of −60 to +25°C, has been shown in Figure 19C.
The WIS‐type PZIHE packed with ZnCl2 supplies

channels for ions migration that enhance the reversibility
of electrodes (Zn metal), consequently reducing the side
reactions extensively and prolonging the cycling span.
With distinct cohesive advantages of the WIS‐type PZIHE,
the as‐fabricated f‐ZIHSC offers an excellent energy
density (80.5Wh kg−1) and anticipated specific capacity
(81.5mAh g−1), accompanied by an extraordinary cycling
span of over 100,000 cycles with 84.6% retention capacity
at −40°C as well as at room temperature. Remarkably, the
fabricated f‐ZIHSC can also be operated in ice‐cold water
and vacuum. The authors also compare the superior
performance of f‐ZIHSC with various reported works
under several parameters, including safety, stability,
interfacial adhesion, and conductivity, while using differ-
ent electrolytes (Figure 19D). The research group believes

FIGURE 19 (A) Schematic diagram for the development of self‐adhesive, antifreezing PZIHEs following the self‐catalytic nano‐
reinforced approach. (B) Schematics of laminated f‐ZIHSC assembly. (C) CV curves recorded at 500 mV s−1 at various temperatures.
(D) Radar plots for the performances of various electrolytes at different parameters. Reproduced with permission: Copyright 2021, American
Chemical Society.205 (E) Digital photographs of various frozen aqueous solutions of different salt electrolytes. (F) Representation of ionic
conductivities of the various salt solutions as well as corresponding salty ices at different temperatures. (G) Graphical presentation of
activation energies of salty ices and corresponding solution. (H) Schematic illustration for a mechanism of ions transport in Zn(ClO4)2 salty
ice. (I) Schematics of the charging mechanism of f‐ZIHSC. (J) The temperature variation test for PZIHEs based f‐ZIHSC. (K) A coin cell
assembled based on salty ice electrolyte powering an electronic and (L) GCD curves of two‐coin cells joint in series. Reproduced with
permission: Copyright 2021, Wiley‐VCH.206 CV, cyclic voltammetry; f‐ZIHSC, flexible Zn‐ion hybrid supercapacitor; GCD, galvanostatic
charge–discharge; PZIHE, poly‐zwitterionic hydrogel electrolyte.
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that the formulated strategy will contribute and inspire
the researchers to design the high‐performance PZIHEs in
the domains of wearable and flexible electronics that can
be employed in freezing situations.

Another innovative work is put forward by Sun
et al.'s206 research group as they introduced Zn(ClO4)2
salty ice as an electrolyte in the placement of conven-
tional frozen electrolytes. The author chose five different
zinc salts, including Zn(NO3)2, Zn(CH3COO)2, ZnSO4,
Zn(ClO4)2, and ZnCl2, and performed the freezing test
(Figure 19E). The experiment revealed the best perform-
ance of Zn(ClO4)2. This new type of salty ice holds an
excellent ionic conductivity of 1.3 × 10−3 Scm−1 even at a
shallow temperature of −60°C in comparison with
various salt electrolytes (Figure 19F,G). That is credited
to the distinctive 3D channels provided for the transpor-
tation of the ions inside the ice structure, enabling the
quick passage for both ClO4

− and Zn2+ ions at freezing
temperatures (Figure 19H). Utilizing the developed salty
ice Zn(ClO4)2 as an electrolyte, the fabricated ZIHSC
worked efficiently at −60°C and expressed an ultra‐long
life span of 70 cycles (Figure 19I). The novel discovery
offers a new vision for manufacturing low‐temperature
electronics using salty electrolytes.

9 | SUMMARY AND
CHALLENGES OF f ‐ZIHSCS

By consolidating the compatible benefits of both ZIBs
intended for higher energy density and traditional SCs,
owing to the excellent power density and admirable
cyclic stability, flexible ZIHSC illustrates auspicious
prospects as an authentic power source for under-
standing the complete idea of arising flexible electronic
systems. This review article outlines a foremost emphasis
imputed on general configuration principles, detailed
investigations on the anode, electrolyte, and cathode
materials, the practicality of device revolutions, and
flexible electrode/electrolytes materials in the framework
of f‐ZIHSC. To date, incredible accomplishments have
been achieved for the practical implementation of ZIBs
and SCs as efficient energy storage devices. However, the
research on f‐ZIHSC is yet at its primary stages due to
manifest facts like deficiency of high‐performance
electrode materials and electrolytic systems as well as
the unsatisfying energy densities of the existing
f‐ZIHSCs. Hence, adequate control of morphology,
materials composition, and configurational parameters
is critically important to obtaining highly effective
materials to attain high power and energy in f‐ZIHSCs.
In this regard, we suggest some particular considerations
that need to be focused on in the near future.

Carbon materials are considered the most auspicious
materials for f‐ZIHSC due to their creditable benefits
towards capacitive behavior. In this respect, the PC owns
the enlarged SSA, and hierarchically porous morphology
can boost the energy storage devices' rate capability and
capacity. The traditional template assistant can obtain
the desired structural modifications approaches inte-
grated with appropriate activation treatment. Further,
the adsorption sites at PC can easily be enhanced by the
heteroatom doping that possibly reduces the self‐
discharging process, attributing to the stable chemical
bonding compared to the physical adsorptions. However,
it is critical to further understand the clarifying facts in
depth. Specifically, the interactions among the cations
(Zn2+) and the dopant active sites and the adsorption/
desorption kinetics associated with theoretical calcula-
tions, experimental findings, and simulation investiga-
tions are suggested.

For flexible electronics, interfacial interactions are
one of the substantial concerns, as the volumetric energy
density is the most significant and relevant benchmark.
Hence, the 3D carbons with strong interfacial interac-
tions and sophisticated spatial charge density can be the
perfect cathode materials for f‐ZIHSC. Presently, the
TMOs, MXenes, MOF/COF materials, conductive
polymers, and phosphorene offer more elbow room for
the fabrication of flexible ZIHSCs. However, all the
mentioned materials suffer from inadequate cyclic life
span/stability because of the poor conductivity and/or
structural/chemical instability. Forthcoming progress
through different strategies, including doping, preinter-
calation, substrate coupling, and nanoarray architecting,
can hopefully boost the conductivity, structural/chemical
stability, and ion diffusion of these materials. In the
meantime, equivalent endeavors should be granted to
fabricate innovative pseudocapacitive materials. Conse-
quently, we predict that 2D lamellar pseudocapacitive
materials are the most auspicious ones as they balance
diffusion kinetics, anti‐self‐discharging capability, and
capacity.

Another important parameter that needs to be taken
into serious consideration is the appropriate design of the
flexible current collectors. The majority of the fabricated
materials exist in the powdered form; subsequently,
additional binders are essential to projecting them onto
specific current collectors. The ordinary metallic current
collectors, for example, silver, copper, and so forth, may
become hazardous in f‐ZIHSCs due to the corrosion
toward metallic Zn by establishing silver‐zinc or
copper–zinc cells. Moreover, in terms of practical applica-
tions of f‐ZIHSCs, metallic current collectors are not so
resilient considering the deformation property. In this
respect, carbon materials, specifically 3D fibrous carbon,
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hold a prominent position as they accompany substantial
mechanical flexibility, cycling stability, and electrical
conductivity. Despite utilizing the flexible carbon‐based
substrates as current collectors, integrating them with
certain active materials needs further investigations.

Furthermore, agglomeration needs to be emphasized
for primary investigations in aqueous electrolytes, such
as the solvation phenomenon and related desolvation
energy of the solvated cations (Zn2+). The impact of
various anions is not invisible, and moreover, the type of
anion is greatly affected by the materials utilized at
electrodes. Consequently, besides the inclusive necessi-
ties, for example, the influences of low viscosity, wide
voltage window, high ionic conductivity, and the overall
contemplations on both cathode and anode are obliga-
tory. For assembling the f‐ZIHSCs, the GEs are the
prominent constituent in a sense to conduct ions/charges
between cathode and anodes and assist as a separator,
providing the channels for ionic movements.

In addition, the electrode/electrolyte interface char-
acteristics need to be addressed carefully. In this
framework, along with the fundamental necessities,
more endeavors should be rationally dedicated to
strengthening the interfacial interactions and consider-
ing the interfacial characteristics. We suggest that the
hierarchical porosity and the cross‐linked GEs having the
fibrous morphology can effectively reinforce the inter-
facial interactions and sustain the stability of f‐ZIHSC.
Besides, covering the electrodes with GEs developed via
in situ growth is a proficient approach to enhance
the interfacial interaction. Also, future investigations
should emphasize electrode‐GE interfaces to inherently
address the traditional dendrites development, metal
disintegration, and self‐discharging issues.

To boost the Coulombic efficiency and power density
of f‐ZIHSC, the electrochemical performance of Zn‐
anodes needs to give special consideration. Generally, the
traditional f‐ZIHSCs utilize the Zn‐anodes, which own
unsatisfactory rate performance and low Zn stripping/
plating efficiency. Therefore, future investigations should
focus on the fabrication of 3D nanostructured Zn anode
and the morphological modification to overcome the
mentioned problems. Additionally, those approaches
employed in Zn‐ion, Na‐ion, and LIBs for metallic
anodes protection should be pursued to upgrade the
performance of Zn anodes in f‐ZIHSCs.

Another critical challenge for flexible energy storage
systems is to design devices that must be lightweight,
delicate, and flexible. In this regard, high volumetric
benchmarks are critically important for f‐ZIHSC. In most
studies, Zn plate/foil and active materials holding low
density are excessively utilized, which seriously weakens
the volumetric metrics at the entire device level. The

near future investigations should be dedicated to well‐
coordinating cathode/anode weight ratios, attaining
compact configurations, limiting the electrolytic content,
and advancing electrode materials. Critical evidence, for
example, the geometrical design of the entire device,
must be explained for better advancement in the
practical utilization of f‐ZIHSC.

Stability and flexibility are the most critical standards
for the fabrication of f‐ZIHSC, and to evaluate the
mentioned parameters, approximately all recently re-
ported investigations are adopting easy testing ap-
proaches, such as stretching, twisting, and bending that
can simply be performed by hand, lacking quantitative
information related to the tensile strength, modulus, and
so on, which looks to be fairly inconsistent.207 To satisfy
the possible assumption of flexible criteria, it is essential
to develop systematic standards to assess the mechanical
flexibility and strength of f‐ZIHSC.

Despite all the promising accomplishments dis-
cussed in this review article, the field of self‐healing
for f‐ZIHSC is still in its early stages. In this arising
field, still there are significantly logical and innovative
challenges to fulfill the requirements of smart wearable
energy storage devices, which call for admirable self‐
healing aptitude in terms of materials and devices as
well. While taking into account the material used, it
looks difficult to simultaneously attain the high
flexibility as well as the self‐healing capability with
excellent electrochemical performance. In this regard,
the synergetic parameter pertaining to self‐healing
property, flexibility, and the high electrochemical
capabilities for f‐ZIHSC is one of the foremost upcoming
trends.
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