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advances, challenges, and outlooks

Cheng Wang, † Xin Zeng, † Patrick J. Cullen and Zengxia Pei *

The advent of flexible electronic devices has given rise to urgent demand for compatible flexible power

sources. Zinc-ion hybrid capacitors (ZIHCs) combine the complementary advantages of zinc-ion

batteries— for high energy density—and supercapacitors— for exceptional power density and cycling

stability—and thus they have been vigorously studied as a very promising energy storage candidate in

recent years. In this review, we systematically summarize the fundamental principles and recent progress

of ZIHCs, including the critical challenges faced by electrode materials, electrolytes, and electrode–

electrolyte interfaces. Furthermore, special focus is given toward their functionalities (e.g., environmental

adaptability, stimuli-responsive properties, and miniaturization) commensurate with the flexible devices. A

perspective on future directions of flexible ZIHCs is also presented. This timely and comprehensive

review is expected to give a fresh impetus toward the rational design and development of flexible ZIHCs

to fully realize their potential as flexible energy storage devices.
1. Introduction

The burgeoning intelligent exible electronic devices have
gradually begun to revolutionize our society with their high-tech
designs and unique multifunctional interactive experiences. In
contrast to traditional rigid devices, exible electronic devices
can be twisted, bent, rolled, or stretched to a certain extent
while maintaining their normal functions.1,2 To fulll the full
exible prospects of these novel electronics, compatible exible
energy storage systems (ESSs) with high energy and power
density, excellent mechanical strength, superior safety, and
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long cycling life are urgently needed.3,4 Among all ESSs being
scrutinized, supercapacitors (SCs) have received widespread
attention in academia and industry in the last few decades
because of their high power density (>10 kW kg�1), fast
charging/discharging rate (within seconds), and long cycle life
(>105 cycles).5 Based on their energy storage mechanisms,
supercapacitors can be classied into two categories: electrical
double-layer capacitors (EDLCs) and pseudo-capacitors. The
charge storage in EDLCs is mainly based on the accumulation
of pure static charge at the electrode–electrolyte interface, while
pseudocapacitors rely on fast and reversible faradaic reactions
occurring at and/or near the electrode surface (typically <5 nm).6

Utilization of only the surface layers of the electrodes makes the
energy density of SCs far below the requirements of modern
electronics.7
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To break the limitation of conventional SCs, hybrid capaci-
tors with different asymmetric congurations have been devel-
oped to combine the complementary advantages of battery-type
electrodes and capacitor-type electrodes. In this way, hybrid
capacitors can provide high energy density while maintaining
high power density and ultrastability, which also provides
attractive solutions for the selection of energy devices.8 In other
words, the proper design of hybrid capacitors can make up for
specic problems associated with batteries or SCs. Historically,
the concept of hybrid capacitors originates from the lithium-ion
battery eld, and lithium-ion hybrid capacitors were rst re-
ported by combining a lithium titanate (Li4Ti5O12) negative
electrode (NE) and an activated carbon positive electrode
(PE).9,10 However, the limited reservation and uneven distribu-
tion of lithium (Li) resources on the Earth greatly impede its
practical applications in Li-based hybrid capacitors. Thus,
recent years have witnessed the blossom of other hybrid
capacitors based on monovalent and/or multivalent cations,
including sodium (Na+), potassium (K+), magnesium (Mg2+),
zinc (Zn2+), calcium (Ca2+), and aluminum (Al3+).11–14 Fig. 1
summarizes the typical physical parameters of all these cations
and metals. Among them, reactive metals such as Na and K
increase crucial safety risks due to the requirement of organic
electrolytes, whereasmultivalent metal ions likeMg2+, Ca2+, and
Al3+ suffer from sluggish diffusion and reaction kinetics. By
contrast, since the invention of the rst battery by Volta et al. in
1799, Zn metal has long been considered an ideal anode
candidate merited by its easy processability, high electrical
conductivity, high abundance, good compatibility/stability in
water, non-ammability, low toxicity, and comparatively low
price (ca. 2 USD per kg).15,16 More signicantly, Zn metal
possesses a high theoretical capacity (820 mA h g�1 and 5855
mA h cm�3), a suitable low redox potential (�0.76 V vs. standard
hydrogen electrode (SHE)), and relatively low polarizability
(compared with Mg and Al).16–18 All these advantages of zinc
exemplify the tremendous potential of ZIHCs, which open a new
horizon for the next-generation electrochemical ESSs.

In the last few years, encouraging strides have been achieved
in ZIHCs. New mechanisms, emerging materials, and novel
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device designs are continuously being studied/developed,
which are also reected by the soaring number of publica-
tions in this domain. However, compared with other ESSs (e.g.,
conventional SCs and batteries), the development of ZIHCs is
still in its infancy, and the dearth of understanding of the
reaction process and interfacial properties requires further in-
depth investigations. In particular, though increasingly re-
ported, the exible devices with integrated functionalities bring
in several new challenges. A timely and comprehensive review
dedicated to exible ZIHCs is, therefore, necessary to outline
recent advances and rationalize future research directions.
Herein, we rst introduce the charge storage principles and
relevant reaction mechanisms during the charging/discharging
process. Then, the latest advances in the development of elec-
trode materials, electrolytes, and device innovations are
summarized and exemplied, with general design principles
and special challenges/considerations for exible ZIHCs high-
lighted. Finally, we provide our perspectives and constructively
propose potential future research directions. We hope this
review will provide inspirations and guidelines for further
research studies on exible ZIHCs.
2. Principles of energy storage in
supercapacitors and hybrid capacitors

As mentioned above, the way supercapacitors store energy is
mainly based on two types of capacitive behavior, one is EDLC
that barely accumulates pure electrostatic charge at the elec-
trode interface and the other is pseudocapacitance formed by
prompt and reversible surcial redox reactions. There are
already many comprehensive reviews summarizing the mech-
anisms of supercapacitors in detail.4,7,20,21 In this section, we will
succinctly summarize the characteristics of the electrochemical
behaviors of SCs and batteries, then highlight the development
history and performance metrics of ZIHCs.
2.1 The energy storage mechanism of supercapacitors

The energy density of conventional capacitors is very low
because the charge storage area is very limited and the sepa-
ration distance between the two charged plates also causes
geometric constraints. The EDLC developed on this basis has
a larger interfacial area, which expands the charge storage area.
The separation distance of the charge is also within the atomic
range so that the EDLC can store more energy.22 In the past, it
was believed that to obtain a high capacitance, the pore size of
the electrode material should be much larger than the size of
the electrolyte ions and their solvated shells. However, later
studies discovered that micropores and the nanostructure of
the electrode material have a huge impact.23–25 Especially,
Gogotsi and his colleagues24 discovered that the desolvated ions
could contribute capacity in an EDLC when an electrode
material (carbide-derived carbon) with pore sizes smaller than
1 nm was used. Following this, more experimental results prove
that these solvated ions will be desolvated during the charging
process, which makes the size of those ions smaller. These
smaller ions can then utilize smaller holes in the electrode
J. Mater. Chem. A, 2021, 9, 19054–19082 | 19055
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Fig. 1 A comparison of the cation radius, hydrated ion radius of typical charge carrier ions, and gravimetric and volumetric capacities of the
corresponding metals.18,19
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materials and improve the energy storage performance of
EDLCs.26,27 At the same time, many studies have found that
when the ion size is comparable to the electrode material's pore
size, the capacitance will also be greatly increased.28,29 Thus, the
solvation and desolvation of ions and the interaction of ions
under extreme connement in pores have been the focus of
research in recent years.24,30,31 The nano- and sub-nano-scale
charge-storage mechanism have become a key research direc-
tion to improve the energy density of supercapacitors.

Typically, the energy storage of EDLCs purely relies on a high
surface area electrode, which shows a potential-independent
capacitance with a potential-independent current (Fig. 2a and
b). The corresponding discharge curve of EDLCs is almost linear
(Fig. 2c). In contrast, the battery materials typically exhibit
prominent and distinctly separated peaks corresponding to the
redox reactions in associated metal centers (Fig. 2g and h).
Battery materials have a signicant discharge plateau in the
Fig. 2 Distinction between (a and b) EDLC; (d and e) pseudocapacitor,
and (g and h) battery materials, with the corresponding discharge
curves (c, f and i). Reproduced with permission.32 Copyright 2018,
American Chemical Society.

19056 | J. Mater. Chem. A, 2021, 9, 19054–19082
discharge curve (Fig. 2i), corresponding to the potential of
faradaic reduction or oxidation of metal centers.32 Pseudoca-
pacitors occupy a middle ground between EDLCs and batteries.
Although the faradaic reactions occur in pseudocapacitors,
their characteristics are expressed between the two extremes.
Therefore, it is very important to understand the pseudocapa-
citance materials and the characteristics of pseudocapacitance.

In terms of pseudocapacitor electrodematerials, their energy
storage can proceed via faradaic electron transfer and non-
faradaic surcial charge adsorption. RuO2 and MnO2 are well-
studied representatives of pseudocapacitor materials. Mate-
rials such as doped carbon and conductive polymers are also
potential candidates for pseudocapacitive electrodes.25,33,34

Regarding electrochemical behavior, the characteristics of
either one (Fig. 2b, d and e) or a combination of each usually
occur in pseudocapacitors that have neither a signicant
discharge plateau nor a linear relationship in the discharge
curve.32 These studies on the mechanism and behavior of
EDLCs, pseudocapacitors, and batteries provide a solid foun-
dation for a better understanding and design of hybrid capac-
itors that combine the supercapacitor- and battery-type
electrodes.

2.2 The energy storage mechanism of zinc ion hybrid
capacitors

The rst demonstration of a ZIHC was done by Nohara et al. in
2007.35 However, they used a corrosive KOH/ZnO solution as the
electrolyte, so that the electrochemical performance of the ZIHC
was pretty low in the initial stage with only 300 cycles and 70%
capacitance retention. It is worth mentioning that they con-
structed the ZIHC using a capacitor-type PE (activated carbon)
and a battery-like Zn metal NE. This structure has become
a typical conguration of subsequent ZIHCs, as shown in
Fig. 3a. Note that in numerous studies in the eld of energy
storage, the term NE refers to the anode and the PE refers to the
cathode. However, for rechargeable energy storage devices, the
This journal is © The Royal Society of Chemistry 2021
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Fig. 3 Schematic diagrams of (a) the typical configuration of ZIHCs and (b) the "rocking-chair" configuration of ZIHCs, along with their cor-
responding electrochemical charge storage processes.
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cathode and the anode switch with the charging/discharging
process.36 Therefore, to avoid possible misleading, we use the
representation of PE and NE uniformly in this review.

As mentioned above, currently, most ZIHCs are composed of
a capacitor-type electrode and a metallic Zn electrode with mild
Zn salt solutions. The electrochemical reaction of Zn NE in
ZIHCs can be described as follows:

Zn 4 Zn2+ + 2e� (1)

For PEs, carbon materials are most widely used. It has been
shown that in both the common activated carbon (AC) and N-
doped porous carbon electrodes, the capacitance is composed
of a typical double-layer capacitance and a pseudocapacitance
by chemical adsorption of Zn2+ ions.37–39 The behaviors of
pseudocapacitance on the oxygen-containing groups in PEs can
be summarized as follows:

C–OH + Zn2+ + e� 4 C/O/Zn + H+ (2)

COOH + Zn2+ + e� 4 COO–Zn + H+ (3)

In addition to the main reactions on the electrodes, some
parasitic reactions may occur.37,40 The typical reactions using
the zinc sulfate (ZnSO4) electrolyte can be described as follows:

6H2O 4 6OH� + 6H+ (4)

4Zn2+ + 6OH� + SO4
2� + 0.5H2O 4 Zn4SO4(OH)6$0.5H2O (5)

Zn4SO4(OH)6$0.5H2O + 6H+ ¼ 4Zn2+ + SO4
2� + 6.5H2O (6)

Of some recent progress, Hu's group41 corroborated that in
addition to heteroatoms in carbon materials, defects (e.g.,
carbon vacancy) can also be the adsorption sites for Zn2+ ions.
Specically, DFT calculations showed that the faradaic charge-
transfer related chemisorption process is thermodynamically
favorable in the defective vacancy sites of graphene compared
with that in defect-free graphene. Also, the defect sites have
high adsorption energy for both cations and anions (i.e., Zn2+
This journal is © The Royal Society of Chemistry 2021
and CF3SO3
�, respectively). Still, such a mechanism needs more

in-depth investigations.
Another type (sometimes termed as the “rocking-chair” type)

of ZIHC is constructed from a battery-type PE, a capacitor-type
NE, and a mild Zn salt solution (Fig. 3b). In this congura-
tion, the reversible insertion/extraction of Zn2+ in PE and the
adsorption and desorption of anions on NE are the main
charge-storage mechanisms.42 Some researchers argue that this
new structure avoids using excessive Zn, which results in an
overall increase in the device's specic capacity.43 However,
such assertions may only be reasonable on the assumption that
the loading mass of active materials is comparable in ZIHCs.
2.3 The performance metrics for zinc ion hybrid capacitors

Some of the performance characteristics of ZIHCs are the same
as those of supercapacitors: (1) high power density; (2) excellent
cycling performance; (3) fast charging/discharging in seconds;
(4) safe operation; and (5) low cost. However, there are signi-
cant differences in energy storage mechanisms between ZIHCs
and conventional SCs, so that the evaluation criteria for the
performance of ZIHCs are distinct from those for
supercapacitors.

For ZIHCs, when the charging and discharging curves are
linear, the specic capacity (Cm, mA h g�1) is calculated based
on the following equation:38,42

Cm ¼ I � Dt

3:6m
(7)

wherein I is the current (A), Dt is the discharging time (s), andm
is the mass of the active material (g).

The Coulombic efficiency (h) is calculated as follows:

h ¼ td

tc
(8)

wherein td is the discharging time and tc is the charging time
(s).

The energy density (E, W h kg�1) and the power density (P, W
kg�1) are calculated based on the following equations:
J. Mater. Chem. A, 2021, 9, 19054–19082 | 19057
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E ¼ 0.5 � CmDV (9)

P ¼ 3600� E

Dt
(10)

wherein DV is the potential window (V).
When the charging and discharging curves are non-linear,

the specic capacity (Cm, mA h g�1) should be calculated by
integrating the area under the discharging curve with the
following equation:

Cm ¼ 2I
Ð
V dt

3:6mDV
(11)

It is important to note that the performance of many ZIHCs
is reported in the metric of capacitance. However, for ZIHCs
containing battery electrodes, capacity (mA h g�1) is the most
appropriate expression rather than capacitance (F g�1), partic-
ularly when reporting the performance of a full cell containing
a two-electrode device.44 Especially, when expressing a single
electrode's performance, it is valuable to provide values for
capacity even for commonly used EDLC materials.45 For pseu-
docapacitive materials, expressing the performance using
capacity avoids obtaining a performance higher than the theo-
retical value.46 Also, when the potential window or electrode
material changes, the capacitance values will not be comparable
with each other, while mA h g�1 can be a consistent metric to
compare the performance of different materials.47
3. PEs for flexible zinc ion hybrid
capacitors

In ZIHCs, the PE is an important component. The development
of novel electrode materials that can accommodate more zinc
ions effectively is the most direct and efficacious way to improve
the overall electrochemical performance of ZIHCs. Several
traditional PE materials for supercapacitors have been studied
as potential candidates for ZIHCs. However, the realization of
exible ZIHCs requires the electrodes to be exible while
achieving good electrochemical performance; therefore, more
in-depth consideration is needed in the selection and structural
design of electrode materials. Currently, most of the electrodes
in exible ZIHCs mainly consist of a exible current collector
combined with active materials. Some typical metal-type
current collectors (e.g., copper, silver) commonly used in other
exible supercapacitors may become problematic in exible
ZIHCs because these metals will corrode the Zn metal (by
forming copper–zinc or silver–zinc primary cells). In this
context, carbon-based electrodes (e.g., carbon bers or carbon
nanotube (CNT) paper) stand out since they concurrently offer
satisfying conductivity, mechanical exibility, and chemical
stability. Despite these, the ZIHC has become an emerging
research domain for only a few years, and the eventual assembly
considerations from a device level are in their infancy. As such,
although exible collectors play an important role in exible
ZIHCs, related research is still limited compared to those on
electrode materials. Therefore, in the following section, we
mainly highlight the design principles of active electrode
19058 | J. Mater. Chem. A, 2021, 9, 19054–19082
materials in exible ZIHCs and exemplify them with some most
recent advances. Typical materials, including carbon materials,
metal oxides, conducting polymers, along with some emerging
materials, will be discussed; all the performance metrics will be
benchmarked in Table 1.
3.1 Carbon materials

Carbon materials, such as CNTs, graphene, and porous carbon
(PC), hold a premier position as the most common electrode
materials in supercapacitors, merited by their unique advan-
tages including excellent conductivity, large specic surface
area (SSA), tunable porosity, lightweight, and high stability.1,20,48

Generally, the charge storage capability of carbon materials is
highly dependent on their SSA, surcial functional groups,
porosity, and dopant/defect congurations.

3.1.1 CNTs. CNTs are one of the earliest candidates to be
proven as a potential PE material in ZIHCs. For example, by
introducing a large number of oxygen-containing functional
groups onto the CNT surface, Wang and co-workers reported
the rst ZIHC with acceptable cycling performance (5000 cycles)
in 2016.49 They found the oxygen functionalities on CNTs
contributed to pseudocapacitance via reversibly reacting with
Zn2+. Later, Sun et al.50 pioneered constructing a exible zinc-
ion micro-supercapacitor (ZmSC) using commercially avail-
able CNT paper as both PE and current collectors. In their
design, the CNT paper was taped onto a polyimide tape and cut
into six intersecting microelectrodes, of which half serves as
a positive material and the other half as current collectors for Zn
stripping and plating (Fig. 4a). Upon external deformations, the
assembled ZmSC can form a bending or twisting structure to
some extent. More signicantly, such exible ZmSCs have no
signicant change in electrochemical properties even under
a maximum bending of 180� (Fig. 4b and c). However, one key
limitation for CNTs is their relatively small SSA, which leads to
a moderate capacity of the assembled ZIHCs.

3.1.2 Graphene. Graphene has also been validated as an
ideal candidate for electrode materials in exible ZIHCs.
Similar to CNTs, graphene can act as both electrodes and
collectors. Due to the unique 2D structure, restacking of gra-
phene is the biggest challenge that restricts their use in ZIHCs.
Tomake full use of the interlayer space of graphene nanosheets,
Zhu et al.51 reported a controlled graphene oxide (GO) lm
swelling strategy to avoid the irreversible p–p stacking in gra-
phene lamellae. The thus prepared free-standing graphene
hydrogel lms show good exibility, which can be directly used
as PEs in exible ZIHCs. A capacity of 99.3 mA h g�1 and
a specic energy of 76.2 W h kg�1 were achieved by the resulting
exible ZIHCs. Zhang and co-workers52 constructed a free-
standing composite carbon ber consisting of reduced GO
(rGO) and single-walled CNTs. The single-walled CNTs were
added to prevent the complete restacking of rGO nanosheets,
which enable a large ion-accessible surface area. Such a free-
standing structure also avoids the usage of additional current
collectors. As expected, the resulting ber ZIHC delivered
a volumetric capacitance of 104.5 F cm�3 at a current density of
400 mA cm�3 and a high energy density of 48.5 mW h cm�3 at
This journal is © The Royal Society of Chemistry 2021
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Table 1 Summary of configurations and electrochemical performances of various recently reported ZIHCs

PE NE Electrolyte
Voltage
window (V)

Capacity or
capacitance Cycling stability Ref.

Carbon materials
AC Zn foil ZnSO4 (aq) 0.2–1.8 121 mA h g�1

(0.1 A g�1)
91% aer 10 000
cycles (1 A g�1)

37

Mesoporous structured
AC

Zn foil ZnSO4 (aq) 0.3–1.8 176 mA h g�1

(0.5 A g�1)
78% aer 40 000
cycles (10 A g�1)

81

MOF derived carbon Zn on Cu foam ZnSO4 (aq) 0.1–1.7 123 F g�1 (0.2 A g�1) �99% aer 20 000
cycles (1 A g�1)

82

Porous carbon Zn foil ZnSO4 + Na2SO4

(aq)
0.01–1.8 305 mA h g�1

(0.1 A g�1)
94.9% aer 20 000
cycles (2 A g�1)

83

Chemically activated
grapheme

Zn foil Zn(CF3SO3)2 (aq) 0–1.9 166 F g�1 (0.5 A g�1) 93% aer 80 000
cycles (8 A g�1)

84

AC Zn foil Zn(CF3SO3)2 +
acetonitrile (AN)

0–1.8 170 F g�1 (0.1 A g�1) 91% aer 20 000
cycles (2 A g�1)

85

PANI-derived carbon
nanosponge

Zn foil Zn(CF3SO3)2 +
AN

0–1.8 226 F g�1 (0.1 A g�1) �100% aer 60 000
cycles (10 A g�1)

86

AC Zn foil ZnCl2–PAM 0–1.8 159.7 mA h g�1

(0.5 A g�1)
95.1% aer 100 000
cycles (5 A g�1)

58

Biowaste-derived
porous carbon

Zn foil Zn(CF3SO3)2–
PVA

0.2–1.8 183.7 mA h g�1

(0.2 A g�1)
92.2% aer 10 000
cycles (10 A g�1)

57

Hollow carbon spheres Zn on carbon
cloth

ZnSO4–PAM 0.15–1.95 86.8 mA h g�1

(0.5 A g�1)
98% aer 15 000
cycles (1 A g�1)

55

AC Zn foil ZnSO4 + ZnBr2–
PAA/PAM/SA

0–2.6 654.8 mA h g�1

(2 A g�1)
87.7% aer 5000
cycles (6 A g�1)

87

N-Doped porous carbon Zn foil ZnSO4 (aq) 0–1.8 148.2 mA h g�1

(4.2 A g�1)
�73.6% aer
100 000 cycles
(16.7 A g�1)

38

B/N co-doped carbon Zn foil ZnSO4–gelatin 0.2–1.8 116.8 mA h g�1

(0.5 A g�1)
81.3% aer 6500
cycles (5 A g�1)

62

P/B co-doped AC Zn foil ZnSO4 (aq) 0.2–1.8 169.4 mA h g�1

(0.5 A g�1)
88% aer 30 000
cycles (10 A g�1)

64

CNT paper Zn on CNT paper ZnSO4–gelatin 0.2–1.8 83.2 mF cm�2 (1 mA
cm�2)

87.4% aer 6000
cycles (5 mA cm�2)

50

AC-paper Zn foil ZnSO4–PVA/
borax/
nanocellulose

0.2–1.8 504.9 mF cm�2 (0.5
mA cm�2)

95.3% aer 5000
cycles (2 mA cm�2)

88

AC Zn nanosheet ZnSO4 (aq) 0.5–1.5 1297 mF cm�2 (0.16
mA cm�2)

�100% aer 10 000
cycles (1.56 mA
cm�2)

89

rGO/CNT bers Zn on graphite
ber

ZnSO4–PAA 0–1.8 104.5 F cm�3 (400
mA cm�3)

98.5% aer 10 000
cycles (3200 mA
cm�3)

52

Highly ordered porous
carbon

Zn foil ZnSO4 (aq) 0.2–1.8 168 mA h cm�3

(0.1 A g�1)
�100% aer 20 000
cycles (5 A g�1)

90

S-doped 3D porous
carbons

Zn foil ZnSO4 (aq) 0.2–1.8 123.8 mA h cm�3

(0.2 A g�1)
96.8% aer 18 000
cycles (10 A g�1)

65

Other materials
3D Graphene@PANI Zn foil ZnSO4 (aq) 0.3–1.6 154 mA h g�1

(0.1 A g�1)
80.5% aer 6000
cycles (5 A g�1)

72

3D MXene–rGO aerogel Zn foil ZnSO4 (aq) 0.2–1.6 128.6 F g�1

(0.4 A g�1)
95% aer 75 000
cycles (5 A g�1)

78

RuO2$H2O Zn foil Zn(CF3SO3)2 (aq) 0.4–1.6 122 mA h g�1

(0.1 A g�1)
87.5% aer 10 000
cycles (20 A g�1)

69

TiN Zn foil ZnSO4–PAM 0.1–1.9 489.8 F g�1

(0.2 A g�1)
�84.6% aer 6700 h
(0.2 A g�1)

91

Few-layer phosphorene Zn plate Zn(CF3SO3)2 +
LiTFSI–PAM

0.8–2.2 304 F g�1 (0.2 A g�1) �100% aer 5000
cycles (0.5 A g�1)

80

Sn4+–Ti2CTx/C sphere Zn Zn(CF3SO3)2 +
LiTFSI–PAM

0.1–2 138 mA h g�1

(0.1 A g�1)
80.5% aer 12 500
cycles (0.5 A g�1)

79

In situ pillared MXene Zn foil ZnSO4 (aq) 0.2–1.2 189 mA h g�1

(0.01 A g�1)
96% aer 1000
cycles (0.2 A g�1)

92

This journal is © The Royal Society of Chemistry 2021 J. Mater. Chem. A, 2021, 9, 19054–19082 | 19059
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Table 1 (Contd. )

PE NE Electrolyte
Voltage
window (V)

Capacity or
capacitance Cycling stability Ref.

3D-Printed MXene 3D-Printed CNT/
Zn

ZnSO4 (aq) 0.1–1.2 1006.4 mF cm�2

(0.38 mA cm�2)
86.5% aer 6000
cycles (10 mA cm�2)

93

MnO2 nanorods AC ZnSO4 (aq) 0–2 54.1 mA h g�1

(0.1 A g�1)a
65.3% aer 3000
cycles

43

MnO2 nanorods AC Zn(CF3SO3)2 (aq) 0–2 46.4 mA h g�1

(0.1 A g�1)a
93.4% aer 5000
cycles

43

V2O5 AC ZnSO4 (aq) 0–2 57.4 mA h g�1

(0.1 A g�1)a
97.3% aer 6000
cycles (0.5 A g�1)

70

MnO2-CNT MXene (Ti3C2Tx) ZnSO4 + MnSO4

(aq)
0–1.9 115.1 F g�1 (1 mV

s�1)a
�83.6% aer 15 000
cycles (5.224 A g�1)

67

d-MnO2@carbon MXene@cotton ZnSO4 + MnSO4–
gelatin/borax

0–1.9 172 F g�1 (1 mV
s�1)a

�80.7% aer 16 000
cycles (5.05 A g�1)

94

EG/PANI POP–TAPP–
NTCA

ZnSO4 (aq) 0.1–1.5 172 F g�1

(0.13 A g�1)a
90% aer 1100
cycles (0.3 A g�1)

95

a Calculated based on the total mass of PE and NE.
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a power density of 179.9 mW cm�3, which was the best
performance among all ZIHCs by the time it was reported.

3.1.3 Porous carbon. In addition to the above two well-
dened allotropes of carbon, PC is another most widely used
electrode material in existing ZIHCs. In the last few decades,
various protocols such as template-assisted methods (including
hard and so templates), activation methods, and molten salt
methods, have been reported for the synthesis of PC.20,48,53,54

These mature synthetic methods render PC desired and
enriched component-structure features in a controlled manner,
which depict great prospects for the usage of PC in zinc-ion
storage. Dong et al. pioneered the use of a commercial AC
(YP-50F) as electrode materials in ZIHCs.37 Aer coupling with
Zn foil NE and ZnSO4 aqueous electrolyte, the assembled ZHIC
delivered a capacity of 121 mA h g�1 at 0.1 A g�1 (corresponding
to an energy density of 84 W h kg�1), a large power output of
14.9 kW kg�1, and decent cycling stability with 91% capacity
Fig. 4 (a) Schematic diagram of the construction of ZmSC. (b) Images
of ZmSC in bending and twisting states. (c) Electrochemical properties
at different degrees of bending. Reproduced with permission.50

Copyright 2018, The Royal Society of Chemistry.
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retention over 10 000 cycles. Following this, Chen et al.55 con-
structed a spherical hollow PC by one-step carbonization of the
hollow polyaniline-co-polypyrrole (PACP) spheres, which were
synthesized using an emulsion method with a surfactant as the
so template (Fig. 5a–c). Due to the easily accessible adsorption
sites, facilitated diffusion paths, and more electrolyte–electrode
interfaces of the hollow PC, the constructed exible ZIHCs
achieved a maximum capacity of 86.8 mA h g�1 at 0.5 A g�1.
However, the SSA of this hollow PC (819.5 m2 g�1) is moderate
compared with those of commercial AC (typically 1500–2500 m2

g�1), limiting the capacity of the carbon host. In view of this,
Tang's group56 developed an in situ two-step activation strategy
to boost the charge storage performance of PC. The as-
synthesized hierarchical porous activated carbon (HPAC)
possesses an impressive SSA of up to 3525 m2 g�1, contributed
by a mixture of micro- and mesopores. The resultant ZIHC
based on the HPAC delivered a very high specic capacity of
231 mA h g�1 at 0.5 A g�1 and excellent rate capability with
a retained capacity of 119 mA h g�1 at 20 A g�1, along with
decent cycling stability with 70% capacity retention aer 18 000
cycles.

It should be noted that the increase of SSA will not neces-
sarily lead to a larger capacity in proportion, since other
parameters like porosity also have substantial impacts on the
charge storage performance. In particular, it has been demon-
strated that the EDLC shows an anomalous increase when the
pore size gets closer to the ion size.24,28 Hence, considering the
diameter of hydrated Zn2+ (0.86 nm), the capacitance of PC
materials could reach a peak value upon tuning the micropore
size to around 0.9 nm. To this end, Zhang's group57 reported
a pencil shaving derived PC (PSC) with a narrow pore size
distribution centered at 0.8, 1.1, and 1.2 nm (Fig. 5d and e).
Though this PSC possesses a moderate SSA (1293 m2 g�1),
a high storage capacitance/capacity of 413.3 F g�1/
183.7 mA h g�1 was achieved at 0.2 A g�1 using it as positive
materials in ZIHCs (PSC loading: 2 mg cm�2). Even at a high
loading mass of 17 mg cm�2 of the PSC, the capacitance
This journal is © The Royal Society of Chemistry 2021
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Fig. 5 (a) SEM and TEM images of hollow PC spheres. (b) N2 adsorption and desorption isotherms. (c) Galvanostatic charge/discharge (GCD)
curves at 1.0 A g�1. Reproduced with permission.55 Copyright 2019, The Royal Society of Chemistry. (d) Preparation of PSC samples. (e) Pore size
distribution profiles. (f) Areal capacities at various mass loadings. Reproduced with permission.57 Copyright 2020, Elsevier. (g) Schematic of
HNPC's synthesis route. (h) Relative energy distribution of the reaction pathway; insets show diagrams of the chemisorption pathways. (i) Electron
density difference of PC. (j) Electron density difference of HNPC. Reproduced with permission.38 Copyright 2019, Wiley-VCH.
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retention was as high as 61.6% (Fig. 5f). Their results highlight
that matching the porosity is an efficient way to boost the
capacity of PC in ZIHCs. Similar conclusions were validated in
another independent work by Wang and co-workers.58 On the
other hand, despite enhancing the capacity, micropores will
impede mass/ion transport as compared to mesopores and
macropores. In this regard, constructing a hierarchical mixed
porous structure was proposed as a potential solution toward
addressing both the capacity and good rate capability.59,60 For
exible devices, narrow pores are optimal where energy density
is a premium consideration, whilst increasing the pore size is
conducive when a pulse power supply is the main concern.

Apart from structural architecting, component engineering
is the other main branch of commonly adopted strategies to
enhance the electrochemical performances of PCs. Actually,
these two strategies are not mutually exclusive but are always
optimized simultaneously. For example, some typical activation
processes (like activation by steam or KOH) will inevitably
introduce a substantial amount of surcial oxygen-containing
groups in PCs. These polar groups are generally benecial as
they can enhance the surcial wettability of PCs and contribute
to the pseudocapacitance. Other non-metallic heteroatom
This journal is © The Royal Society of Chemistry 2021
(e.g., N, B, P, and S) doping has also been considered to adjust
the carbon materials' electronic and chemical properties for
ZIHCs.61–66 Recently, Lu's group38 developed N-doped hierar-
chical PC (HNPC) materials as PEs for quasi-solid-state ZIHCs,
using a two-step method involving template synthesis and
subsequent NH3 activation (Fig. 5g). This HNPC possesses
a high SSA (2762.7 m2 g�1) and delivered a specic capacity of
148.2 mA h g�1 even at a high current of 4.2 A g�1. The authors
ascribed the exceptional performances to the N-doping-induced
improved conductivity, surface wettability, and active sites.
More signicantly, they claried the detailed chemical adsorp-
tion process of Zn2+ ions on HNPC (Fig. 5h). They found the
rate-determining step of the whole Zn2+ ion adsorption process
is the formation of the C–O–Zn bond. N-doping can reduce this
energy barrier from 2.13 eV (in undoped PC) to 1.25 eV, thereby
accelerating the adsorption process. Fig. 5i and j further
conrm that the cleavage of the O–H bond is more likely to
happen aer N doping, hence the C–O–Zn bond is more easily
formed. Their results provide a rational guide for the
heteroatom-doping strategy to improve the PCs' electro-
chemical performances in ZIHCs. In addition to the mono-
element doping (N or S) strategy, dual- or even multi-element
J. Mater. Chem. A, 2021, 9, 19054–19082 | 19061
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doping has also been studied to improve PCs' Zn2+ ion storage
performance.62,64 A synergistic effect between the dopants is
generally described to elucidate the improved performance of
doped PC; however, the detailed mechanism is yet to be clearly
uncovered.

In general, the unique advantages such as mature synthetic
methods, large SSA, tunable porosity, and low prices endow PCs
with great potential for large-scale use in ZIHCs. However, the
low density and high porosity will also sacrice the volumetric
capacity/energy density and thus are detrimental to exible
ZIHC devices. The introduction of dopants can indeed boost the
charge storage performance, but the doping sites (e.g., carbon
atoms neighboring O/N species) are also active sites for para-
sitic reactions (like the oxygen evolution reaction (OER)), which
restricts the electrochemical window in the aqueous electrolyte
particularly during the charging process. Therefore, overall
considerations of these component-structure aspects are crucial
to pursuing high-quality PCs for high power and energy density
ZIHCs. Furthermore, most of the reported PCs exist as powder,
so extra binders are mandatory for coating, which will incur
a large internal resistance for the whole device. Developing free-
standing carbon electrodes is a pertinent direction that
deserves future endeavors.
3.2 Transition metal oxides

Transition metal oxide (TMO) materials are another common
class of electrode materials for ZIHCs. The multiple valences of
Fig. 6 (a) Schematic diagram of MnO2//AC ZIHCs and (b) the correspo
Elsevier. (c) Fabrication procedure and a photograph of the free-standing
the thickness. Reproduced with permission.67 Copyright 2019, Springer N
and d-MnO2@carbon cloth PEs. Reproduced with permission.68 Copyrig

19062 | J. Mater. Chem. A, 2021, 9, 19054–19082
metal enable rich redox reactions for high theoretical specic
capacity, making TMOs an ideal candidate to enhance the
performance of exible ZIHCs. Ma et al.43 demonstrated for the
rst time that MnO2 could be used as a PE material to construct
ZIHCs (Fig. 6a). They demonstrated that the ZIHC coupling g-
MnO2 (PE) and AC (NE) could achieve an energy density
comparable to that of the Zn–MnO2 battery but with a remark-
ably larger power density (up to 13.0 kW kg�1 based on the total
weight of g-MnO2 nanorods and AC particles). The electro-
chemical performance of this new MnO2//2 M ZnSO4//AC ZIHC
was found to be dependent on the electrolyte. Upon the addi-
tion of extra Mn2+ ions to the ZnSO4 solution, the maximum
capacity could be improved to 83.8 mA h g�1; the anion
replacement of SO4

2� by CF3SO3
� suppresses manganese

dissolution, which resulted in good cycling stability with 93.4%
capacity retention aer 5000 charging/discharging cycles. To
fulll the exible functions, Wang et al.67 prepared MnO2-based
exible free-standing PEs (MnO2-CNTs) by a facile vacuum
membrane ltration method (Fig. 6c). The SEM image in Fig. 6d
shows that the thickness of the synthesized MnO2-CNTs elec-
trode is only 12.5 mm, enabling the constructed devices to be
freely bent while maintaining the performance. The maximum
energy and power densities of the exible ZIHC exhibit high
values of 98.6 W h kg�1 (77.5 W kg�1) and 2480.6 W kg�1

(29.7 W h kg�1), respectively. Note MnO2 is known to suffer
from severe structural changes during the charging/discharging
cycles, which is one of the main reasons for its poor rate
nding Ragone plots. Reproduced with permission.43 Copyright 2019,
(MnO2-CNTs) PE. (d) SEM image of MnO2-CNTs PE, with inset showing
ature. (e) Schematic diagram of the fabrication of a-ZnxMnO2@carbon
ht 2020, Wiley-VCH.

This journal is © The Royal Society of Chemistry 2021
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capability and durability. As such, Chen et al.68 reported that the
pre-intercalation of Zn2+ could render a signicant structural
change in d-MnO2 to form a highly stable tunnel-structured
ZnxMnO2 nanowires, which guarantee prompt and efficient
intercalation/deintercalation of Zn2+ ions during the charging/
discharging process (Fig. 6e). The CC-supported ZnxMnO2

nanowire electrode was directly used with activated CC to
assemble ZIHCs, which delivered an areal energy density of
969.9 mW h cm�2 and a maximum areal power density of 20.1
mW cm�2, along with a capacity retention of 83.1% over 5000
cycles. When constructed into a quasi-solid-state device, the
exible electrode endows a capacitance of 1446.6 mF cm�2,
a maximum areal energy density and a peak power density of
803.6 mW h cm�2 and 10.0 mW cm�2, respectively, making the
ZIHCs reach up to the battery-level performances.

Similar to the case in MnO2, Zn
2+ can also interact with other

TMOs via pseudocapacitive reactions. For instance, amorphous
RuO2$H2O was used to construct ZIHCs by Dong and co-
authors.69 By comparing with anhydrous RuO2 that is widely
used as a supercapacitor material, they found that RuO2$H2O
exhibits higher capacity and better cycling stability in ZIHCs.
The enhanced electrochemical performance was ascribed to the
structured water ($H2O), which promotes the pseudocapaci-
tance reaction and maintained the electrode's high rate
performance far beyond that of the MnO2 electrode. In another
work, Ma et al.70 constructed ZIHCs using V2O5 as the PE
materials, and the high stability of V2O5 enhanced the cycle life
of ZIHCs compared to MnO2 counterparts.

Despite these inspiring signs of progress, the conductivity
and structural stability are still obvious disadvantages of TMOs,
hence the rate capability and cycling life of the electrode lag far
behind those of carbon-based ones. Coupling conductive
substrates like CNTs or CC has been adopted to alleviate the
conductivity issues, but the intrinsic problems like metal
dissolution, disproportionation reactions, and structural/phase
evolution of TMOs during the charging/discharging cycles call
urgently for further in-depth understandings and tackling
strategies.
3.3 Conductive polymers and emerging materials

Conductive polymers, such as polyaniline (PANI), polypyrrole
(PPy), poly(3,4-ethylenedioxythiophene) (PEDOT), poly(1,5-
naphthalenediamine) (PNAPD), and poly(3,30-dihydrox-
ybenzidine) (PDHB), have long been used as a class of pseudo-
capacitive materials for SCs for their high theoretical capacity
and easy synthesis protocols.1,4,14,71 Hence, the application of
these conductive polymers has been naturally extended to
ZIHCs. For example, Han et al.72 fabricated self-supporting
electrodes for ZIHCs using 3D GO@PANI composite hydrogels
prepared from the in situ polymerization of aniline solution on
GO. Meriting by the enlarged active interfaces of 3D structure,
the hydrogel electrode exhibited a capacity of 154 mA h g�1 and
a capacity retention of 80.5% aer 6000 cycles in a ZIHC. Wang
and co-workers73 designed a exible sandwich-structured ZIHC
cell made by combining the PDHB/AC PE and the Zn foil NE,
which shows an areal capacitance of up to 1.3 F cm�2, and
This journal is © The Royal Society of Chemistry 2021
maximum energy and power densities of 0.18 mW h cm�2 and
4.01 mW cm�2, respectively. Further miniaturization of this
ZIHC still affords an areal capacitance of 1.1 F cm�2 along with
exible functions. Apart from these demonstrations, other
ZIHCs based on PPy and PNAPDH have also been explored.74,75

In general, the conductive polymers exhibits charge storage
performance via doping/de-doping of ions (e.g., Zn2+, H+) on
specic sites along the polymer chains. This unique working
mechanism can cause signicant volume change under pro-
longed cycling, resulting in a quick decrease in conductivity and
mechanical strength that ultimately affects the electrochemical
performance of ZIHCs. Further attempts to designing novel
conducting polymers with stable physical and chemical struc-
tures are expected to improve the cycling performance.

In addition to the aforementioned PE materials, in recent
years, some emerging materials have attracted a lot of attention
in the eld of energy storage for their intriguing physicochem-
ical properties. Transitionmetal carbides and nitrides (MXenes)
are considered as promising electrode materials that provide
surcial pseudocapacitive charge storage sites together with
excellent conductivity, which circumvent well the disadvantages
of TMOs.76,77 Wang and colleagues78 used porous 3D MXene
(Ti3C2Tx)–rGO composite aerogels as PEs for ZIHCs. To tackle
the restacking of MXene nanosheets and the limited kinetics
resulting from insufficient interlayer spacing, Zhi's group79

recently proposed an Sn4+–Ti2CTx/C spherical PE material with
effectively enlarged interlayer spacing (Fig. 7a and b). The Sn4+

pre-intercalated Ti2CTx was aligned on a carbon sphere to
facilitate ion transportation enhancing the reaction kinetics.
The GCD curves in Fig. 7c show that the potential surface
barriers are signicantly reduced due to the pre-embedded
Sn4+. Aer pairing with a Zn NE, the exible ZIHCs showed
a maximum capacity of 138 mA h g�1 and a small capacity
change (5%) aer 12 500 cycles (equal to 2800 h cycle time,
Fig. 7d). Also, their ZIHCs exhibited an anti-self-discharging
rate of 0.989 mV h�1 associated with a capacity retention of
80.5% over 548 h. The design strategies of this work may pave
a new way to fabricate MXene based exible ZIHCs.

Like MXene, phosphorene, another 2D material of great
interest, has also been used in exible quasi-solid ZIHCs.
Huang et al.80 demonstrated the rst few-layered phosphorene
(FL-P) based ZIHCs. The electrode material constructed from
electrochemically exfoliated FL-P is stable, allowing ZIHCs to
operate at relatively high voltage windows with an anti-self-
discharge capability (compared to conventional EDLC), i.e.,
maintaining 76.16% of the initial capacitance aer 300 h.
Simultaneously, as shown in Fig. 7e–g, the electrode material
can be printed on the paper-based collector by a screen printing
method, enabling exible ZIHCs with decent capacitance and
good cycling stability.

So far, most emerging materials achieve charge storage
through fast redox reactions. They possess good electrical
conductivity and decent high specic surface areas; they can
provide high specic capacitances and suppress the occurrence
of self-discharge due to the formation of relatively stable
chemical bonds compared to pure physical ion adsorption.
Despite these merits, however, these emerging materials are
J. Mater. Chem. A, 2021, 9, 19054–19082 | 19063
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Fig. 7 (a) Schematic illustrations of the synthesis process of Sn4+–Ti2CTx/C spheres. (b) SEM image of Sn4+–Ti2CTx/C spheres. (c and d) GCD
curves and cycling stability curves of Ti2AlC/C, Ti2CTx/C, and Sn4+–Ti2CTx/C electrodes at 0.5 A g�1. Reproduced with permission.79 Copyright
2020, Wiley-VCH. (e) Schematic illustrations of the electrode printing route. (f) Stability of FL-P PE constructed ZIHCs at 0.5 A g�1. (g) GCD curves
of FL-P PE constructed ZIHCs at 0.5 A g�1. Reproduced with permission.80 Copyright 2020, Wiley-VCH.
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suffering from easy oxidation (which leads to a quick drop in the
conductivity and electrochemical performances); the synthetic
procedures of these materials are still tedious, complicated, and
even involve toxic reagents (e.g., hydrogen uoride is usually
used for MXenes). Thus, the development of novel electrode
materials with highly efficient and stable electrochemical
performances by green synthetic protocols remains one of the
major challenges in the near future.
4. Electrolytes
4.1 Considerations of liquid electrolytes

For ZIHCs, the electrolyte is a pivotal component that
substantially determines the electrochemical reaction behav-
iors at the electrode–electrolyte interfaces. Proper electrolytes
should feature good ionic conductivity, low viscosity, wide
voltage window, excellent temperature adaptability, and good
19064 | J. Mater. Chem. A, 2021, 9, 19054–19082
transferability of Zn2+. For exible devices, the interaction
between the electrolyte and the polymer host needs additional
consideration, and the interfacial interactions between the
electrode and the electrolyte are much more complicated than
those in solutions. Therefore, to better screen the electrolytes
suitable for exible ZIHCs, in-depth studies toward the elec-
trolyte properties are mandatory.

4.1.1 Typical aqueous electrolytes. As mentioned above,
the KOH electrolyte was rst used in the proof-of-concept study
of ZIHC, but it was only aer the deployment of the mild ZnSO4

electrolyte that ZIHCs can afford a decent cycling stability. Since
then, several mild zinc salt electrolytes, including ZnSO4, zinc
chloride (ZnCl2), zinc nitrate (Zn(NO3)2), zinc acetate (Zn(Ac)2),
zinc triate (Zn(CF3SO3)2), etc., have been well-used in ZIHCs.
The overall physicochemical properties of the Zn electrolytes
change dramatically upon varying the anions; meanwhile, the
properties also correlated with the electrode types. For example,
This journal is © The Royal Society of Chemistry 2021
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Fig. 8 (a) CV curves of Zn stripping/plating in 1 M Zn(CF3SO3)2. (b) CV
curves of Zn stripping/plating in 1 M ZnSO4. Reproduced with
permission.96 Copyright 2016, American Chemical Society. (c)
Coulombic efficiency of Zn stripping/plating in different Zn salt elec-
trolytes. (d) Coulombic efficiency of Zn stripping/plating in the
Zn(CF3SO3)2 electrolyte with different concentrations. Reproduced
with permission.84 Copyright 2019, Wiley-VCH.

Fig. 9 (a) Rate capability of ZIHCs in different zinc salt solutions. (b) Nyq
different solutions. (e) Desolvation energies of [ZnCl(H2O)5]

+ and [Zn(H2

desolvation processes. Reproduced with permission.58 Copyright 2020,

This journal is © The Royal Society of Chemistry 2021
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Zn(NO3)2 solutions, which possess strong oxidizing properties,
are not suitable for ZIHCs assembled from metallic Zn because
they rapidly oxidize metal surfaces.58 However, in Zn metal-free-
type ZIHCs where other NEmaterials (e.g., carbonmaterials) are
used, the Zn(NO3)2 electrolytes can still enable satisfactory
electrochemical performances.90 In this sense, the materials of
the electrode are also the prerequisite for selecting these mild
Zn electrolytes. In most existing studies, the choice of the
electrolyte is based on the assumption that Zn metal is the NE,
hence ZnSO4 and Zn(CF3SO3)2 are the twomost widely used zinc
salts. In particular, Zn(CF3SO3)2 electrolytes enable Zn with the
highest and most stable Coulombic efficiency for the plating/
stripping process (Fig. 8).84,96 An optimal Zn(CF3SO3)2 concen-
tration of 3 or 4 M (molar per liter solution) can not only render
average Coulombic efficiencies of �99% for Zn plating/
stripping but also enhance the stability of PE materials.
However, the price of Zn(CF3SO3)2 is too high compared to other
zinc salts (about 50 times more expensive than ZnSO4 and
ZnCl2), which will raise the overall cost of the whole ZIHCs.

The above pioneering works undeniably underpin the
understanding from the NE perspective; however, conclusions
may differ when considering the PE materials. Recently, Qu's
group90 rst systematically investigated the effects of different
uist curves. (c) CV curves of ZIHCs at 50 mV s�1. (d) Raman spectra of
O)6]

2+. (f) Molecular geometries of the [ZnCl(H2O)5]
+ and [Zn(H2O)6]

2+

Wiley-VCH.
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electrolytes on the energy storage performance of carbon PE
materials through combined theoretical calculations and in situ
electrochemical analyses. They corroborated that the hydrated
metal ion undergoes a partial desolvation process during the
ion storage process at PE. The partial desolvation process was
then leveraged to increase the spatial charge density (SCD) of PE
by balancing the valence and the size of charge-carrier ions and
matching the ion sizes with the pore structure of electrode
materials. As a proof-of-concept demonstration, a record-high
SCD of about 550 C cm�3 was achieved by pairing the Zn2+

ions with a highly ordered and compact porous carbon in
a ZIHC. This work lays a milestone in understanding the
inuence of electrolytes on PE energy storage. Wang et al.58 then
systematically studied the inuence of a series of typical anions
on the desolvation process of Zn2+ ions and proved that the
presence of Cl� species can signicantly improve the energy
density of AC electrodes (Fig. 9a–c). Note that in other aqueous
Zn salt electrolytes, such as ZnSO4 and Zn(CF3SO3)2, Zn species
generally exist as [Zn(H2O)6]

2+, whose radius (8.60 �A) is much
larger than that of the bare Zn2+ ion (1.48 �A).97–99 In this work,
through combined elaborated experimental characterizations
and DFT calculations, the authors unraveled for the rst time
Fig. 10 (a) Charge-density differences after the adsorption of anions SO
energy of TiN for different anions. (e) Energy storage mechanism during
ZIHCs with different electrolytes. (g) The corresponding capacitance ret
difference in the self-discharge behavior of ZIHCs with different electro

19066 | J. Mater. Chem. A, 2021, 9, 19054–19082
that the desolvation energy of Cl�-induced [ZnCl]+(H2O)n�1

(with n ¼ 1–6) clusters is signicantly lower than its
[Zn(H2O)n]

2+ counterparts, hence the smaller [ZnCl]+(H2O)n�1

clusters can easily enter otherwise un-accessible micropores of
the AC to remarkably improve the storage capacity of AC
(Fig. 9d–f). Such an intriguing Cl�-facilitated desolvation
mechanism in hydrated [ZnCl]+(H2O)n�1 (with n ¼ 1–6) clusters
opens up a new way to enhance the energy density of PC
materials for ZIHCs. More generally, the mechanism was
demonstrated in hydrogel electrolytes and analogous Mg2+ salt
electrolytes. Based on these ndings, the authors further
developed a ZnCl2 based “water-in-salt” type hydrogel electro-
lyte, which enables the exible ZIHCs to deliver a battery-level
energy density (up to 217 W h kg�1 at a power density of 450 W
kg�1, based on carbon materials) and unprecedented cycling
life with 95.1% capacity retention aer 100 000 charging/
discharging cycles.

Aside from the inuence on the desolvation of hydrated Zn2+

ions, anions of Zn salt solutions affect the charge storage
capability of other PE materials. Recently, Zhi's group91 found
that in a Zn//titanium nitride (TiN) based ZIHC, the anions have
a substantial impact on the TiN PE's capacity/capacitance and
4
2�, (b) Ac�, and (c) Cl� on the (110) lattice plane of TiN. (d) Adsorption
the charging/discharging process. (f) Cycling performance of Zn–TiN
ention rate after the self-discharge test. (h) Schematic diagram of the
lytes. Reproduced with permission.91 Copyright 2020, Wiley-VCH.

This journal is © The Royal Society of Chemistry 2021
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anti-self-discharging capability. DFT calculations show that,
among three typical anions of SO4

2�, Ac�, and Cl�, SO4
2� ions

have the highest adsorption energy on TiN (Fig. 10a–d), indi-
cating that SO4

2� ions are more easily adsorbed onto TiN and
have the most stable structure aer adsorption. They also
proved that SO4

2� ions participate in the charging/discharging
process through a two-step adsorption and intercalation
energy storage mechanism: SO4

2� ion desorption and Zn2+ ion
insertion in discharge, with the converse process in charge
(Fig. 10e). Due to the capacitance effect of SO4

2� ions, the
constructed ZIHCs have a larger capacitance over the other two
counterparts (Fig. 10f). Meanwhile, meriting by the more stable
structure of SO4

2� ions formed with TiN during adsorption,
ZnSO4 based ZIHCs have the best self-discharging resistance
(83.9% aer 500 h) over all other anions (Fig. 10g and h). Their
work highlights again that the type of electrode is the key factor
when considering the effect of anions on the overall energy
storage performances of ZIHCs.

To sum up, different anions can greatly impact the solvation
structure of Zn2+; the large radius of hydrated Zn ions limits the
SCD of the electrode materials. Therefore, anions that can
modify the solvation sheath of Zn ions are very attractive
because they can change the desolvation energy of the solvated
Zn clusters to potentially increase the energy density of the
devices. However, the choice of anions is determined by both
the PEs and NEs, hence the solvation structures and transport
behaviors of Zn ions in various electrolytes should be further
investigated.

4.1.2 Organic electrolytes and ionic liquids. Although
aqueous electrolytes are widely used, one major hurdle is their
narrow voltage window caused by water decomposition. To this
end, organic electrolytes and ionic liquids have been studied.
Organic solvents, such as acetonitrile (AN), dimethoxyethane
(DME), and 1,3-dioxolane (DOL), are common solvents in
Fig. 11 (a) Primary solvation sheath of Li+ in dilute and WIS-type LiTF
American Association for the Advancement of Science. (b) Primary solva
Reproduced with permission.102 (c) FTIR spectra of ZnCl2 electrolytes w
window.103 Copyright 2018, Springer Nature. (e) Hydrogen evolution, Zn d
electrolytes. Reproduced with permission.99 Copyright 2019, Wiley-VCH

This journal is © The Royal Society of Chemistry 2021
organic electrolytes for ZIHCs, whilst Zn(CF3SO3)2 is mostly
used as a solute because of its good solubility in many organic
solutions. Tang's group85 reported the rst organic electrolyte
for ZIHCs by dissolving 1 M Zn(CF3SO3)2 in AN, which can be
worked in a voltage range of 0–1.8 V. Owing to the eliminated
side reactions, the capacitor achieved a high Coulombic effi-
ciency close to 100% and an energy density of 52.7 W h kg�1 at
a power density of 1725W kg�1 (based on carbon). However, the
rate capability of the ZIHC was moderate because of the low
conductivity of the electrolyte. Similar to organic electrolytes,
ionic liquids have emerged as a new option for anhydrous or
waterless electrolytes. Zhou and colleagues86 used an ionic
liquid (EMIMCF3SO3) as a solvent that improved the range of
operating voltages compared with that of AN, enabling the
constructed ZIHCs to operate stably up to 2.4 V. The optimal
ZHIC can achieve a specic capacitance of 198 F g�1 at 0.2 A g�1

and an energy density of 54.3 W h L�1, comparable to that of
lead–acid batteries. It should be noted that ionic liquids can
also bind to aqueous solutions, resulting in reduced free water
in the solution. Liu et al.100 developed a biodegradable ionic
liquid-based electrolyte using 70% choline acetate ([Ch]OAc)
and 30% water as the solvent and Zn(Ac)2 as the solute. The
authors demonstrated via Raman spectroscopy that ionic
liquids can inuence the formation of coordination complexes
of Zn2+ ions, forming complexes of [Zn(OAc)4]

2� which
improved the thermodynamic and kinetic processes of Zn
deposition. Despite these encouraging signs of progress, the
low conductivity of both organic and ionic liquid electrolytes
will always render mediocre rate capability in ZIHCs. More
critically, intrinsic safety concerns (e.g., ammability, toxicity)
of the organic electrolytes are another major barrier limiting
their usage in exible ZIHCs.

4.1.3 Water-in-salt electrolytes. Since Xu and Wang's pio-
neering work in 2015,101 the water-in-salt (WIS) electrolyte has
SI electrolytes. Reproduced with permission.101 Copyright 2015, The
tion sheath of Zn2+ in LiTFSI electrolytes with different concentrations.
ith different concentrations. (d) The corresponding electrochemical
endrite growth, and shape change issues in dilute and WIS-type ZnCl2
.

J. Mater. Chem. A, 2021, 9, 19054–19082 | 19067

https://doi.org/10.1039/d1ta02775a


Fig. 12 Molecular structures of some typically used polymers for
GPEs.
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become one of the most popular electrolyte types in the energy
storage eld because it provides novel properties such as the
expanded potential window and enhanced Coulombic efficiency
for batteries and SCs. The WIS electrolyte is dened as the
weight and volume of salt that exceeds that of water in a binary
system, and the term molality (m, 1 m means 1 mol solute
dissolved in per kilogram of deionized water) is frequently used
to describe the concentration of the salt in WIS electrolytes. The
ultra-high concentration of WIS enables the water molecules to
exist in the hydrated state rather than in the free state as in the
solution. In turn, the O–H bond in the water molecule is
enhanced, and the water molecule becomes difficult to be
electrolyzed because most of the water molecules form a solva-
tion shell around the metal cations (Fig. 11a). Later, Xu and
Wang further demonstrated that using a WIS electrolyte con-
sisting of 1 m Zn(TFSI)2 + 20 m LiTFSI can effectively inhibit the
growth of Zn dendrites.102 Molecular dynamics simulation
results suggest that the Zn2+ ions possess a unique solvation
sheath in the optimized WIS electrolyte (20 m), where the
abundant TFSI� anions force them into the vicinity of Zn2+ to
form Zn–TFSI ion pairs (Fig. 11b). The water molecules are xed
so that parasitic HER and formation of byproducts were sup-
pressed during Zn plating/stripping, which eventually leads to
the high Coulombic efficiency and dendrite-free Zn deposition.
Following this, the two advantages have become an important
basis for the development of WIS electrolytes in ZIHCs.

Though effective, one notorious drawback of LiTFSI is its
very high cost. Therefore, other salts with high solubility and
lower price have been pursued by researchers. However, the
conceivable “simple” Zn salts that can venture into the WIS
regime have been limited, hitherto, to ZnCl2 exclusively (its
concentration in water can be as high as 31 m). Ji's group103 rst
proposed the use of ZnCl2 with ultra-high solubility to prepare
the WIS electrolyte, which indeed enables both a high potential
window and effective Zn dendrite suppression. They found that
increasing the ZnCl2 concentration signicantly affects the O–H
bonding to reduce the side reactions, and a wide electro-
chemical window of 2.3 V can be obtained in the 30 m ZnCl2
electrolyte (Fig. 11c and d). Moreover, the minimal amount of
free water forces the reduction of water molecules in the solvent
shell of Zn2+ ions, while anionic groups of (ZnCl4)

2� and
[Zn(OH2)2Cl4]

2� are more easily formed instead of Zn(H2O)6
2+.

Subsequently, Xu's group99 revealed that (ZnCl4)
2� increases

signicantly with increasing concentration of ZnCl2 and that
the hyper-concentrated ZnCl2 solution is closer to those of ionic
liquids, thus the WIS electrolyte can also suppress common
problems like HER, Zn dendrites, and shape change in dilute
solutions (Fig. 11e). However, one non-negligible problem
associated with ZnCl2 electrolytes is that Cl

� can be oxidized at
high voltages, and the possible release of Cl2 deserves particular
care.

In essence, while different salt species may result in specic
solvation sheath structures, the advantages of WIS electrolytes
are similar and general. The success of the ZnCl2 WIS electrolyte
implies that other salts with high solubility (e.g., sodium
perchlorate (NaClO4), potassium acetate (KAc)) can afford
similar properties as long as they can reach a high
19068 | J. Mater. Chem. A, 2021, 9, 19054–19082
concentration required by theWIS denition. Very recently, Lu's
group104 extended theWIS electrolyte by proposing a “molecular
crowding” aqueous electrolyte via conning water molecules in
a poly(ethylene glycol) (PEG) network crowding agent through
hydrogen bonding. Such a novel electrolyte deploys a low salt
concentration (2 m LiTFSI) yet achieves a high operational cell
voltage of 3.2 V. Their work provides a very promising path for
designing low-cost, eco-friendly, and high-voltage aqueous
electrolytes that liberate the requirement for ultra-high solu-
bility salts, thus holding great prospects for ZIHCs. Neverthe-
less, there is a trade-off between the concentration and ionic
conductivity of WIS electrolytes; and the water to salt ratio
should be balanced to achieve a satisfying electrochemical
performance in ZIHCs. When applied in exible devices, the
compatibility between the WIS electrolyte and the polymer
matrix is another challenge, which will be discussed below.

4.2 Gel polymer electrolytes

With the increasing demand for exible functionalities, gel
polymer electrolytes (GPEs) have aroused intensive research
interest in Zn-based energy storage devices. In exible ZIHCs,
the GPEs not only work as an electrolyte to conduct charges
between PE and NE but also serve as a separator to provide ionic
movement channels. In principle, a competent GPE for ZIHCs
should present some typical features: (1) high ionic conductivity
and Zn2+ ion transfer number; (2) a low glass transition
temperature (Tg); (3) satisfying salt-dissociation capability; and
(4) mechanical and (electro)chemical stability.105 To meet these
requirements and provide good electrochemical/mechanical
properties for the whole device, the types of gel backbone,
terminal functional groups, electrolyte species and concentra-
tion, and the crosslinking conditions in GPEs need overall
considerations. Fig. 12 shows the molecular structures of some
typically used polymers for GPEs.

Currently, one main challenge of GPEs is their greatly
compromised ionic conductivity (compared with that of liquid
equivalent), which limits the desired power density of ZIHCs at
large current densities. For example, although widely used, the
This journal is © The Royal Society of Chemistry 2021
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ionic conductivity of polyethylene oxide (PEO),106,107 polyvinyl
alcohol (PVA),38,51,57,108 and gelatin50,62,67,94,109,110 based electro-
lytes is in the range of 10�5 to 10�3 S cm�1. Cross-linked poly-
acrylamide (PAM) and polyacrylic acid (PAA) based GPEs are
reported to exhibit higher high conductivity (tens of mS cm�1 at
room temperature)52,55 because the high content of trapped gel
water can expedite the dri of dissolved ions. Generally, GPEs
with more polarized terminal groups and/or interconnected
pores can host more water, which is benecial for improved
conductivity. However, excess water will inevitably deteriorate
the mechanical strength of GPEs, hence a delicate balance
toward the trade-off between water content and mechanical
properties needs careful optimization.

On the other hand, the interaction between the zinc salt and
polymer backbones plays a non-negligible role in both the
electrochemical and mechanical properties of GPEs.111,112 For
example, by evaluating PVA-based GPEs with various Zn salts
(including ZnSO4, ZnCl2, and Zn(CF3SO3)2), Ma's group113 found
that the ion conductivity based on small-anion salts (ZnCl2 and
ZnSO4) was higher than that of large-anion salts (Zn(CF3SO3)2).
Wang and co-authors58 reported that a typical cross-linked PAM-
based GPE could afford a peak conductivity of 71.4 mS cm�1

upon accommodating ZnCl2 with an optimal concentration of
7.5 m; a further increase of the salt concentration will stiffen
GPEs with limited stretchability and conductivity. Such results
are presumably caused by the hygroscopic nature of ZnCl2,
which can extract water from the PAM matrix. In another work,
PAM was reported to accommodate 21 m LiTFSI and 1 m
Zn(CF3SO3)2 salts while maintaining the electrochemical prop-
erties and exibility.80 To utilize the merits of WIS electrolytes, it
is still challenging to develop hydrogels that are resistant to self-
shrinkage in divalent cationic salts while maintaining good
electrochemical and mechanical properties. Recently, He's
group systematically studied the Hofmeister effect of several
salts in PVA hydrogels.114 Their work may inspire the rational
design of GPEs for exible ZIHCs.

Note that GPEs consist of a single type of polymer that can
hardly satisfy all the requirements, composite GPEs are there-
fore developed to combine the complementary advantage of
each component. Co-polymerization of two or more monomers
and cross-linking different polymers (via hydrogel bonds or
chemical crosslinkers) are two general ways to synthesize
Fig. 13 Schematic diagram showing the dendrite/shape change, HER/c

This journal is © The Royal Society of Chemistry 2021
composite GPEs. For example, considering that ion transfer
occurs in the amorphous region of the polymer,115,116 Wu et al.
showed that cross-linking of PAA with PVA can increase the
amorphous phase's proportion within the composite GPE to
increase its overall ionic conductivity.117 Han et al.118 reported
a GPE that co-crosslinks PAA with PAM via sodium alginate (SA),
which delivered a high conductivity of 28.2 mS cm�1 together
with an impressive stretchability with an elongation of 1700%
under 0.13 MPa stress.

In the last few years, the rejuvenation of aqueous Zn batteries
has stimulated substantial studies on GPEs to satisfy the ever-
increasing demand for exible and wearable electronics.
Many of the GPEs can be naturally extended to ZIHCs. In
general, one overarching challenge for exible devices is the
poor wettability between the electrolyte–electrode interfaces.
Hence, with the basic requirements of ionic conductivity and
mechanical properties, further efforts should be reasonably
devoted to enhancing the interfacial contact and understanding
the interfacial properties. Moreover, shape integrity is another
metric that is vital for the long-term usage of exible ZIHCs.
5. NEs for flexible zinc ion hybrid
capacitors

The NE materials commonly used in exible ZIHCs can be
divided into two types: Zn metal materials and Zn metal-free (or
termed as “rocking-chair” type) ones. Among them, Zn metal
NEs have drawn overwhelming attention due to their merits of
high electrical conductivity, high natural abundance, a rela-
tively low redox potential of �0.76 V (vs. SHE), and high volu-
metric energy density (which is particularly suitable for exible
ZIHCs).38,79,80,91 However, the implementation of Zn NEs in
aqueous electrolytes is restricted by bottlenecks of poor cycling
life and limited Coulombic efficiency, which typically stem from
several notorious problems including the dendrite growth,
corrosion, and passivation (see the schematic in Fig. 13).
Though organic electrolytes can suppress water-induced prob-
lems, they are not suitable for exible ZIHCs because of both
performance limitation (e.g., poor power density) and safety
concerns (i.e., toxicity and ammability). Alternatively, deploy-
ing “rocking-chair” type NE electrodes is another viable solution
to retard the aforementioned challenges, but the overall energy
orrosion, and passivation problems of Zn NEs.

J. Mater. Chem. A, 2021, 9, 19054–19082 | 19069
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densities of the ZIHC devices can be seriously compromised at
the same time. In view of exible ZIHCs, most existing research
studies deploy Zn foils as NEs, presumably because the planar
foil is convenient for experimental observations. However,
planar metal foils are almost impossible for eventual devices
because of their rigidity and limited electrochemical surface
areas. Lacking exible Zn electrodes is another key challenge to
fulll the “exible prospects” depicted by exible ZIHCs. In this
section, we summarize the latest feasible strategies towards all
these challenges in developing NEs for ZIHCs.
5.1 Zn metal electrodes

The reaction mechanism of Zn metal NEs in ZIHCs is the
reversible plating/stripping of Zn2+ on the electrode surface.
Ideally, Zn2+ ions should be evenly deposited on the surface of
Zn NE with a uniform ion ux driven by a uniform electric eld.
However, such an ideal state is almost impossible because there
are inevitable irregular domains on the Zn metal surface (from
Fig. 14 (a) Energy barrier in the process of Zn nucleation and (b) typica
Copyright 2019, Wiley-VCH. (c) Electric double-layer model for bare Zn.
Chemistry. (d) Zn deposition on carbon cloth (CC) and carbon nanotu
Wiley-VCH. (e) Random and epitaxial electrodeposition. Reproduced w
Advancement of Science. (f) Adsorption models of the Zn atom absorbe
Wiley-VCH. (g) Zn deposition on the bare Zn electrode with or without a
morphologies of Zn deposition behavior on ZnNEs with or without polyam
Royal Society of Chemistry. (j) Zn electrodemorphology evolutions for the
permission.133 Copyright 2019, Elsevier.

19070 | J. Mater. Chem. A, 2021, 9, 19054–19082
the manufacturing process) and localized Zn2+ ion concentra-
tion gradients. Hence, practical Zn plating/stripping is always
inhomogeneous, which aggravates the irregular surface
appearance and causes the subsequent growth of Zn dendrites,
known as the “tip effect”.119 With repeated plating/stripping
processes, the local electric eld and the ion ux at the inter-
face become more non-uniform, which further exacerbates the
sharpness of dendrites until it eventually punctures separators
and causes an irreversible short circuit of the devices.120,121 Of
equal importance are the incessant faradaic and non-faradaic
side reactions that are also the “Achilles heel” for real revers-
ible Zn NEs.122 According to the Pourbaix diagram, metallic Zn
is thermodynamically unstable even in neutral and mildly
acidic electrolytes, leading to corrosion and HER. These
competing side reactions not only consume Zn and electrolyte
but also increase the internal pressure (even explosion) of
ZIHCs. Furthermore, the insulating byproducts (e.g., Zn(OH)x)
formed during plating/stripping cycles will passivate the Zn
l voltage curve during Zn deposition. Reproduced with permission.127

Reproduced with permission.129 Copyright 2020, The Royal Society of
be (CNT) substrates. Reproduced with permission.130 Copyright 2019,
ith permission.131 Copyright 2019, The American Association for the
d on CuZn5 and Zn. Reproduced with permission.132 Copyright 2019,
PA layer. (h) 2D diffusion of the Zn ion on the NE surface. (i) Side-view
ide layer coating. Reproducedwith permission.122Copyright 2019, The
electrolyte with or without the diethyl ether additive. Reproducedwith

This journal is © The Royal Society of Chemistry 2021
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surface, interrupting the normal charging/discharging
processes and compromising the device performance.123 It is
worth mentioning that Zn dendrites would be intensied at
large current densities for ZIHCs where high power densities
are needed.124 Moreover, the three types of problems are
sometimes convoluted. For example, Zn dendrites will aggra-
vate the corrosion and passivation of Zn, because Zn dendrites
have more low-coordination Zn atoms and defective lattice
planes that can catalyze the corrosion process.125 Therefore, for
high-performance ZIHCs based on Zn metal NEs, addressing all
these challenges is imperative and stringent.

In principle, the stable deposition of Zn ions is closely
related to the nucleation and subsequent growth process. As
shown by the free energy diagram in Fig. 14a, the initial
nucleation of Zn needs to overcome a nucleation energy barrier
to form a solid phase, aer which the Zn further continues to be
plated on the initially deposited layer.126,127 The whole process
can also be interpreted via the voltage prole (Fig. 14b), in
which the nucleation overpotential is associated with the ther-
modynamic cost of forming a critical atom cluster (dened by
the difference between the tip potential and the subsequent
stable potential), while the plateau overpotential refers to that
of zinc growth aer initial nucleation.128 Note that the solvation
and desolvation of Zn ions are also a non-negligible factor for
the Zn redox process. The electric double-layer structure (EDLS)
in Fig. 14c illustrates the typical ion transport behavior at the Zn
deposition interface.129 Ions actuated by the electric eld rst
move to the NE surface as a diffuse layer and then random
nucleate at active sites, hence a smaller desolvation energy
barrier of Zn2+ ions during this process is obviously more
favorable. By analyzing all these factors relevant to Zn deposi-
tion, the design principles towards the homogenized interfacial
electric eld and ion ux can contribute to uniform ion nucle-
ation and growth, thereby minimizing the unevenness of Zn
growth.

5.1.1 Interfacial design between Zn and the substrate. Zn
metal is a hostless NE that serves as both an active material and
a current collector and thus is quite vulnerable due to the
aforementioned problems. Therefore, a conductive substrate is
necessary to maintain the shape integrity of the NEs, guide the
growth of Zn metal, and more signicantly, enable a high depth
of discharge (DOD) of Zn species. So far, various conductive
substrates such as carbon cloth,134 CNT paper,50 graphene
foam,135 MXene paper,136 nickel nanotubes,137 and copper
foam138 have been used to host Zn. Generally, these substrates
possess a high active surface area, which can not only homog-
enize the electric elds but also provide enriched reactive sites
to enable an even Zn stripping/plating. A typical example comes
from Lu and co-authors,130 who constructed 3D dendrite-free
Zn/CNT electrodes by depositing Zn on exible 3D CNTs
(Fig. 14d). The 3D CNT substrate endows the exible symmetric
cell with appreciably low voltage hysteresis (27 mV) and decent
cycling stability (200 h) with dendrite-free morphology at 2 mA
cm�2, together with a DOD of 28%.

Apart from the general substrate effects, Zn substrates can
also be leveraged to guide the growth of Zn. Zheng et al.131 re-
ported a conceptually innovative substrate-guided epitaxy
This journal is © The Royal Society of Chemistry 2021
regulation strategy for Zn deposition. As shown in Fig. 14e, the
intrinsic low thermodynamic free energy of exposed closest
packed (0002) plane of Zn will lead to the random deposition of
platelets. Instead, the aligned graphene, with a low lattice
mismatch for Zn, can drive Zn to deposit with a locked crys-
tallographic orientation. The resultant planar Zn electrode can
be reversibly stripped and plated 10 000 times with a high
Coulombic efficiency of 99.9%, even at 40 mA cm�2. Note that
the perfect carbon substrate is hydrophobic, which potentially
hinders Zn deposition. Zhang et al.132 argue that the binding
energy between the zinc atom and carbon is weak, so that Zn2+

ions prefer to be plated on the initially nucleated Zn deposits
rather than on the remaining carbon surface. Instead, they
prove that copper shows intrinsic satisfactory zincophilicity,
and Zn nucleation on copper surface is relatively uniform owing
to the Cu–Zn solid solution layer formed in situ during Zn
plating (Fig. 14f). However, the metal substrate can substan-
tially compromise the energy density as well as the exibility of
Zn NEs. In this context, carbonmaterials stand out because they
offer good electrical conductivity, mechanical exibility, and
stability, yet with lightweight. Recently, Li's group139 demon-
strated that surcial tin(Sn) modication bestows a 3D carbon
felt host with higher zincophilicity, larger HER overpotential,
and lower nucleation overpotential of Zn and thus induces
uniform Zn plating/stripping in a better way with very a high
Coulombic efficiency. Their work suggests that zincophilic
hierarchical carbon materials can be a promising host for ex-
ible Zn electrodes.

5.1.2 Interfacial design between Zn and the electrolyte. In
essence, all electrochemical reactions occur at the Zn–electro-
lyte interface, thus interfacial adjustments between Zn NE and
the electrolyte are pivotal to regulate the redox behaviors of Zn
species. Unlike alkali metal electrodes (e.g., Li, Na), the solid
electrolyte interphase (SEI) can hardly be formed on the Zn–
aqueous electrolyte interface; articial SEI (A-SEI) layers are
therefore developed as a very successful strategy to enhance the
interfacial stability and cycling stability of Zn NEs. The core
concept of A-SEIs is to protect the Zn NE from directly coming in
contact with electrolytes for regulating the nucleation distri-
bution, ion transport, and resulting Zn stripping/plating
behaviors. Due to the conned electrochemical environments
on the Zn–electrolyte interface by such A-SEI layers, dendrite-
free plating and side-reaction/passivation suppression can be
achieved. In the last few years, various materials including
polymers,140–142 inorganic metal and metal oxides/salts,143–145

carbon matrices,146–148 and metal–organic frameworks (MOFs)149

have been deployed to constitute efficient A-SEI layers on the Zn
surface. A recent breakthrough was reported by Cui's group.122

They systematically studied a polyamide (PA)-based A-SEI,
which extrinsically suppressed the dendrite and side reactions
plaguing bare Zn during electrochemical cycles. The physical PA
layer served as a buffer layer that isolates active Zn from bulk
electrolytes and also suppresses free water-/O2-induced corro-
sion and passivation. Besides, the abundant amide groups
within the PA interphase layer can coordinate with Zn2+ ions to
positively rene the nucleation grains by elevating the nucle-
ation overpotential and increase the nucleation density via
J. Mater. Chem. A, 2021, 9, 19054–19082 | 19071
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restricting Zn2+ 2D diffusion, leading to a dense and smooth Zn
deposition (Fig. 14g–i). As expected, the PA modied Zn NE
sustains reversible, dendrite-free plating/stripping for over 8000
hours and a high areal capacity of 10 mA h cm�2 with an
exceptional DOD of 85%. Note that the A-SEI layers are not
necessarily extrinsically coated. They can be generated in situ via
elaborated surcial transformations. For example, Hao et al.150

built a compact articial ZnS layer on the Znmetal surface by an
in situ vapor–solid strategy. The optimized ZnS layer not only
suppressed Zn corrosion by forming a physical barrier on the Zn
surface but also inhibited dendrite growth via guiding the Zn
plating/stripping underneath the articial layer. Similarly, Yang
and co-authors151 fabricated a Zn@ZnF2 electrode via an anodic
growth method, in which the ZnF2 matrix served as an A-SEI
layer guiding the even deposition of Zn underneath.

In addition to A-SEI layer coating on the Zn surface, adjust-
ing from the electrolyte side is a complementary method to
address Zn interfacial issues. In this regard, adding additives to
electrolytes to adjust Zn2+ ion transport and surface current
distribution is one common method. For example, Xu et al.133

found that when a small amount (2 vol%) of diethyl ether was
introduced into the electrolyte, the highly polarized ether
molecules will preferentially adsorb onto the protrusions of Zn
due to the high local electrical eld. The deposition of Zn2+ ions
is then extruded to the at areas, thereby diminishing the initial
morphological uctuations in long-term cycles. In another
Fig. 15 (a) ZIHCs with Zn metal NE and intercalative PE and (b) Zn metal-
NE. Reproduced with permission.152 Copyright 2020, Wiley-VCH. (c) S
MXene@COC electrodes. (d) CV curves at 10mV s�1 when the ZIHCwas b
Elsevier.

19072 | J. Mater. Chem. A, 2021, 9, 19054–19082
work, Na2SO4 has been reported to alleviate the formation of Zn
dendrites based on the electrostatic shielding mechanism of
Na+ ions.153 Besides, the additive molecules can also manipulate
the Zn–electrolyte surface via tuning the solvation sheath of
Zn2+ ions. A recent study suggested that ethylene glycerol can
substitute water molecules in the Zn2+ ion solvation sheath to
increase its nucleation overpotential and circumvents parasitic
reactions during cycling.154 Of note, suitable adhesion of
organic additives can improve the durability and prevent the
premature failure of the Zn electrode, but inordinate adhesion
may disturb the diffusion of electrolyte ions and the intrinsic
conductivity of the electrode.155 It should also be mentioned
that, due to specic interactions between the functional groups
and the Zn surface, some polyelectrolytes have recently been
reported to render stable Zn–electrolyte interfaces during the
charging/discharging process.156,157 These intrinsic properties of
polyelectrolytes can be potentially leveraged in exible ZIHCs.
5.2 Zn metal-free NEs

Despite many efforts that have been devoted to addressing the
problems associated with Zn NEs, the utilization of Zn NEs
remains problematic. Enlightened by the “rocking-chair”-type
lithium-ion batteries, deploying Zn metal-free NEs that can
store Zn2+ ions with an adsorption or intercalation mechanism
(Fig. 15a and b) at low potentials will fundamentally circumvent
the aforementioned problems. Zinc metal-free NEs should
free “rocking-chair” type ZIHCs with intercalative PE and Zn metal-free
chematic diagram of the flexible ZIHC consists of d-MnO2@CC and
ent to different angles. Reproduced with permission.94 Copyright 2019,

This journal is © The Royal Society of Chemistry 2021
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possess: (1) appropriate potential versus Zn/Zn2+, (2) excellent
structural stability without dissolution issues, (3) high initial
Coulombic efficiency, (4) prompt and reversible intercalation/
deintercalation dynamics.158 Recently, the MXene materials
have been studied as potential Zn metal-free NEs due to their
excellent metal conductivity, hydrophilic surface, and
intercalation/de-intercalation energy storage mechanism. As
mentioned above, Wang et al.67 applied a free-standing MXene
(Ti3C2Tx) lm as a capacitor-type NE, which results in a stable
electrochemical performance with a capacitance retention of
83.6% aer 15 000 cycles and a Coulombic efficiency of above
93.3% during the cycles. Moreover, the as-fabricated ZIHCs
exhibited excellent exibility that can maintain around 94.6%
capacitance even when bent up to 120�. Subsequently, Zeng and
co-workers94 fabricated a exible NE by anchoring the MXene
(Ti3C2Tx) nanosheet onto a cotton cloth (COC) substrate. Their
assembled ZIHC (Fig. 15c) not only possesses good cycling
stability (�80.7% capacitance retention aer 16 000 cycles) but
also exhibits decent exibility (93% capacitance retention even
when the ZIHCs were bent up to 150�, see Fig. 15d). Neverthe-
less, though the Zn metal-free electrodes guarantee a safer
working mechanism with improved cycling lifespan, all their
electrochemical performances (both gravimetric and volumetric
capacity and energy density) are far from satisfactory for prac-
tical applications.
6. Considerations for flexible devices
6.1 Flexibility and soness

The overall construction of exible devices can be customized to
cater to various on-demand applications. Currently, one-
dimensional brous, 2D planar, and 3D stereostructured
ZIHCs have been developed (Fig. 16a–c).41,93 Although
Fig. 16 Schematic diagram of ZIHCs with different electrode designs:
Springer Nature. (c) Stereo using 3D printing. Reproduced with permission
of the structure of a flexible device and its three key parameters (L, q an

This journal is © The Royal Society of Chemistry 2021
increasingly reported, most works are performance-oriented
without a unied standard to describe the “exible issues” of
the exible devices. Zhi's group159 proposed a standard protocol
for describing exibility based on bending tolerance tests. As
shown in Fig. 16d, the device in the bending state can be
described by three independent parameters, namely, the length
of the device (L), the angle of bending (q), and the bending
radius (R). A change in any one of these parameters can
dramatically differ in the device's force area. For instance, the
stress area changes signicantly with the change in the bending
angle (q) when keeping the device length (L) and bending radius
(R) constant (Fig. 16d). Furthermore, it was found that all three
parameters have an impact on the electrochemical performance
of the energy storage devices.

To depict a full vision of a given exible energy storage
device, the authors also suggest reporting its “soness”,
a parameter dened according to the international standard
method for evaluating the soness of leather (ISO 17235). In
detail, a cylindrical rod with a certain mass is lowered at
a certain rate onto a xed exible material, and the resulting
change in the exible material is recorded as the soness
(typically in mm). The soness is closely related to three factors:
(1) the material of the exible current collector; (2) the electrode
type; and (3) the thickness of the active material. For some
devices aiming to obtain a high energy density, the increase of
the active material will signicantly diminish the device's so-
ness. Therefore, these four key parameters afford valuable
guidelines that should be claried in future exible energy
storage devices for better cross-lab comparison.
6.2 Multifunctionality

6.2.1 Temperature adaptability. As mentioned above,
aqueous ZIHCs are more promising for their higher rate
(a) fibrous. (b) Planar, Reproduced with permission.41 Copyright 2021,
.93 Copyright 2021, American Chemical Society. (d) Schematic diagram
d R). Reproduced with permission.159 Copyright 2019, Elsevier.
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capability and intrinsic safety. However, the aqueous GPEs in
ZIHCs are susceptible to temperature changes, since sub-zero
temperatures will incur freezing and high temperatures may
lead to dry-out of the electrolyte, both resulting in degradation
or even failure of the devices. The highest recorded temperature
on Earth is 58 �C, and the lowest one is �89.2 �C.160 Hence, the
temperature-adaptability of exible ZIHCs is a vital require-
ment. Recently, exible ZIHCs with freezing resistance have
been reported by introducing anti-freeze hydrogel electro-
lytes.57,58,161 For example, Li and colleagues57 fabricated a PVA-
based exible electrolyte by dispersing PVA in a mixture of
ethylene glycol (EG), H2O, and Zn(CF3SO3)2, followed by
a freeze-thawing treatment. The EG was introduced to break the
intermolecular hydrogen bonding, hence lowering the freezing
point of the electrolyte. The as-synthesized hydrogel electrolyte
possesses decent freezing resistance and exibility and main-
tains a decent conductivity (4.02 mS cm�1) aer seven days at
�15 �C.

Aside from the organic cryoprotectants, the intrinsic colli-
gative property of some inorganic salts can be leveraged for the
temperature-adaptability. Wang et al.58 reported a 7.5 m ZnCl2-
Fig. 17 (a) Rate capability of ZIHCwith 7.5 m ZnCl2 at different temperatu
photo demonstrates that an LED was lighted up through PAM that ser
Reproduced with permission.58 Copyright 2021, Wiley-VCH. (c) Images o
with permission.162 Copyright 2020, Springer Nature. (d) Principle of therm
with permission.163 Copyright 2020, Wiley-VCH. (e) Stretching demonst
ZIHC. Reproduced with permission.88 Copyright 2019, The Royal Society

19074 | J. Mater. Chem. A, 2021, 9, 19054–19082
lled PAM GPE, which possesses an ideal freeze resistance with
exibility and good ionic conductivity (17.9 mS cm�1) even at
�20 �C (Fig. 17a). The exible ZIHCs assembled from this GPE
exhibited a high capacity retention of 70% at 1 A g�1 when the
temperature drops from 25 to �20 �C (Fig. 17b). A cellulose-
based hydrogel containing ZnCl2 and CaCl2 has also been
used for ZIHCs working at low temperatures.161 Recently, Zhang
and co-authors162 uncovered that the 7.5 m ZnCl2 solution can
bring a solid–liquid transition temperature down to �114 �C
(Fig. 17c). Aer the addition of ZnCl2, the resulting Cl�-con-
taining Zn2+ clusters interact more strongly with H2O, thus
enhancing the ionic interactions and breaking the hydrogen
bonding network, which eventually leads to the low freezing
point. This work suggests that exible ZIHCs can work at
extremely low temperatures by deploying suitable Zn salts. In
addition to the freeze resistance at low temperatures, the
devices' thermal stability/safety at high temperatures is another
important consideration. In this regard, Yang et al.163 recently
demonstrated a smart and thermally recoverable exible
devices by using a ZnCl2-based PAM GPE, as illustrated in
Fig. 17d. At elevated temperatures, the water evaporation
res; the inset shows the ionic conductivity of PAM (7.5 m ZnCl2) and the
ved as an ionic conductor. (b) GCD curves at different temperatures.
f different concentrations of ZnCl2 at 25 �C and �70 �C. Reproduced
al self-protection of hygroscopic (ZnCl2) gel electrolytes. Reproduced

ration of the flexible GPE and the schematic illustration of the flexible
of Chemistry.

This journal is © The Royal Society of Chemistry 2021
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decreases the ionic diffusion of the GPE to avoid thermorun-
away of the device. The electrolyte with hygroscopic properties
(from ZnCl2) can then absorb water from the air to restore its
original function when it returns to a low temperature.

6.2.2 Self-healable devices. For exible energy storage
devices, repeated deformations and/or strong external forces
may cause a fracture in GPEs and/or displacement of electrodes,
hence self-healable devices are highly preferred. Important
features to achieve self-healing properties are the presence of
chemical bonding or hydrogen bonding, which are usually
reversibly cross-linked within GPEs. For example, the B(OH)4
moiety in borax can dynamically cross-link with hydroxyl groups
widely present in the gel backbones. The formed B–O chemical
bonds can be easily and rapidly reconstructed aer a fracture.
Thus, borax is widely used as a cross-linker for self-healable
GPEs. Based on this, Chen et al.88 used borax to cross-link
PVA and nano-brillated cellulose together with ZnSO4 to
synthesize a GPE, which exhibited 98% self-healed mechanical
properties only aer 20 s (about 600% strain and 22.5 kPa), as
shown in Fig. 17e. In another work, Ni et al.108 constructed a self-
healable GPE by utilizing hydrogen bonding in PVA. However,
Fig. 18 (a) Schematic of a U-shaped air self-chargeable hybrid system.
demonstration of powering a device. Reproduced with permission.165 C
ZIHCs. Reproduced with permission.166 Copyright 2018, American Chem
of the photo-rechargeable ZIHC using 1D V2O5. Reproduced with perm

This journal is © The Royal Society of Chemistry 2021
the force of hydrogen bonding is relatively weaker as compared
with chemical bonding. It is worth mentioning that the self-
healable devices are very preliminary, since in most reported
sandwich-structured ZIHCs, the self-healing functionality is
based on the GPEs. The all-in-one type exible devices that
incorporate all other components (e.g., electrode, current
collector) with the GPEs can be a potential candidate for real-
izing the self-healing function at the whole device level.

6.2.3 Anti-self-discharging capability. The instability of
physical charge adsorption leads to severe self-discharging in
ZIHCs. Therefore, for exible ZIHCs, self-discharging resistance
is also an important part of their versatility. As exemplied in
the case of TiN–SO4

2�,91 screening of suitable electrolyte ion–
electrode material pairs that have more tight and stable
adsorption is an ideal way to achieve the function of anti-self-
discharging. Besides, such a function can be achieved by
using insertion-type and conversion-type electrode materials
(e.g., phosphorene), which can better conne ions.80 Also,
a proper GPE design can also enable self-discharging resistance.
For example, Liu et al.164 proposed that a unique zwitterionic gel
of poly-propylsulfonate dimethylammonium
(b) Working principles of the air self-chargeable hybrid system. (c) The
opyright 2019, Wiley-VCH. (d) Schematic of the photo-rechargeable
ical Society. (e) Photocharge and discharge in the illuminated condition
ission.167 Copyright 2018, American Chemical Society.

J. Mater. Chem. A, 2021, 9, 19054–19082 | 19075

https://doi.org/10.1039/d1ta02775a


Journal of Materials Chemistry A Review

Pu
bl

is
he

d 
on

 0
2 

H
az

ir
an

 2
02

1.
 D

ow
nl

oa
de

d 
on

 2
8.

06
.2

02
4 

14
:4

1:
11

. 
View Article Online
propylmethacrylamide (PPDP) can inhibit the ion diffusion on
the electrode by the unique electrostatic attraction between
anions and cations present in the gel structure. Specically,
they proposed that by applying an external electric eld, chan-
nels allowing ions to move rapidly will form due to the orien-
tation of the polyzwitterionic chains within the PPDP GPE.
When the device is le in an open-circuit condition, these
channels would close because of the more random orientation
of the polyzwitterionic chains and thus is unfavorable for the
diffusion of the ions and redox species resulting from the
increased steric barriers. This additional advantage of anti-self-
charging suggests the great potential of GPEs, which denitely
deserves further investigation.
6.3 Self-chargeable hybrid system

For energy storage devices, achieving a higher energy density
has been a constant pursuit for a longer lifetime. Integrating
energy storage devices with energy conversion units can be an
effective way to extend the capacity of energy storage devices.
This integrated/hybrid system can harvest and replenish energy
from the environment when energy is exhausted in ZIHCs.
Moreover, the hybrid system can avoid extra external electronics
to adjust and match the voltage/current output, thereby
reducing the interfacial charge transfer resistance and separa-
tions among different components. Thus, combining ZIHCs
with other energy conversion systems allows for a more prom-
ising self-charging system. For example, Ma and colleagues165

demonstrated an air-chargeable exible ZIHC by employing
a unique U-shaped electrode sandwiching a zinc electrode and
two different polymer electrolytes, as shown in Fig. 18a. In this
conguration, the zinc electrode can support both systems.

The GPE constructed by PAM and ZnSO4 mainly builds
a ZIHC, while another GPE consisting of sodium polyacrylate
(PANa) and KOH builds a Zn–air cell to convert O2 to energy
Fig. 19 (a) Fabrication process of ZmSC. (b) Images of ZmSC. Reprodu
integrated flexible self-powered ZIHC combining ZmSC and miniaturize
Nature.

19076 | J. Mater. Chem. A, 2021, 9, 19054–19082
(Fig. 18b). This exible hybrid system achieved rapid charging
of depleted ZIHCs to 88% in 10min and good stability during 60
venting–charging cycles, which was able to power an electronic
device through air charging, as demonstrated in Fig. 18c.
However, the Zn–air unit is an open system, and the alkaline
GPE will react with CO2 in air, generate by-products, and
corrode the zinc electrode. Therefore, it is an effective solution
to build a joint system by using a safer neutral solution. Bearing
this inmind, Sun et al.168 reported another advanced design that
applied mild electrolytes (ZnSO4 and Zn(Ac)2) to the entire cell,
building a safer and more stable hybrid system.

Along with air, sunlight is one of the most common and
widely used green energy sources. Photo self-charging is
another novel self-chargeable hybrid system design strategy.
The proof-of-concept study (Fig. 18d) was conducted by Boruah
et al. and was demonstrated by using 2D graphitic carbon
nitride166 and V2O5 semiconductors167 (Fig. 18e), respectively.
Without any additional photovoltaic or electrical devices, a bare
self-charging hybrid system driven by solar energy is achieved.
In short, air self-charging and photo self-charging provide
inspirations for building other self-chargeable hybrid systems
by combining ZIHCs with other energy conversion units, such
as triboelectric nanogenerators.
6.4 Miniaturization

Miniaturization is a major trend in the development of portable
and highly integrated electronics, which is the key to the reali-
zation of “articial intelligence” and “Internet of things” in the
future.4,50,170–172 However, with the existing miniaturized ESSs, it
is difficult to achieve high energy and power density simulta-
neously, which hinders further miniaturization of many elec-
tronic products. ZmSCs have better electrochemical properties
due to miniaturization and reduced electron transfer distance,
showing promise to bridge the demand gap.89 Also, it should be
ced with permission.89 Copyright 2019, Wiley-VCH (c) Diagram of the
d solar cells. Reproduced with permission.169 Copyright 2020, Springer

This journal is © The Royal Society of Chemistry 2021
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noted that the evaluation of electrochemical performances of
ZmSCs is different from those of other ZIHCs. The areal or
volumetric density is more critical than the gravimetric energy
density, since the weight of active materials is negligible in
miniaturized ESSs.173 Sun et al.50 fabricated miniaturized CNT-
based electrodes by laser carving and constructed the rst
exible ZmSC, which delivered a decent areal capacitance of
83.2 mF cm�2 at 1 mA cm�2. Although this constructed ZmSC
was yet to be improved in terms of electrochemical performance
and cyclability, it represents an important reference for minia-
turization in this eld. Following this, Zhang et al.89 optimized
the electrode material (AC as PE), collector (Au foil), and fabri-
cation process of ZmSC (Fig. 19a and b). An ultra-high capaci-
tance of 600 mF cm�2 at the current density of 3.12 mA cm�2

was achieved in their devices. Apart from performance
advancement, Zeng et al.169 argued that the lack of a matching
miniaturized charging system to the miniaturized ZIHCs
remains a huge challenge. They constructed a exible self-
powered ZIHC by combining a ZmSC fabricated from an
asymmetric printing technology with a miniaturized solar cell
(Fig. 19c). This miniaturized device features a fast photovoltaic
conversion character that can charge the energy storage unit to
1.6 V in 23 s. Their work put forward a potential consideration
direction for micro-ZIHCs.
7. Conclusions and outlooks

In summary, by integrating the complementary advantages of
both Zn-ion batteries—for high energy density—and conven-
tional SCs —for exceptional power density and cycling stability,
exible ZIHCs depict promising prospects as a reliable power
source for realizing the full vision of emerging exible elec-
tronics. In this review, we outlined the fundamental principles,
recent progress, and critical challenges of exible ZIHCs. Key
emphasis was given toward general design principles and
specic considerations of electrode materials, electrolytes,
electrode–electrolyte interfacial properties, and functional
device innovations in the backdrop of exible ZIHCs. In general,
despite the thriving and prompt development since their
emergence a few years ago, the application of exible ZIHCs is
still in its initial stage. Here, we propose a few special consid-
erations which we believe should be the research focus in the
near term:
7.1 Improving the SCD of 3D carbon materials

Carbon materials are the most promising materials for ZIHCs
because of their incomparable advantage of capacitive behav-
iors. In this regard, PCs with a large SAA and hierarchical
porosity can enhance both the capacity and rate capability.
Conventional template methods combined with suitable acti-
vation treatments can hopefully achieve such on-demand
structural tunings. Heteroatom doping can bring in additional
adsorption sites in PC and potentially alleviate the self-
discharging due to the relatively stable chemical bonds
compared with pure physical adsorption, but the mechanism
needs further in-depth clarication. Especially, the interactions
This journal is © The Royal Society of Chemistry 2021
between the Zn2+ ions and the dopant sites (along with possible
defect sites) and the interfacial adsorption/desorption kinetics
call for the collaboration of experimental tests, theoretical
calculations, and simulation characterization. For exible
devices, interfacial contact is a signicant concern, while the
volumetric energy density is a more relevant and signicant
metric. Therefore, 3D carbon materials with a better interfacial
contact and higher SCDs will be ideal electrode materials for
exible ZIHCs.

7.2 Developing advanced pseudocapacitive materials

Currently, TMOs and their derivatives (e.g., layered-double-
hydroxides), conductive polymers, MXenes, MOF materials,
and delaminated phosphorene provide more opportunities for
the development of ZIHCs. However, they all suffer from limited
cycling stability due to poor conductivity and/or chemical/
structural instability. Future endeavors using strategies such
as substrate coupling, doping, pre-intercalation, and nano-array
structuring can hopefully enhance the electrical conductivity,
ion diffusion kinetics, and electrochemical stability of these
pseudocapacitive materials. Meanwhile, equal efforts should be
given to developing novel pseudocapacitive materials. To this
end, we envisage that lamellar 2D pseudocapacitive materials
are particularly promising because they offer a balance between
capacity, diffusion kinetics, and anti-self-discharging property.

7.3 Designing compatible exible current collectors

Most of the developedmaterials exist in the powder form, hence
extra binders are indispensable to cast them onto certain
current collectors. As mentioned above, the typical metal
current collectors (e.g., copper, silver) may become problematic
in ZIHCs because of the galvanic corrosion toward Zn metal (by
forming copper–zinc or silver–zinc primary cells). Also,
considering the repeated deformations (e.g., bending, stretch-
ing, and twisting) in usage scenarios of exible ZIHCs, metal
current collectors are very vulnerable. In this context, carbon-
based electrodes (e.g., 3D carbon bers) stand out since they
concurrently offer satisfying electrical conductivity, mechanical
exibility, and stability, yet with lightweight. However, inte-
grating active materials onto exible carbon substrates requires
further study.

7.4 Engineering electrolytes for exible ZIHCs

For fundamental studies in liquid electrolytes, special consid-
erations should be given to the solvation structure and associ-
ated desolvation energy of the solvated Zn2+ ion clusters. The
inuence of different anions is non-negligible, and the choice of
anions is largely inuenced by the electrode materials. There-
fore, in addition to typical requirements such as the high ionic
conductivity, low viscosity, and wide voltage window, overall
considerations for the impact on both PE and NE are manda-
tory. For exible ZIHCs, the GPE is a salient component not only
to conduct charges between PE and NE but also to serve as
a separator to provide ionic movement channels. Besides, the
electrode–electrolyte interface properties need careful consid-
eration. In this backdrop, with the basic requirements of ionic
J. Mater. Chem. A, 2021, 9, 19054–19082 | 19077
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conductivity and mechanical properties, further efforts should
be reasonably devoted to enhancing the interfacial contact and
understanding the interfacial properties. We propose that
hierarchically porous and cross-linked GPEs with a bril surface
can enhance the interfacial contact and maintain the structural
stability in exible ZIHCs. Furthermore, coating electrodes with
in situ synthesized GPE is a promising strategy to boost the
interfacial contact. Moreover, future research studies can focus
on the GPE–electrode interface to intrinsically address the
notorious dendrite growth, metal dissolution, and self-
discharging problems.

7.5 Boosting the cycling stability of Zn NEs

In light of their intrinsic high volumetric energy density,
nanostructured Zn metal-based NEs can be a promising
candidate for exible ZIHCs. To achieve this, the dual-
interfacial design deserves particular research efforts. As justi-
ed in Section 5, zincophilic hierarchical carbon materials can
be a promising host for exible Zn electrodes, which not only
guarantees high conductivity and exibility but also guides the
growth of Zn metal. For the Zn–electrolyte interface, coating
with a suitable A-SEI layer is reliable but stills need further
investigations. Advanced protocols in other metal-electrode
(e.g., Li, Mg) batteries can be extended for Zn NEs. We
propose that the concurrent consideration of the A-SEI layer and
the GPE materials may simplify future explorations.

7.6 Improving the volumetric metrics on the whole device
level

One crucial challenge of exible electronics is to design energy
storage devices that are exible, light, and thin. Hence, high
volumetric metrics are essential to exible ZIHCs. In most
existing studies, the use of low-density active materials (e.g.,
carbon) and excessive Zn foil/plate will greatly diminish the
volumetric metrics on the whole device level. Further studies
should be devoted to matching the NE/PE weight ratios, mini-
mizing the electrolyte content, achieving compact congura-
tions, and the development of energy-dense electrode materials.
Critical information such as the DOD value of Zn NE and the
geometric structure of the whole cell should be provided to
better advance the practical applications of ZIHCs.

7.7 Standardizing exible tests

Most reported works usually adopt simple bending, twisting, and
stretching tests by hand to evaluate themechanical exibility and
durability, without providing quantitative data pertinent to the
modulus, tensile strength, etc., which seems somewhat arbi-
trary.159 To fulll the eventual expectation of exible vision, it is
imperative to establish systematic criteria to evaluate the
mechanical exibility and durability of exible ZIHCs.
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