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Abstract

Zinc-ion supercapacitors (ZISCs) are recognized as one of the most promising types of energy storage devices
with the advantages of high theoretical capacity and safety, nontoxicity, low cost, abundant resources (-300 times
higher than lithium), and lightweight. So far, multifunctional integrated ZISCs have greatly broadened their
application scenarios. In addition to enhancing the electrochemical performance via the design of advanced
electrodes and electrolytes, the complex application scenarios and in-depth development of energy storage devices
have resulted in higher requirements for ZISCs with multifunctional integrated applications. However, to the best of
our knowledge, there is no relevant review about summarizing advanced multifunctional ZISCs. In this review,
various advanced multifunctional ZISCs, including micro, self-powered integrated, antifreezing, and stretchable
ZISCs, are comprehensively presented to fully understand the advanced evolution of multifunctional ZISCs. The
working principles and challenges of ZISCs are analyzed and the future development directions and expectations of
advanced multifunctional ZISCs are discussed. This review provides significant guidance for the multifunctional
development of ZISCs for future studies.
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INTRODUCTION

Currently, the significant consumption and large-scale demand for energy are major issues prevailing in the
world, which are directly related to the economic development of countries and the life quality of their
inhabitants'®. As a result, the utilization of new clean and green energy sources, such as water**, wave'*,
wind"?, solar"”, tidal"”, biomass"?, and geothermal energy"”, has attracted significant attention but still
presents problems associated with direct storage, transportation, and instability. Lithium-ion batteries
(LIBs) and supercapacitors (SCs) are 2 kinds of widely used energy storage devices. Commercial LIBs show
high energy density, stable voltage output, and excellent cycling performance, and operate based on Li'

2024 However, the irreplaceable

intercalation and deintercalation into and from the electrodes, respectively
toxic organic electrolytes and high cost of lithium limit the applications of LIBs, especially for applications
that urgently require high power density”?®. In contrast, SCs are emerging because of their simple
preparations, high power densities, and fast charge/discharge rates'”??. The energy storage mechanism of
SCs is based on ion adsorption/desorption on the electrode surface without involving the redox reactions in
the lattices of the electrode materials, resulting in fast charge/discharge rates and excellent cycling stability,

different from that of batteries**".

At present, by combining the two different energy storage mechanisms of batteries and SCs, the
development of hybrid ionic SCs (HISCs) has been promoted, which inherit the high energy density from
batteries and the high power density from SCs"”*'. HISCs mainly include Li-, Na- and K-ion HISCs
assembled with battery-type anodes and capacitive-type cathodes, where the adsorption/desorption of
cations occurs on the surface of the cathode with a large specific surface area and abundant active sites, and
the exfoliation/deposition of anions (Li*, Na" and K*) occurs on the anodes to store electrical energy.
Unfortunately, lithium, sodium, and potassium metals are required as anodes for necessitating the use of
usually toxic organic electrolytes to assemble HISCs'**". High costs, reactive metal anodes, and toxic and
environmentally unfriendly organic electrolytes have limited the development of these monovalent alkali
metal-ion HISC:s.

Researchers have found several unique advantages for the fast charge transfer kinetics of HISCs based on
multivalent ions (Zn*, Ca*", Mg** and Al’") with abundant reserves and relative safety'***”. Among them,
zinc-ion supercapacitors (ZISCs) are recognized as highly promising potential energy storage devices, owing
to the high theoretical capacity (823 mAh g and 5855 mAh cm™) of Zn and their high safety, nontoxicity,
low cost, abundant resources (~300 times higher than lithium), and lightweight'**°.. Furthermore, safe and
low-cost aqueous electrolytes can be used in ZISCs. As reported previously, electrical double-layer
capacitive- or pseudocapacitive-type electrode materials (such as carbon®”, MXenes'**””, conductive
polymers”””, and transition metal compounds”*) are often used as the cathodes of ZISCs, where the
typical adsorption/desorption of ions occurs on the electrode surface’™. The anodes (Zn and Zn-modified
metals) are always dominated by the stripping/plating of ions"™. In addition to the low cost of ZISCs, the
Zn*/Zn redox on anodes requires two electrons, resulting in a high theoretical volumetric capacity of 5855
mAh cm?, which is beneficial for volume-constrained applications'®”. Moreover, the equilibrium potential
of Zn is -0.76 V vs. a standard hydrogen electrode, illustrating the feasibility of using Zn metal in aqueous
electrolytes. Furthermore, compared with other multivalent-ion (Mg* and Al’**) SCs using aqueous
electrolytes, ZISCs exhibit faster charge-discharge rates due to the smaller radius of the hydrated ion and
faster ionic kinetics"®. These advantages push forward the rapid development of ZISCs.
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Since the early work on ZISCs reported by Kang and co-workers in 2018"”, researchers have engaged in
boosting the electrochemical performance of ZISCs through the regulation of electrodes and the
improvement of the interfacial contact between the electrode and electrolyte. In addition, the rapid
development of flexible electronics and multifunctional devices, such as smart skins, energy collectors,
wearable electronics, and health monitors, has posed more challenges for the multi-functionalization of
ZISCs, like bending, folding, twisting, and stretching, while maintaining their inherent electronic and
structural properties™’. Simultaneously, multifunctional ZISCs have also been developed towards the merits
of lightweight, miniaturization, environmental protection, intelligence, and adaptability at low temperature,
with the aim of achieving electronic equipment with full flexibility. In this review, we summarize the recent
progress on multifunctional ZISCs, including micro, self-powered integrated, antifreezing, and stretchable
ZISCs, as shown in Figure 1”7 Moreover, the current challenges and future prospects of multifunctional
ZISCs are also described.

Micro-ZISCs

Current research into micro-energy storage components is driven by the development of miniaturized
electronic products, such as wearable devices, implantable electronics, and wireless sensor networks”>***!,
Micro-energy devices (micro-SCs and micro-batteries) are regarded as promising candidates. Although the
energy density of micro-SCs is smaller than that of micro-batteries, micro-SCs with a similar energy storage
mechanism to SCs exhibit faster discharge/charge rates and longer cycling lifetime, thereby representing the
optimal choice for practical applications. The main difference between micro-SCs and SCs is their size. The
size of the former (only a few square millimeters) is much smaller than that of the latter and is therefore
more suitable for the application of implantable electronics, wearable electronics, and other special
application scenarios. Furthermore, micro-SCs are usually interdigital, which facilitates the utilization of the
effective area of the electrodes, and their specific capacitances are usually measured in the units of F cm™
due to their small sizes.

As an important part of the micro-SC family, micro-ZISCs have attracted significant research interests.
Zhang et al. demonstrated a micro-ZISC with ultrahigh surface energy density and long-term durability by
employing activated carbon as a cathode and electrodeposited Zn nanosheet as an anode in a ZnSO,-based
aqueous electrolyte, which showed a high areal capacitance of 1200 mF cm? in a voltage window of 0.5-1.5
V with a total size of 1.8 x 1.8 cm®"*\. Li et al. designed a smaller micro-ZISC (with a thickness of 0.851 pm)
coupled with a Ti,C,T, cathode using a low-cost laser-writing manufacturing route, which displayed a
maximum areal capacitance of 72.02 mF cm™ at a scan rate of 10 mV s"'""". However, the energy density of
the reported micro-ZISC was limited by the tight layer-to-layer space. Cheng and co-workers"*! synthesized
one-dimensional (1D) core-shell conductive nanofibers via bacterial cellulose fiber (BCF) and polypyrrole
(PPy) as the intercalation species to expand the space of the MXene layers (MXene/BCF@PPy), exhibiting
an areal capacitance of 388 mF cm™ Furthermore, micro-ZISCs using the MXene/BCF@PPy cathodes
showed an outstanding energy density of 145.4 pWh cm™ and excellent capacity retention of 95.8% after
25000 cycles. For aqueous electrolyte-based micro-ZISCs, three key factors for the electrode materials
should be considered in the micromanufacturing process: (1) specific surface area; (2) mass loading and size
of electrodes; and(3) inherent conductivity. In the micro-application process, the small voltage window
limited by hydrogen evolution should also be considered, which is similar to normal ZISCs.

Although the aqueous electrolytes for micro-ZISCs display the merits of low cost, safety, and environmental
friendliness, they can cause leakage and be unsuitable for implantable and wearable power sources. Quasi-
solid-state electrolytes have similar advantages to aqueous electrolytes, where the electrolytes are solid but
still contain some water, thereby avoiding the risk of easy leakage associated with aqueous electrolytes. They
act as promising candidates for quasi-solid-state (QSS) micro-ZISCs. Hydrogels, with a 3-dimensional (3D)
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Figure 1. Classification of multifunctional ZISCs, including micro-, self-powered integrated, antifreezing, and stretchable ZISCs.
Reproduced with permission from Ref.””" (Copyright 2022, Wiley-VCH), Ref.”? (Copyright 2021, Elsevier), Ref.’* (Copyright 2022,
Wiley-VCH), Ref.?4! (Copyright 2021, Royal Society of Chemistry), Ref.* (Copyright 2021, Royal Society of Chemistry), Ref.?¢!
(Copyright 2019, Wiley-VCH) and Ref. °” (Copyright 2021, Elsevier).

network structure of polymers containing a large amount of water, are often used as the electrolytes for QSS
micro-ZISCs. Moreover, their adjustable shape makes it possible for them to meet the demands of micro-
ZISCs. Furthermore, some hydrogels are derived from natural polymers with excellent biocompatibility,
flexibility, and environmental friendliness, highlighting their application for QSS micro-ZISCs in flexible
and wearable devices.

Cao et al. constructed Zn(CF,SO,),/polyacrylamide (PAM) electrolyte for micro-ZISCs based on a BCF-
intercalated MXene cathode (MXene/BCF) and a zinc anode by laser cutting®”. The optimal configuration
of the MXene/BCF cathode and the inhibition of the hydrogen and oxygen evolution reactions by the gel
electrolyte increase the voltage window to 1.2 V. Using the same electrodes, the surface energy density
increased significantly to 34 Wh cm? compared with the traditional H,SO,/PAM hydrogel electrolyte (0.6
V/8.6 Wh cm?). Tian et al. developed novel implantable and biodegradable transient micro-ZISCs using a
Zn@PPy cathode by printing a NaCl/agarose gel electrolyte and a zinc anode [Figure 2A]"*). The assembled
micro-ZISC is biodegradable, thereby preventing the waste of materials. As shown in Figure 2C, the XRD
pattern of Zn@PPy showed a broad peak at 25°, indicating that the PPy was polymerized successfully on the
zinc metal. Benefiting from the short ion transport channel and fast ion transport rate of the 3D
interdigitated structure of the electrodes and electrolyte configuration, the assembled micro-ZISC displays
an area of only 1 x 1.4 cm’ [Figure 2B] with a high energy density of 0.394 mWh cm™. More importantly, it
can be implanted into subcutaneous region of rats and completely degraded within 30 d [Figure 2D-I],
accompanied by unimportant changes in cell viability [Figure 2] and K].

Although their energy density is lower than those of batteries and ordinary ZISCs, micro-ZISCs still possess
some inherent advantages, such as longer working time (> 100000 cycles), faster charge/discharge rates, and
higher power densities, on account of their smaller sizes and shorter electron transport distances. These
characteristics endow micro-ZISCs with potentially unique advantages for applications in miniature sensor
networks, nanorobots, microelectromechanical systems, and wearable and implantable electronics. In
particular, implantable and wearable micro-ZISCs with stable performance and good safety can be readily
used as energy storage and power supply units in various human-related experiments. At present, the
development of micro-ZISCs is still in an early stage, and there are still many problems to be solved. In
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Figure 2. (A) Schematic of super-assembly fabrication processes of a fully biodegradable micro-ZISC, including screen printing,
electrochemical sintering, electrochemical deposition, and device assembly. (B) Photograph of micro-ZISC. (C) XRD patterns of Zn and
Zn@ppy. (D) Optical images of silk-encapsulated micro-ZISC before implantation. (E-1) In-vivo degradation evaluation of micro-ZISC
device after being implanted in the subcutaneous region of rats. (J) Cell viability of plasticized silk films, NaCl/agarose gel, silk protein-
Zn and silk protein-Zn@ppy films. (K) Fluorescent images showing cell viability, with green (calcein-AM) and red [propidium iodide
(P)] representing live and dead RAW264.7 cells, respectively"®.Reproduced with permission from Ref."® (Copyright 2021,

American Chemical Society).
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terms of performance, advanced electrode materials with high energy densities and electrolytes with fast ion
transport rates are urgently needed to improve the overall electrochemical performance of micro-ZISCs.
The interdigitated type is the main structure of current micro-ZISCs. Therefore, exploiting more micro-
ZISCs with other structures, such as linear and 3D structures, to meet more application scenarios is an
important future development direction of micro-ZISCs.

Stretchable ZISCs

In recent years, the rise of flexible devices has promoted the prosperous development of artificial organs,
electronic skin, health monitoring, and soft robots®>'*'*. As energy sources, batteries and SCs are required
to be flexible and wearable to adapt to the inevitable limb movement of the human body in daily activities.
Stretchability is another fundamental prerequisite. However, the development of stretchable flexible energy
storage devices is limited by the mismatched interface caused by the slippage and fracture between
electrodes and electrolytes when tensile deformation occurs. This irreversible mechanical loss and limited
interfacial matching are primary factors that restrict the development of flexible energy storage devices. The
structure of inchoate stretchable energy storage devices is usually composed of a stretchable hydrogel
electrolyte and rigid electrode-based carbon cloth, nickel foam, copper foil, and other fixed-shaped
substrates'”. Thus, the breakthrough of this restricting factor is to study integrated stretchable energy
storage devices. Furthermore, the electrodes and electrolytes should all be stretchable to realize an "all-in-
one" design by the development of advanced stretchable ZISCs.

The structural design of electrodes, including spring-like, wave-like, bridge-island, and cellular structures, is
one of the most feasible approaches to fabricating integrated stretchable SCs. From the perspective of device
dimensions, 1D fiber-like and 2-dimensional (2D) plane-like electrodes play prominent roles in the
application of stretchable ZISCs. Among them, 1D fiber-like electrodes can be appropriately rotated into
spring-like structures with different stretch lengths through the number of turns and densities. Moreover,
1D fiber-like electrodes can also be woven into stretchable fabrics of various shapes, such as honeycomb and
knitted fabrics. 2D-structured electrodes are ultrathin and ultralight and can be expediently integrated into
microelectronic devices to form wrinkled or wavy-like stretchable structures to meet the requirements of
wearable ZISCs. Lu and co-workers spiraled two parallel wet-spun graphene oxide/carbon nanotube
(rGO/CNT) hybrid yarns into spring-like SCs that could be stretched up to 1800%"*”. Peng and co-workers
found that a coaxially arranged structure produced an order of magnitude higher specific capacitance than a
parallel arranged structure for spring-like SCs"*. Therefore, ultralong coaxial ZISCs with a Ti,C,T, MXene
fiber core (cathode) and a zinc fiber shell (anode) were fabricated by a simple wet spinning method. The
ZISCs were then enwound into a spring-like structure and woven into a knitted fabric structure, thereby
providing stretchability at both the fiber and fabric levels [Figure 3A-D]. The manufactured coaxial ZISCs
showed excellent cycling stability with a high area capacitance (up to 214 mF cm?) and energy density (42.8
uWh cm?) at 5 mV s and an 83.58% capacity retention after 5000 cycles. Li et al. adhered a flat CNT film
electrode to the surface of a pre-stretched 700% hydrogel electrolyte through hydrogen bonding"*!. When
the stress dissipated, the CNT film electrode contracted naturally into a wave shape as the hydrogel
electrolyte was restored. The strain rate of the ZISCs was determined by the initial pre-stretch ratio of the
hydrogel.

Although the structural design of stretchable electrodes can be used to achieve the overall stretchability of
ZISCs, the slippage and deformation at the interface of electrode and electrolyte are major contributors to
the spoilage of capacity. Therefore, it is crucial for the electrodes to be grown in situ on the electrolyte
surface. Jin et al. proposed the one-step in situ growth of a polyaniline (PANI) electrode in an antifreezing
organic hydrogel polyelectrolyte based on a mixed solvent of an ethylene glycol (EG)/water-impregnated
PAM network, which provided a concept for the in situ growth of integrated stretchable ZISCs without
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Figure 3. (A) Schematic illustration of large-scale production of MXene- and zinc-coated fibers and braided coaxial ZISCs. (B) SEM
image of ZISCs. (C) Mapping image of zinc element on the surface of ZISCs. (D) Cross-sectional SEM image of a coaxial ZISC™”".
Copyright 2022, Springer.

interfacial mismatching problems'”. The complete contact of the PANI electrode and hydrogel electrolyte
reduced the interfacial resistance of ion transport in the ZISCs. In addition, the in situ synthesis of the rod-
like PANT electrode fixed on the surface of the hydrogel electrolyte without deformation and slippage when
being stretched resulted in a stable and ultralong cycling performance. In addition to the excellent
performance of the all-in-one stretchability, the hydrogel was also endowed with outstanding antifreezing
properties due to the addition of EG. The capacitance retained 91.3% of the initial value after 100000 cycles
at -30 °C. Density functional theory (DFT) calculations proved that the binding energy between water and
EG (-4.86 kcal mol"') was lower than that between water molecules (-3.74 kcal mol”). Additionally, the
EG/water mixture held stronger interactions (-23.15 kcal mol ™) with the PAM chains than pure water or EG
(-9.68 or -4.98 kcal mol’, respectively). These results indicate that the free water was firmly fixed in the
structure of the hydrogel to avoid the hydrogen and oxygen evolution reactions of free water in a wider
potential window.

Despite the above work, the in situ growth of active materials on the surface of hydrogels is difficult due to
their specificity (e.g., swelling, liquid and material penetration). Moreover, it is also difficult to ensure that
the active material grown in situ is also an uninterrupted surface during stretching. Nevertheless, this
strategy is still promising for constructing stretchable ZISCs.

Self-powered integrated ZISCs

Although researchers are working to improve the energy density, power efficiency and service lifetime of
various energy storage devices, including SCs and batteries, some pivotal questions still exist. For example,
what should we do if the stored electrical energy is used up? For practical applications, ZISCs often need to
be charged by an external power source, which is rigidly cumbersome with a distinctly increased volume
that reduces the flexibility, industrialization, and miniaturization of ZISCs. In addition, ZISCs are at risk of
breaking down in outdoor environments due to the missing external power sources. These issues illustrate
pressing concerns regarding the further application of self-powered integrated ZISCs. At present, there are
many known methods to generate electricity through energy capture and conversion from wind, solar and
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friction energy and air in nature, which could supply power to energy storage devices with green, safe, and
environmentally friendly characteristics. Therefore, the design and integration of self-powered integrated
ZISCs have attracted significant attention recently.

The development of photovoltaic solar cells has proved that solar energy can be used as an independent
energy-harvesting component. The integration of photovoltaic solar cells and SCs can realize the self-
charging of SCs without an external power source. Some self-powered lithium-ion SCs (LISCs) coupled
with solar cells have been developed"'*'"". However, photovoltaic solar cells and LISCs require independent
and external integration, which increases the floor area of the whole equipment and ohmic transportation
loss. The design of a single device architecture represents an optimal route to reach the maximization of
efficiency for photovoltaic solar cells and energy storage devices. Therefore, it is necessary to focus on the
interfacial effect of various components and explore new materials that are simultaneously suitable for
photovoltaic and energy storage applications.

On this basis, Boruah et al. demonstrated the first photorechargeable ZISCs using a g-C,N,@rGO@FTO
photocathode for both solar energy harvesting and energy storage””. g-C.N,@rGO@FTO generated
photoelectrons in the excited state under the irradiation of light, which were easily transferred to the anode
along the external circuit to promote the deposition of Zn* [Figure 4A]. In contrast, the vacancies adsorbed
anions (SO,”) in the electrolyte and promoted their uniform arrangement on the electrode surface for
forming an electric double layer for the ZISCs [Figure 4B]. Benefiting from the synergistic effect of the
photocathode, the capacitance was calculated to be 82% from dark conditions to illumination [Figure 4C].
The specific capacitance of the photorechargeable ZISCs was calculated up to 11377 mF g from Figure 4D
and E. Furthermore, the electrochemical stability of the photorechargeable ZISCs was analyzed by cycling
tests [Figure 4F-H], which showed a 1.4% potential loss after nine cycles and a 17% potential loss after 20 h.
Moreover, the electrochemical performance was ignorable after 500 cycles, resulting from the unknown
changes in morphology and the resistance of the photocathode. However, solar cells and ZISCs are separate
external integrated components, which increases the bulk and resistive transmission spoilage of the overall
device. Moreover, the conversion efficiency of solar cells is low, which also limits their production as power
generation devices. Therefore, the design of an integrated framework is the best method for maximizing the
energy storage efficiency of photorechargeable ZISCs, and it is of great practical significance to explore new
materials for this application.

In addition, air, as an indispensable criterion for human life, fills every corner of our living space. On this
basis, Ma et al. proposed a highly integrated "air-charging" ZISC system, where ZISCs could be easily and
safely charged from the power converted from air energy without an external power supply”’. More
interestingly, the integrated structural design of air-charging ZISCs avoids the problems of mismatched
interfaces. As shown in Figure 4I, the outer layer of the air-charging ZISCs was made of carbon fabric-
coated porous carbon@Co,N (CFC@PC@Co,N) and bent into a "U" shape (one side for energy harvesting
of air charging and one side for energy storage of ZISCs). A zinc-metal electrode in the middle
simultaneously acted as an anode for the air-charging devices and ZISCs. PAM was fabricated as the
electrolyte for the ZISCs, and a sodium polyacrylate electrolyte served as the electrolyte for the air-charging
devices [Figure 4]]. For the air-charging device side, an open circuit voltage was generated between the
CFC@PC@Co,N cathode and the zinc anode under an air atmosphere via the reduction reaction of O, + 4e’
+ 2H,0 — 40H and the oxidation reaction of Zn + 4OH — Zn(OH),” + 2¢. The ZISCs were charged
rapidly to 88% in 10 min by the air-charging devices. The concept of air-charging ZISCs opens up a new
field of integrated systems that ultimately solve the problem of reliable self-charging, i.e., charging batteries
and SCs anytime and anywhere. However, the working time of air-charging ZISCs relies on the reduction of
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American Chemical Society. (1) Schematic of synthetic procedure of CFC@PC/Co,N electrode. (J) Different architectures among
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circuit™®. Copyright 2019, Wiley-VCH. (K) Triboelectric energy generation mechanism of TENG-ZISCs. (L) TENG-SC-embodied car
model for a typical application and electronic circuit diagram of multifunctional TENG-ZISCs. (M) Synthesis procedure of ZnCuSe,
nanoporous material on woven carbon fiber and development of multifunctional device by vacuum-assisted resin transfer molding and
spin-coating method[97].Copyright 2021, Elsevier.
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air by the catalyst cathode, which could be limited by the accumulation of by-products on the surface of the
catalyst cathode during the reduction process. Therefore, increasing the surface area and improving the
catalytic activity of the cathode catalyst are 2 pivotal strategies to extend the working time of the air-
charging components, thereby improving the service life of the overall self-powered ZISCs in the future.

Compared with the above 2 self-charging methods, triboelectric nanogenerators (TENGs) with a smaller
size show significant potential in the application of integrated self-power generation devices by converting
mechanical energy into electrical energy output. The working mechanism of TENGs can be described as
follows: (1) charge transfer occurs between two thin layers of friction materials with different friction
polarities to form a potential difference with an internal circuit due to the friction electrification effect; and
(2) in the external circuit, electrons, driven by the potential difference, flow between the two electrodes
pasted on the back of the triboelectric material layer or between the electrode and ground to balance the
potential difference [Figure 4K]. Impressively, walking, body shaking, hand touching, falling raindrops, and
other random environmental energy sources can be used as the power sources for TENGs. Therefore, the
combination of a TENG and ZISCs (TENG-ZISCs) is a prime candidate for wearable self-powered ZISCs.
Deka et al. designed a special flexible 3D spacer fabric to be used as a base material for the full integration of
TENG-ZISCs, where ZISCs could be charged from the TENG by utilizing the electrical energy generated by
human motion, such as finger pressing [Figures 4L and M]"”. Furthermore, based on textile systems, Zhao
et al. assembled TENG-ZISCs to achieve a self-power supply by a coaxial fiber and integrated a monitoring
system simultaneously for detecting temperature changes, thereby achieving the integration of self-power
generation, energy storage, and detection""”. However, the TENG-ZISCs can only collect the mechanical
energy generated by the large-scale movement of the human body and cannot work under the static state of
the human body. Furthermore, the voltage generated by the irregular movement of the human body is also
unstable. Hence, the requirement for special occasions and unstable voltages limit the development of
TENG-ZISCs. The improvement of the sensitivity and power generation efficiency of TENGs is a future
challenge for such self-powered ZISCs.

Antifreezing ZISCs

In practical application scenarios, the energy density of traditional ZISCs is attenuated seriously in cold
environments due to the sharp drop in ionic conductivity for the freezing of aqueous electrolytes, which
narrows the application field for ZISCs. Therefore, research into antifreezing ZISCs, with a particular focus
on antifreezing electrolytes, has become a hot topic. Based on the fact that water is prone to freezing below
zero, the design concept of antifreezing electrolytes is to limit the free water concentration in the electrolyte.
It is generally considered that "water-in-salt" and hydrogel electrolytes are the most feasible methods to
suppress free water. "water-in-salt" electrolytes are based on high concentrations (> 20 mol L") of salt
dissolved in water to break the hydrogen bonds between water molecules and then combine them with the
salt ions. However, "water-in-salt" electrolytes are not recommended as antifreezing electrolytes on account
of their high cost and increased viscosity, which does not facilitate ion migration and results in a decreased
electrochemical performance of the ZISCs at low temperature.

Hydrogels are hydrophilic 3D network structures formed by supramolecular interactions, entanglement,
and chemical crosslinking among polymer chains, which can swell rapidly and maintain a large volume of
water without dissolving in water. The amount of water absorbed by a hydrogel is closely related to the
crosslinking and 3D structure, in which the water concentration can be as low as a few percent or as high as
99%. There are two pragmatic antifreezing strategies for hydrogels. The first is to enhance the strength and
number of hydrogen bonds between the hydrogel polymer network and free water to reduce the free water
and promote the antifreezing performance of the hydrogel. However, due to the complexity of polymer
network regulation and the small applicable temperature range (> -20 °C) in cold environments, only a few
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works have been reported on such antifreezing hydrogels"*"*. In addition, the incorporation of
antifreezing additives, including salts, natural biomolecules, and organic solvents, is another method to
deploy the water-ice phase equilibrium for antifreezing hydrogels that is convenient and feasible.

High-concentration salts are commonly added as antifreezing agents into hydrogels, and this is considered a
typical method to improve their frost resistance properties, following a similar principle as salt in water. Xu
et al. employed a sodium alginate hydrogel with the addition of 3 M ZnSO, as the electrolyte to co-assemble
a ZISC with an activated carbon cathode and a zinc anode"'*. The capacity of the ZISC was improved to 200
mAh g’ because of the strong interfacial interaction between the electrode and electrolyte for the wettability
of the alginate hydrogel. Furthermore, the ability to work at low temperatures (-60-60 °C) with long cycling
was comprehensively achieved due to the reduced hydrogen bonding interactions of water in the high-
concentration hydrogel electrolyte. Although it is well known that high-concentration salts can significantly
improve the antifreezing performance of hydrogels, their high cost and viscosity are inevitable
disadvantages. Yang et al. first found that low-concentration salts, like Zn(ClO,),, could also enhance the
antifreezing performance of hydrogel electrolytes for ZISCs""”. A schematic of an antifreezing ZISC is
shown in Figure 5A, which was fabricated based on a cathode of natural coconut shell-derived activated
carbon, a Zn anode and an antifreezing electrolyte consisting of a PVA/MMT/Zn(ClO,), hydrogel. The
mechanism was found by comparing low-concentration ZnSO, and Zn(CF,SO,), using molecular dynamics
simulations, as shown in Figure 5C-F. In the ZnSO, and Zn(CF.SO,), hydrogels, hydrogen bonding forms
only between the H and O atoms of SO, and CF,SO,;, while in the Zn(ClO,), hydrogel, hydrogen bonding
forms not only between the H and O atoms from the water molecules but also between the H and O atoms
of ClO,". Therefore, more hydrogen bonds consume the free water in the hydrogel, thereby achieving the
antifreezing effect of the hydrogel electrolyte with a low-concentration salt. Figure 5B shows the excellent
antifreezing properties reflected by the performance of the ZISC with a 98% capacitance retention over
10000 cycles of ZISCs at -20 °C.

Organic auxiliary (ethylene glycol, propylene glycol, glycerol, ether and DMSO) hydrogel electrolytes are
the most essential and common approach for obtaining antifreezing performance, resulting from the lower
freezing point of organics. Li and co-workers prepared an antifreezing ZISC with PVA/ethylene
glycol/Zn(CFE,SO,), as the electrolyte by a freezing/thawing method, which maintained a specific capacitance
of 63.9% and a high coulombic efficiency of ~100% at -15 °C!"*¥. Furthermore, using PVA as a polymer
network hydrogel, Jiang et al. obtained a PVA/glycerol/ZnSO, hydrogel with a freezing point of -105.73 °C
by adjusting the ratio of water and glycerol""”. The ZISCs using a PV A/glycerol/ZnSO, electrolyte ensured
all-climate operation at -30~80 °C. Liu et al. designed a ZISC using PV A/ethylene glycol/Zn(Tf), as the
electrolyte, graphene as the cathode, and zinc foil as the anode, which exhibited a capacitance retention of
60.2% at -20 °C and an excellent ionic conductivity of 3.53 mS cm™ at -40 °C!"*. However, the addition of
organics often reduces the electrical conductivity and affects the electrochemical performance of ZISCs.
Therefore, the optimal design of organic-assisted hydrogel SCs is to adjust the ratio of organics and water.

In nature, many organisms have evolved with unique properties to prevent water crystallization in their
bodies and survive in environments below 0 °C. For example, the proline accumulated by transgenic
tobacco plants ensures their survival in low-temperature environments* and Arctic fish avoid freezing due
to the existence of antifreezing proteins (AFPs)"*). Raymond et al. proposed the mechanism of AFPs in
1977, in which the "adsorption inhibition" theory held that AFPs were adsorbed on the surface of growing
ice, which increased the surface area and volume ratio of ice crystals, thereby inhibiting the growth of ice
crystals"*. Inspired by AFPs, Mo and co-workers prepared supramolecular hydrogel-based polyacrylic acid
(PAA), silk fibroin, and p-cyclodextrin, where B-cyclodextrin was adjacent with amino acid molecules on
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the silk fibroin and PAA molecular chain by Schiff base through a host and guest interaction"*".
Furthermore, the freezing point of the SC fabricated with the supramolecular hydrogel electrolyte was -22.4
to -25.6 °C, lower than that of the PAA hydrogel electrolyte. Compared with salt or organic solvents, AFPs
exhibit better biocompatibility, non-toxicity, and environmental friendliness. However, the solubility of
AFPs in water is limited and the high concentration of AFPs at low temperatures reduces the ionic
conductivity of hydrogels, which greatly restrains their application in antifreezing energy storage devices. In



Li et al. Energy Mater 2022;2:200018 | https://dx.doi.org/10.20517/energymater.2022.15 Page 13 of 20

addition, reducing cost and improving activity are still the major technical problems of AFPs in the future.

In general, the introduction of salts, organic solvents, or AFPs reduces the concentration and activity of free
water in electrolytes, which could endow a lower freezing point and antifreezing properties of hydrogel
electrolytes, thereby making it possible for applications of ZISCs in low-temperature environments.
However, the addition of antifreeze components inevitably increases the electrolyte viscosity, thereby
reducing the ion transport rate. Therefore, the development of electrolytes with fast ion transport and stable
electrode materials is still a research difficulty for antifreezing ZISCs.

Zn-modified anodes for ZISCs

Commonly, zinc metal (Zn foil or plate) is used as the anode of ZISCs. However, due to the uneven
deposition of Zn** during the stripping/plating process and the side reactions occurring at the interface
between zinc metal and an aqueous electrolyte, there are often inevitable zinc dendrites on the surface of the
zinc anode, which affect the energy density and safety of ZISCs. Therefore, Zn-modified anodes with a
unique surface for Zn* stripping/deposition are vital to inhibit zinc dendrites. Generally, zinc dendrites
could be suppressed by compounding carbon materials on the surface of the zinc plate to adjust the

125]

plating/stripping routes of Zn ions at high current density'

Carbon materials with excellent electrical conductivity and large surface areas can provide positive effects
for the plating/stripping process of zinc ions on the surface of the Zn anode. Zheng et al. defined the
crystallography, surface texture, and electrochemical standards of reversible epitaxial electrodeposition and
developed a modified Zn anode by electrodepositing graphene on the surface of zinc metal, which employed
an epitaxial mechanism to adjust the nucleation, growth, and reversibility of the metal anode'*. The low
lattice mismatch between graphene and Zn has been proved to effectively drive the deposition of Zn with a
locked crystal orientation. This epitaxial Zn anode achieves excellent reversibility for thousands of cycles at
medium and high temperatures and provides a preparation expansion method to significantly improve the
energy density of ZISCs fabricated by Zn anodes. Li et al. synthesized an alkaline MXene-Zn composite
(AMX-Zn) for replacing the traditional zinc-foil anode of ZHSCs"”". Considering the inevitable stacking
and low energy density of 2D carbon materials, Xu et al. deposited 3D carbon nanoflowers with O, N-
codoped on the surface of a zinc-foil anode for more active sites [Figure 6A and B]"**. Furthermore, DFT
calculations were used to calculate the binding energy of oxygen and nitrogen doped with zinc atoms and
carbon materials to unveil the influence of O and N doping on zincophilic chemistry. Zn tends to bind with
oxygen (-3.42 eV), carboxyl oxygen (-0.20 eV), and pyrrole nitrogen (-0.19 eV). Moreover, oxygen shows
the strongest binding energy to Zn, which can be explained by its empty antibonding state with the
strongest adsorption energy [Figure 6C-E]. Therefore, the carbon nanoflowers on the surface of the zinc
anode guided the micrometer-scale hierarchical and uniform deposition of Zn by the rich active sites, which
effectively inhibit the production of zinc dendrites.

CONCLUSION AND OUTLOOK

Hybrid ion supercapacitors, which integrate the advantages of supercapacitors (fast charging/discharging
speed and high power density) and batteries (high energy density and theoretical capacity), have become
emerging and flourishing energy storage devices in recent years. As a branch of ionic supercapacitors, ZISCs
have become promising candidates for next-generation energy devices due to their low cost and
environmental friendliness. So far, there still exist obstacles to the practical application of ZISCs as high-
performance energy storage devices for some specialist scenarios. Therefore, the exploitation of
multifunctional ZISCs is crucial to broaden their application range. In this review, we have provided a
comprehensive overview of advanced systems for multifunctional ZISCs, including micro-ZISCs (wearable,
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implantable and flexible), self-powered ZISCs (rechargeable without an external power source), antifreezing
ZISCs (capable of maintaining a stable working state at low temperature) and stretchable ZISCs (fitting for
the stretching and deformation of human skin for wearable devices). In addition, some methods of Zn
anode modification for high-performance ZISCs have also been explained. We suppose that the future
research on multifunctional ZISCs should consider the following aspects.

For micro-ZISCs, the booming development of portable devices and implantable electronics is devoted to
miniaturization, stabilization, industrialization, easy operation, and biocompatibility, which spurs the
exploitation of high-performance functional devices. Micro-SCs are considered as promising power supplies
with fast charge-discharge rates, adjustable structural design, stability, and high power density. However,
the areal energy density of micro-SCs is limited by their small working area (< 10 pWh c¢cm™). Therefore, the
development of micro-ZISCs with capacitive cathodes (high power density) and battery-type anodes (high
energy density) has become an evolving trend. More importantly, the typical aqueous electrolytes used in
micro-ZISCs further promote the development of safe, inexpensive, environmentally-friendly, and
implantable wearable devices. At present, carbon materials dominated by the electric double-layer storage
mechanism are mostly used as the cathodes of micro-ZISCs, which require thinner electrode thickness
(reducing electrode loading for achieving flexibility) and lead to a lower specific capacity. In addition, the
capacity mismatch between capacitor-type cathodes and battery-type anodes is also a bottleneck, restricting
the development of micro-ZISCs. For practical applications, micro-ZISCs often demand high
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biocompatibility in the fields of implantable and wearable electronics. Therefore, the matching system of
high power density cathodes and high energy density anodes with safe biocompatibility should be
considered for ideal micro-ZISCs.

Stretchable ZISCs are fabricated by hydrogel electrolytes and stretchable electrodes. Hydrogel electrolytes
provide stretchability by dissipating energy through the slipping and breaking of polymer chains during the
stretching process. The tensile properties can be adjusted through the characteristic crosslinking
mechanism. At present, the strain of hydrogel electrolytes can reach up to 10000%. However, the electrode
materials are often inherently non-stretchable. Structural designs, such as spring-, island-bridge- and
honeycomb-type shapes, can endow electrodes with stretchability. The strain of electrodes with these
structural designs is much lower (1000%) than that of hydrogels. In addition, the interfaces of structurally
designed electrodes and hydrogel electrolytes are prone to slip and dislocation during the stretching process,
which seriously affects the performance of ZISCs. Therefore, the method by more stable interfacial bonding
between electrodes and hydrogel electrolytes, such as the in situ growth of electrode materials on the surface
of the electrolyte, is the future direction of the development of stretchable ZISCs.

For self-powered ZISCs, many studies have focused on improving the energy density, power density, and
self-discharge of ZISCs to improve their service time as power supply devices. However, ZISCs are needed
to be charged by an external power supply, which will increase the volume and slow down the process of the
wearable industrialization of ZISCs. Therefore, the development of self-powered supercapacitors is essential
and remains a huge challenge. As far as generators are concerned, the voltage produced is often low and
unstable, which is not possible to fully charge the ZISCs. The inherent stable cycling performance is also
limited by the mismatch between the number of charges from the generators. In addition, there are
currently only three forms of self-charging ZISCs: triboelectric generators, solar generators, and air
charging. Thus, there remains a long way to explore self-charging ZISCs in the future, focusing on the
pattern and performance of self-powered functional ZISCs.

The essence of antifreezing ZISCs is the development of antifreezing electrolytes. By introducing salts,
organic solvents, or antifreezing proteins into hydrogel electrolytes, they can be endowed with freezing
resistance and a certain water retention, thereby expanding the potential applications of hydrogels as
flexible electronic materials in low-temperature environments. The research in antifreezing ZISCs is still in
its infancy and faces obvious challenges in practical applications, such as the tunable synthesis of
antifreezing hydrogel electrolytes, structural design, electronic interconnection, and integrated fabrication.
Specifically, the excellent mechanical, electrochemical properties, biological nontoxicity, biocompatibility,
and biodegradability of antifreezing hydrogel electrolytes are required for the practical application of
flexible electronic devices. Furthermore, the integration between hydrogel electrolytes and electrodes is
always poor due to the low modulus and large amount of water in the hydrogels, resulting in low
conductivity and poor output performance and interfacial stability of ZISCs. Therefore, new electrode
materials should be developed with excellent electrochemical performance to improve the integrated
manufacturing process of antifreezing ZISCs.
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