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Recent technological advances in designing
electrodes and electrolytes for efficient zinc
ion hybrid supercapacitors
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Rechargeable zinc (ZIHSCs) research and
technological interest because they synergize the benefits of zinc ion batteries (ZIBs) with high energy

ion hybrid supercapacitors have gained significant
density and supercapacitors (SCs) with high power density and cycling stability. They are considered
as promising candidates for next-generation high-performance energy storage systems (ESSs) owing
to their satisfactory energy-power combination, inherent safety features, low cost, and excellent
electrochemical stability. The power of ZIHSCs lies in their suitably chosen electrode (cathode and
anode) materials, optimized electrode architecture, and optimized electrolyte governing charge storage
behavior. Although ZIHSCs have made some remarkable advancements in this regard, the current
scenario is distant from what is necessary for their widespread practical application and hence, poses a
major scientific as well as technological challenge to the research community. Therefore, further
development in understanding of the intricate Zn ion storage mechanism in rationally designed novel
electrode materials is highly coveted towards realizing novel, multi-functional ZIHSC devices with
exceptional energy-power densities and ultra-long cycle life. This review is designed to cover the
foundations and current scientific and technological achievements in the field of ZIHSCs, including their
compositions, types, electrode materials, electrode design strategies, charge storage mechanisms,
beneficial traits, electrolyte compositions, and newly created devices. Additionally, potential drawbacks
with current generation ZIHSCs with possible solution strategies are also highlighted. The goal of this
in-depth analysis is to provide a useful understanding of ZIHSCs that would be effective for their large-
scale development and practical deployment as high-performance ESSs in a variety of applications.

resources, the need for energy storage becomes inevitable for
the use of green energy whenever in need. Hence, energy

Green energy is one of the most important topics in the 21st
century. With the fast depletion of fossil fuels and progressively
worsened environmental pollution due to exorbitant fossil-fuel
consumption, there is a high demand for renewable and clean
energy sources that can substitute fossil fuels and augment
the efficient use of green energy, and enable the sustainable
development of our economy and society."> However, to tackle
the challenge of intermittency issues with renewable energy
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storage, an intermediate step to versatile, clean, and efficient
energy use, has received worldwide attention and increasing
research interest.’

Currently, batteries and supercapacitors are the two leading
electrochemical energy-storage systems (ESSs) among the vari-
ous energy-storage devices. Lithium-ion batteries (LIBs) have
found enormous applications primarily in consumer electro-
nics and to some extent in electric traction owing to their high
energy density (up to ~300 W h kg~ *).** However, their utility
is still limited by several factors, including limited availability
of Li-metal, its highly reactive nature causing severe safety
concerns, resistive losses due to slow electron and ion trans-
port, as well as dendrite development and heat buildup when
these batteries are used at high current rates, and short
lifetime.®” In this regard, high power density, fast charge-
discharge traits, and remarkable cycle life (>100000 cycles)
of electrochemical capacitors (also known as supercapacitors,
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SCs) make them a viable alternative to batteries in many
situations. Consequently, SCs have sparked a growing interest
in applications requiring rapid charging, outstanding cycle life,
and high power density.®™* However, the relatively low energy
densities (5-10 W h kg™') of SCs have severely limited their
field of applications. Therefore, the development of SCs with
high energy-power densities and long cycle life is highly coveted
for the effective utilization of renewable energy. A hybrid
supercapacitor (HSC) consisting of battery-type and capacitor-type
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electrodes could combine these advantages of batteries and super-
capacitors (SCs) and attain high energy density without sacrificing
high power density and extraordinary cycle life traits."*'* For
instance, Li-ion-based hybrid SCs (LISCs) have been one of
the competent energy storage choices in recent years owing to
their energy and power densities in excess of 200 W h kg ™"
and 10 kW kg ', respectively. Future practical uses of LISCs,
however, look challenging because of the limited availability
and inflammable character of lithium. In order to address the
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aforementioned issues, other systems based on monovalent or
multivalent cations, such as sodium (Na'), potassium (K'),
magnesium (Mg>"), zinc (Zn**), calcium (Ca"), and aluminum
(AI*") have been explored rationally.'*™*® However, they are also
not without their shortcomings! Several intrinsic flaws, includ-
ing safety hazards caused by the reactive metallic Na/K and the
inflammable nature of organic electrolytes, have somewhat
restricted their widespread usage in the ESS and electronics
industry.">'® Meanwhile, multivalent cations, including Ca*",
Mg>*, Zn**, and AI**, have demonstrated some advantageous
traits like fast charge transfer dynamics as compared to the
monovalent cations."””"® Benefitting from the suitable redox
potential of —0.76 V vs. standard hydrogen electrode (SHE) and
a satisfying theoretical capacity of 820 mA h g~* (equivalent to
5855 mA h cm ™) of the Zn electrode, Zn ion-based HSC devices
have garnered a lot of attention as potential alternative ESSs
after carefully examining their dynamics, performance, and
security.>**

Zinc ion hybrid supercapacitors (ZIHSCs) are composed of
battery-type and capacitor-type electrodes with Zn-containing
electrolytes. In ZIHSCs, energy is stored through reversible ion
adsorption/desorption on the capacitor-type electrode, while
Zn-ion plating/stripping processes occur at the battery-type
electrode. As these two electrodes operate in different potential
windows, the ZIHSCs could offer a wide potential window and
consequently, a high energy density too. As illustrated in Fig. 1,
the energy density and the power density of ZIHSCs are highly
competitive in contrast with other standard ESSs. Furthermore,
the materials used for both electrodes are highly stable (in a
neutral/mild neutral electrolyte system), ensuring ultralong
cycling stability. Therefore, ZIHSCs have great potential to
be next-generation ESSs with satisfactory energy and power
densities, and excellent cycling stability.”*

After Wang et al. published the first report on ZIHSC in
2016, the technology has developed since then and has become
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Fig. 1 Ragone plot of Zn-ion hybrid supercapacitors (ZIHSCs) comparing
their performance with other standard energy storage systems (ESSs).
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the cutting edge of energy storage research worldwide.”> How-
ever, a thorough and systematic summary of current technical
advancements in ZIHSCs, covering their fundamentals, novel
electrode materials, innovative development strategies, and
device design and manufacturing, is highly coveted considering
the tremendous potential as future ESSs.”** Keeping this in
mind, this study begins by outlining the fundamentals of
ZIHSCs, including their configurations, operating principles,
categories, and associated difficulties in achieving optimized
performance. Then, we discuss the synthesis approach (espe-
cially the solution method and pyrolysis method) of electrode
materials (including capacitors and battery-type materials) and
their recent developments, various electrolytes (such as aqu-
eous, non-aqueous, and new types of electrolytes), and novel
device designs (such as flexible, micro, and photo-rechargeable
devices, etc.). Recent advancements in electrode materials for
ZIHSCs primarily include advanced nanostructures of carbon
(such as activated carbon [AC], porous carbon [PC], heteroatom
doped carbons [HADCs], etc.), metal oxides, metal carbides
(MXenes), metalorganic frameworks (MOFs), and conducting
polymers, etc. In conclusion, an overview of the current status
quo is provided, along with useful perspectives for developing
cutting-edge ZIHSCs. This review article is anticipated to provide
an understanding of workable techniques for high-performance
ZIHSCs and help to further scientific advancements in electrode
and electrolyte technologies for ZIHSC devices.

2. Fundamentals of ZIHSCs

2.1 Cell configuration and types

As shown in Fig. 2, the primary components of a ZIHSC are the
capacitor- and battery-type electrodes, the electrolyte, and the
separator. Electrode materials are an essential part of ZIHSCs
and significantly impact the performance of ZIHSCs. Most
research on capacitive-type electrode materials in ZIHSCs
focuses on carbon-based or pseudocapacitive materials, while
metallic Zn and metal-based oxides are extensively researched
for their use as battery-type electrodes. There are two distinct
categories of ZIHSCs, delineated by the electrode materials that
have been used:

(D). Type I: the cathode is made of carbon or pseudocapaci-
tive materials and the anode is made of Zn metal or modified
Zn metal. Here, on the capacitor side, the charge is stored
through adsorption/desorption or intercalation/deintercalation
of electrolytic ions, while the Zn plating/stripping mechanism
transpires on the battery-side electrode.

(IT). Type II: the anode might be made of carbon or a
pseudocapacitive substance, whereas the cathode is made of
metal oxides and sulfides used in batteries. The charge storage
mechanism is adsorption/desorption or intercalation/deinter-
calation type on the anodic side; however, on the cathodic side,
insertion/de-insertion of Zn>" ions in and out of the electrode
governs its capacity.

Both types have their own advantages; high power density
and long cycle life are features of the former, while high energy
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Fig. 2 Schematic illustration of the cell configuration and the working principle of (a) the first type of ZIHSC and (b) the second type of ZIHSC.

density is unique to the latter. Therefore, ZIHSCs are a hybrid of
the two distinct electrode materials where a synergistic combi-
nation of significantly different charge storage mechanisms
and dynamics offer superior cycling stability, power density,
and energy storage.

2.2 Working mechanism

Usually, it is believed that capacitor-type electrodes store energy
through ions’ adsorption as well as intercalation and release via
the process of desorption as well as de-intercalation. In battery-
type electrodes, energy is stored through ions’ deposition or
insertion and released through ions’ stripping or extraction.
The working mechanism of the first type of ZIHSCs is shown in
Fig. 2a. During the charging process, negative ions (anions)
move from the electrolyte and form an electric double layer
(EDL) (or undergo faradaic intercalation) by adsorption onto (or
intercalation into) the cathode surface. Simultaneously, posi-
tive ions (Zn>") are deposited onto the Zn anode from the
electrolyte, as shown in eqn (1). In contrast to the charging
process, the discharge process involves the diffusion of anions
and cations back into the electrolyte from respective electrodes.
Superior energy and power densities of the ZIHSCs are possible
because of the reversible ion flow between the electrolyte and
the electrode.'®**

The charge storage mechanism in carbon electrodes is still a
topic of debate. Many researchers have hypothesized that
anions are crucial as leading carriers, migrating to and adsorb-
ing on the carbon electrode to produce an EDL during charging
before diffusing back into the electrolyte during the discharge
process, as represented by eqn (2). Others, however, argue that
the capacity was considerably enhanced by the adsorption/
desorption of Zn** cations on the carbon surface (eqn (3)).
Kang and co-authors noted that SO,>~ anions adsorbed on or
desorbed from the carbon surface when the operating potential
was higher than zero-charge potential, but electrostatic adsorp-
tion/desorption of cations dominated when the potential was
lower than the zero-charge potential."® Therefore, they argued

1266 | Energy Adv., 2023, 2,1263-1293

that the dominant adsorption/desorption of ions is determined
by the operating potential and zero-charge potential of carbon
materials. Furthermore, when using heteroatom-doped carbon
materials, chemical adsorption/desorption of cations may also
occur because heteroatoms are demonstrated to contribute
additional pseudocapacitance to the total capacity. Eqn (4)
and (5) describe the chemical adsorption and desorption
processes on different heteroatoms (N, O) generally found or
introduced in carbons for bettered capacity. In addition, several
investigations have also shown that the carbon cathode under-
goes irreversible side reactions (as represented by eqn (6)-(8))
and forms zinc hydroxide sulfate hydrate (Zn,SO4(OH)e-xH,0).
The pH shift on the carbon electrode’s surface may be
responsible for the creation of Zn,SO4(OH)sxH,O, which
further indicates the involvement of H™ or OH ™ ions in the
process.>> ™’

Zn anode:

Zn** +2e” < Zn 1)

Carbon-based cathode:
(1) Physical adsorption/desorption process

C+X o C|X” (2)
C+7Zn*" « C|zn* (3)

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

C---0O+Zn*'/H ' +e < C---0---Zn/C---0---H (4)
N---O +Zn*'/H" + e~ < N---O0---Zn/C---0---H  (5)

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

6H,0 <> 60H + 6H" (6)

47Zn** + 60H™ + SO,> + xH,0 <> Zn,SO4(OH)e-xH,0  (7)

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Zn,S0,4(0OH)s-xH,0 <> 4Zn** + SO,*” + xH,0  (8)

In Fig. 2b, we have demonstrated the inner workings of the
second category of ZIHSCs. Basically, this type of ZIHSC con-
sists of a battery-type cathode and a capacitor-type anode with a
zinc salt-based electrolyte. In contrast to the first type of ZIHSC,
this device avoids using unstable Zn-foil, which is advanta-
geous for improving the overall specific capacity and perfor-
mance of the ZIHSC. An important difference between these
two types is that the latter provides a wider working voltage
window, which subsequently increases the energy density of the
device. The basic charge storage mechanism of this type of
ZIHSC is thought to be based on Zn>" ion insertion/extraction
onto the cathode’s surface and adsorption/desorption or inter-
calation/de-intercalation of ions onto the surface of the carbon
anode. Generally, the discharging process causes the transpor-
tation of Zn** ions from the electrolyte and diffusion into the
cathode, whereas the adsorption or intercalation of anions
occurs in the carbon anode. On the other hand, Zn®" ions are
transferred from the cathode to the electrolyte, and adsorbed
(or intercalated) anions are desorbed into (or de-intercalate
into) the electrolyte during the charging process.>**®

2.3 Merits and challenges with ZIHSCs

Merits

Superior capacity and power output. For ZIHSCs, the
capacitor-type electrode offers large power output through fast
ion adsorption/desorption (or intercalation/de-intercalation)
reactions, whereas the battery-type anode (or cathode) provides
a large capacity through the zinc ions deposition/stripping (or
insertion/extraction) reactions. Therefore, ZIHSCs offer higher
capacity than electric double layer capacitors (EDLCs) and a
superior power density than ZIBs, benefiting from diverse
charge storage mechanisms of battery-type and capacitor-type
electrodes.

Relatively wide working potential window. It is well accepted
that the electrode materials and electrolytes affect the working
voltage of EDLCs. In aqueous electrolytes, the working potential
window of ZIHSCs could reach well over 1.5 V (much larger
than EDLCs with a voltage window limited to ~1 V), owing to
the synergistic operation of two different electrodes in two
different potential ranges.**

High level of safety. Aqueous ZIHSCs are substantially safer
as compared to non-aqueous ZIBs and EDLCs owing to the
concealed hazard caused by the use of non-aqueous inflamma-
ble electrolytes.

Material abundance. Due to the natural abundance of
Zn, ZIHSC devices are more likely to be used in large-scale,
real-world commercial applications.

Challenges. Besides having several technological advantages
over traditional EDLCs and Zn-ion batteries, including high
energy/power output, relatively higher working potential, high
safety, and material’s abundance, ZIHSCs are also plagued with
several disadvantages like poor cycle life and rate capability

© 2023 The Author(s). Published by the Royal Society of Chemistry
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caused by imbalanced electrode kinetics. The basic electro-
chemistry involved in ZIHSCs is highly complex owing to
multiple electrochemical processes occurring simultaneously,
making it difficult to grasp the underlying mechanisms. Some
debate exists in the present scientific literature verifying energy
storage technologies and determining the identity of the result-
ing intermediates. More work and analyses are urgently
required to identify and analyze the potential by-products of
charge storage processes. The real-time detection of intermedi-
ates and a thorough understanding of electrochemical beha-
viors will get benefitted significantly from the advancement of
in situ or operando instruments and techniques (such as in situ
X-ray powder diffraction, in situ Raman spectroscopy, in situ
X-ray absorption spectroscopy, etc.).>° Moreover, in order to
realize practical ZIHSCs with satisfactory performance, several
obstacles must be overcome as demonstrated in Fig. 3. The
primary difficulties with current generation ZIHSCs are their
low energy density and poor cycling performance of the Zn
anode. Energy density is directly proportional to the capaci-
tance and the square of the potential window. So, increasing
the potential window is beneficial for improving energy density
besides increasing capacitance. Now, capacitance is directly
related to the specific surface area (SSA) that the electrode
materials are providing for reversible adsorption/desorption of
Zn”" ions together with abundant pore accessibility for faster
ion movements. Although the ionic size of Zn** is close to Li",
its diffusivity and solid-state solubility in the bulk of the
electrode material are restricted by its large atomic mass and
high positive polarity. Therefore, significant research works are
currently ongoing toward the development of high surface area
porous materials for realizing both cathodes and anodes in
ZIHSCs. Abundant pores with micro to mesoporous size range
could positively affect the Zn>" ion diffusion rate during charge/
discharge processes and hence improve the rate performance
too. Furthermore, a potential window is primarily driven by the
electrochemical stability of electrolytes used in an electro-
chemical cell. In neutral and mild acidic electrolytes, parasitic
reactions, such as the HER, OER, and oxidization of porous
carbon cathodes limit the potential window. Zinc hydroxide is
found to form when Zn metal reacts with hydroxide ions in
alkaline electrolytes, which may lower the electrolyte’s conduc-
tivity and make Zn anodes more polarised.

Due to the dendrite development, the HER, and corrosion
reactions, the Zn anode shows limited cycle life compared to
carbon cathodes. Zn dendrite formation is a complex process
originating from the uneven ion distribution and electric field
on the anode plate. Dendrites increase the specific surface area
(SSA) of the Zn anode during the charge/discharge processes
and accelerate the HER rate. The HER consumes protons (H")
in aqueous electrolytes and forms hydroxide (OH™) ions. The
Zn anode interacts with these ions and accumulates zinc
hydroxide species on the surface of the zinc anode, resulting
in dendrite formation.?® This has caused limited service life of
ZIHSCs, which is far below commercial EDLCs with life well
above 100 000 cycles. Recent developments in electrolytes with
suitable anions like CF3SO;~ could inhibit the formation of

Energy Adv, 2023, 2,1263-1293 | 1267
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Fig. 3 A summary of the challenges prevailing with current generation ZIHSCs which need to overcome to realize high-performance ZIHSCs.

byproducts and improve the Zn** plating/stripping efficiency to
eliminate capacity-killing dendrite formation.

Another major concern with ZIHSCs is the kinetic imbalance
between capacitor-type and battery-type electrodes causing
poor rate capability for the device. It is quite understandable
that a charge storage process governed by bulk diffusion of ions
in and out of battery-type electrodes would not match the fast
rate of ion adsorption/desorption on the capacitor-type electro-
des, preventing ZIHSCs from achieving high energy density at
high power densities. Researchers have come up with several
innovative ideas like modification of the surface and structure
of the Zn electrode, and designing nanostructured electrode
surfaces to accelerate the ion insertion/de-insertion rates to and
from the electrode material, thus matching with the fast charge
storage kinetics of capacitor-type electrodes, and resulting in
extraordinary energy and power combinations for ZIHSCs.

3. Synthesis approaches of electrode
materials for ZIHSCs

3.1 Solution method

3.1.1 Room temperature reaction. Room temperature
reaction is the simplistic, most straightforward, and widely
accepted method in which the precursors of different materials
are taken into reaction, and the desired material or structure is
prepared. Most of the MOF-derived materials and their doping
with heteroatoms are carried out by this method. For instance,
Yang et al. prepared ZIF-8 dodecahedra by this method.*

1268 | Energy Adv., 2023, 2,1263-1293

In detail, 3.12 g 2-methylimidazole was dissolved into 200 mL
of methanol solution with 1.05 g C;H¢0,Zn-2H,0 and 3.2 ¢
polyvinylpyrrolidone (PVP). Then, the prepared solution was
stirred vigorously for 1 h and subsequently aged at room
temperature for 24 h. Following centrifugation, methanol
washing, and overnight drying at 60 °C, the white ZIF-8 pre-
cipitates were collected. As confirmed by the SEM and TEM
analysis, the resultant material has a polyhedral shape with an
almost uniform size distribution.

3.1.2 Hydrothermal method. A hydrothermal method is
essential for preparing MOF precursors, different metal oxides,
etc., and refers to preparing materials by dissolving precursors
in water solvent in an autoclave followed by recrystallization of
the desired materials at elevated temperatures. It is a low-cost,
one-pot, eco-friendly, and efficient solution method for prepar-
ing unique morphologies of electrode materials. Hence, it has
found a wide range of applications in the synthesis of hybrid
materials owing to the high reactivity, controllability, and
unique condensed phase of reactants. Chemical and physical
transformation of novel materials can be achieved under high
temperature and high-pressure liquid conditions.>® Li et al
synthesized a Co¢Sg@MnO, core-shell heterostructure.®*
Firstly, they dissolved 0.1422 g KMnO, in 30 mL of DI water
and stirred it with a magnetic stirrer for 30 min. Then, they
used a piece of prefabricated CoySg/CC (CC stands for carbon
cloth) as a substrate and dipped it into the prepared solution,
and transferred the same into an autoclave. The hydrothermal
reaction was carried out at 140 °C for 2 h to obtain the
C0oSg@MnO,/CC heterostructure.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Using a standard, one-step hydrothermal process, Zhao et al.
synthesized N/P co-doped graphene (NPG) by dissolving 120 mg
of GO powder in 40 mL of DI and sonicating the mixture for
1 hour to get a 3 mg mL~ ' GO dispersion.>* Next, 3 mL of
phytic acid (PA) and 3 mL of ethylenediamine (EDA) were added
to the GO dispersion, and the mixture was agitated at room
temperature for 2 hours to incorporate the phosphorus and
nitrogen. The above solution was transferred to a high-pressure
reactor and hydrothermally reacted at 180 °C for 12 h, followed
by natural cooling to obtain a cylindrical form of the NPG
hydrogel. Ren et al. synthesized hybrid cathode material
Zn,MnO,-CNTs.*? In detail, 0.024 mol KMnO, and 0.024 mol
Zn(NO3),-6H,0 were dissolved in 75 mL of deionized water
followed by dropwise addition of 2 mL of H,SO, (98%) at room
temperature under continuous stirring. The solution was then
placed in an autoclave, sealed, and heated at 140 °C for 3.5 h.
The resultant brown precipitate of Zn,MnO, nanowires was
washed several times with DI and freeze-dried for 24 h. Simi-
larly, Liang et al. synthesized lamellar vanadium oxide as a
cathode material.** 0.3 g V,05 and 5 mL H,0, were dispersed in
30 mL deionized water and stirred at 40 °C for 30 min. Then,
96 mg Ni (NOj3),-6H,O was added and stirred for another
30 min to obtain a clear and transparent solution, which was
transferred into a Teflon-lined autoclave and kept at 180 °C for
48 h. The precipitate was washed and dried at 60 °C overnight
to get the final product. Similarly, He et al. prepared 3-MnO,
and Zn-MnO, by a hydrothermal method for their use as
electrodes in ZIHSCs.*”

3.1.3 Solvothermal method. Similar to the hydrothermal
method, the solvothermal method uses a non-aqueous solution
rather than an aqueous one. As opposed to the aqueous
medium, organic solvents are investigated as reaction media
throughout a wide temperature range, preventing agglomera-
tion and controlling the reaction products’ shape and phase
structure. Nanostructured materials’ morphological differences
decrease ion diffusion lengths, which facilitates easy electrolyte
ion and electron migration and hence improves electrochemi-
cal performance. Solvents may create a variety of complexes
with the ions, which might change the nucleation and devel-
opment process.”*® For instance, Jiang et al. prepared a fluffy
graphene hydrogel (FGH) architecture and coupled it with high
capacity redox-active phenanthraquinone (PQ).>” The PQ-FGH
composite electrode ensures rapid electron transfer between
PQ and the graphene sheets as well as fast ion transportation
during electrochemical reactions. Similarly, Xu. et al. prepared
a p-phenylenediamine (PPD) functionalized reduced graphene
oxide (RGO) film to utilize as a positive electrode in ZIHSCs
with a Zn foil negative electrode.*® In detail, first PPD was
dissolved in water and mixed with GO aqueous solution under
stirring to obtain a uniform RGO-PPD dispersion solution.
Then, the mixed solution was evaporated at 70 °C to form a
RGO-PPD hybrid composite film, and then the prepared film
was cut into a quadrate of 1 x 1 cm?. Finally, the RGO-PPD film
was further reduced by solvothermal reaction in the PPD/
ethanol solution. Similarly, Wei et al. synthesized MOF ZIF-8
by a solvothermal method taking zinc nitrate hexahydrate,
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2-methylimidazole, and N,N-dimethylformamide as starting
precursors.>® Furthermore, Xiong et al. synthesized Ni;(OH),-
(CgH,40,4),(H,0), MOF by a one-pot solvothermal method using
nickel nitrate hexahydrate, terephthalic acid, and N,N-di-
methylformamide as precursors.*®

3.1.4 Electrochemical deposition. Electrochemical deposi-
tion is a versatile technique by which a thin desired metallic
coating can be obtained onto the surface of another metal/
substrate by simple electrolysis of an aqueous solution contain-
ing the desired metal ion or its complex.*' In this method,
metal ions become solid metal and deposit on the electrode
surface if sufficient electric current passes through the electro-
Iyte solution. For instance, Wu et al. prepared a 3D stacked
lamellar matrix on Zn metal composed of ZnF,/Znz(PO,),/CFx
(X =1 or 3) via simple electrochemical reactions in 0.5 M zinc
trifluoromethane sulfonate (Zn(OTf),)-trimethyl phosphate
(TEP) solution.*? Similarly, Zhang et al. synthesized a PANI/
carbon paste/NiTi shape memory alloy wire cathode.” The
PANI cathode was deposited on the NiTi with a conductive
carbon paste layer, using a three-electrode electrochemical
deposition using a deposition current of 0.9 mA and Ag/AgCl
and circular stainless-steel mesh as the reference and counter
electrodes, respectively. An aqueous solution containing 0.25 M
aniline and 0.5 M H,SO, was used as the electrolyte. The
polymerization period was 600 s, 800 s, 1000 s, and 1200 s
at room temperature. Then, the obtained PANI cathode was
washed with deionized water and dried under vacuum at 60 °C.
Li et al. reported the N-MnO, nano-wall, which was in situ
grown on flexible CC by electrodeposition.** Typically, 1.5 g of
Na,SO, and 2.46 g of Mn(CH3;C00),0.5H,0 were dispersed in
100 mL of deionized water and stirred for 30 min as the
electrolyte. First, deposition of Mn;O, on CC was carried out
using a three electrode system with the Pt plate as the negative
electrode, Ag/AgCl as the reference electrode, and CC as the
cathode, and the deposition was carried out at 35 °C for 20 min.
Then, 15 g of Na,SO, was dispersed in 100 mL of deionized
water and stirred at 50 °C for 30 min to prepare the electrolyte.
Then, the original Mn;0,4 on CC was activated by CV within a
working voltage window of 0-1.3 V for 100 cycles. Subsequently,
the sample was annealed at 200 °C in a N, atmosphere to obtain
the N-MnO,.

Extensive research suggests that the Zn foil anode in ZIHSCs
suffers from dendritic Zn growth just like the dendrite growth
problem in Li-metal electrodes during the repeated charge and
discharge processes. Zn’s unavoidable growth could lead to
large metal dendrite formation, which can result in internal
short circuits and severe safety issues.”® To overcome this issue
and increase the feasibility of ZIHSCs in practical applications,
the Zn anodes are fabricated on different substrates by the
electrochemical deposition method. For instance, Chen et al.
prepared Zn@CC using a two electrode setup with a Zn plate as
a counter electrode and a pre-treated CC as a working electrode
in 1 M ZnSO, aqueous electrolyte.”® The Zn deposition on CC
was obtained by electroplating for 3000 s at a current density of
5 mA cm >, which was used as an anode directly in realizing
practical ZIHSCs. Similarly, Lou et al. deposited Zn on clean CC
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using a bare CC as the working electrode and Zn foil as both the
reference and counter electrodes.”” Uniform deposition of Zn
on CC was achieved at a constant voltage of —1200 mV for 500 s
in a 1 M ZnSO, electrolyte. Besides, Xiong et al. electrodepos-
ited Zn on 3D Cu foam in an aqueous solution mixture of
ZnS0O,, Na,S0O,, and boric acid with 3D Cu foam and Pt used as
the working electrode and counter electrodes, respectively.*’
The 3D Zn@Cu anode demonstrated improved plating/strip-
ping efficiency and stability as compared to planar Zn foil.

3.2 Pyrolysis method

Considering a predominant, facile, and effective method for
preparing carbon materials, this method has two main aspects:
atmosphere and temperature, which can significantly influence
the final products of the pyrolyzed precursor. Furthermore,
heteroatom doping in the carbon matrix can be carried out by
this method. Heteroatom sources introduced externally include
non-metallic sources (nitrogen, phosphorus, sulfur, boron, etc.)
and metal sources (iron, cobalt, copper, etc.). Heteroatom
doping can offer multiple advantages simultaneously, includ-
ing additional faradaic reactions to improve the ion storage
capacity, enlarged specific surface area (SSA) to provide more
reaction sites, increased electronegativity, better electrical con-
ductivity of the host matrix, and expanded interlayer spacing
to facilitate ion migration during the charge/discharge
processes.*®

3.2.1 Carbonization and nitrogenation. Carbonization is a
simplistic process in which precursors are treated at high
temperatures. This method extensively prepares active MOF-
derived, biomass-derived, and waste material-derived porous
carbon. By the carbonization method, the size and morphology
of the samples can be controlled and tuned. For instance, Yang
et al. heated as prepared ZIF-8 dodecahedra at 800 °C for 2 h in
N, ambient to obtain N-doped carbon dodecahedra.>® Here,
in situ N doping in the carbon matrix occurs due to the
structural N in ZIF-8. Similarly, Liu et al. designed porous carbon
hollow spheres through a template-mediated pyrolyzation—
carbonization method.*® In detail, resorcinol and formalde-
hyde were used as the original precursor material to synthesize
phenolic resin. Tetrapropyl orthosilicate (TPOS) was used as a
templating agent to provide a silica (SiO,) core and pore-
forming particles. The initial phenolic resin and pore-forming
particles co-coat on the SiO, core, forming SiO,@SiO,/RF core—
shell structures which were then carbonized, followed by SiO,
template removal to obtain mesoporous carbon hollow spheres
(MCHSs) to be used as an excellent cathode in ZIHSCs. Zhang
et al. prepared a coal tar pitch-derived porous carbon material
via carbonizing a well-grounded mixture of coal tar pitch,
aluminum phosphate, and sodium hydroxide solid in a known
mass ratio in an argon atmosphere for 2 h.*’ Furthermore,
Yang et al. reported the synthesis of coconut shell-derived
activated carbon by heating crushed coconut shells at 900 °C
while passing steam for 2 h.>° Similarly, Lou et al. prepared
poplar wood-derived carbon to use as a ZIHSC cathode.*” 1 g of
poplar wood powder, 6 mM Zn(NO3),-6H,0, and 12 mM urea
were properly mixed to a homogeneous powder followed by
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heat treatment under high-purity N, gas at 900 °C for 3 h with a
heating ramp rate of 5 °C min . After cooling to room
temperature, the resultant mixture was washed to obtain
N-doped porous carbon nanosheets. Zeng et al. synthesized
molten salt-assisted carbon (MSPC) using ball-mill and pyroly-
zation methods.”" A mixture of 0.5 g pitch, 7.5 g NaCl and 0.25 g
NaNO; was ball milled to produce a fine powder which was
then pyrolyzed at 900 °C for 1 h under N, flow, and the resultant
MSPC power was collected after washing with distilled water. In
another instance, Pan et al. reported the synthesis of porous
carbon nanoflakes for which sodium polyacrylate powder (SPA)
was mixed with potassium bicarbonate powder (KHCO;) and
thoroughly ground in an agate mortar.”> The mixture was then
pyrolyzed in a tube furnace at 850 °C under a constant Ar flow
for an hour with a heating ramp rate of 5 °C min ™" to carbonize
and simultaneously activate the precursor to achieve porous
carbon nanoflakes. Similarly, Zhou et al. reported the synthesis
of hierarchical porous AC by high-temperature carbonization
(at 900 °C) of asphalt with KOH."*

3.2.2 Carbonization and phosphorization. Phosphoriza-
tion is the process of introducing/doping phosphorus (P)
heteroatoms into carbon host materials. In this method,
carbon and phosphorus sources are mixed and heat treated
at high temperatures. For instance, Lee and An reported
phosphorus and boron co-doped activated carbon through
the pyrolysis method.>* In detail, activated carbon (AC) was
added to an aqueous solution of 1 M boric acid, 1 M red
phosphorus (red P), and stirred for 3 h. The as-prepared red
P and boric acid coated AC were then dried at 80 °C for 12 h in
an oven followed by annealing at 800 °C for 6 h in a tube
furnace under an Ar atmosphere. After annealing, the sample
was washed with DI to remove residuals and obtain the desired
P&B-AC. Fan and co-workers prepared P-doped honeycomb-like
carbon material pyrolyzing a mixture of tannins, vanillin, phytic
acid, and MgO.>® The mixture with a known mass ratio was first
treated at 180 °C for 4 h in a tube furnace in a N, atmosphere
and further carbonized at 900 °C for 1 h at a heating rate of
5 °C min~" to obtain the honeycomb-like carbons.

3.2.3 Carbonization and sulfurization. The sulfurization
process during material preparation is crucial for doping sulfur
(S) elements in the product. Wei et al. prepared N, S co-doped
porous carbon from a homogenous mixture of Zanthoxylum
seed cake, KHCO;, and Na,S,05.%® The mixture was first treated
at 290 °C for 60 min in the N, atmosphere, then further
carbonized at 800 °C for 1 h to obtain the doped product.
Similarly, Wang et al. reported the synthesis of S-doped 3D
porous carbon from sustainable pine needles for ZIHSC
application.>” The pine needle powder was first ground with
C,H;KOS. The powder was heat treated at different tempera-
tures for 1 h under an Ar atmosphere. The product was then
neutralized with HCI, washed with DI several times, and finally
dried in an oven. Yang et al. synthesized N, S co-doped porous
carbon dodecahedra using N-doped carbon dodecahedra as the
precursor material.>®> N-doped carbon dodecahedra were first
synthesized via pyrolyzing ZIF-8 at 800 °C for 2 h in the N,
environment. The as-obtained N-doped carbon dodecahedra
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were then mixed with thiourea and again heated at 800 °C in a
N, atmosphere with a heating rate of 5 °C min~" for 2 h to
obtain N, S co-doped carbon dodecahedra.

4. Electrode materials and electrolytes
for ZIHSCs

4.1 Capacitor-type electrode materials

The ZIHSC’s capacitor-type electrode is a crucial component.
Electrode materials for capacitor-type electrodes typically consist of
either carbon-based or transition metal-based compounds. These
materials’ specific capacity is significantly lower than battery-type
electrode materials, but they are able to offer a greater rate
capability and cycling stability because of their fast and rever-
sible adsorption/desorption (or intercalation/de-intercalation)
type of reaction mechanism.

4.1.1 Carbon-based materials. Carbon materials employed
as the capacitor-type electrode materials in ZIHSCs possess
many traits such as low-cost, abundant natural reserve and
nontoxicity, rich porosity, high electrical conductivity, out-
standing chemical stability in different solutions (from strongly
acidic to basic), and impressive specific surface area (SSA) which
are advantageous to provide an extensively large electrode/electro-
lyte interface for charge storage and allow fast charge movement
during electrochemical reactions.>®>®

To date, several types of carbonaceous materials have been
shown to be promising cathode options for high-performance
ZIHSCs. These carbons include carbon nanotubes (CNTs),
graphene, porous carbon (PC), activated carbon (AC), hetero-
atom-doped carbons (HDC), and MOF-derived carbon. In the
following subsections, we will explain the excellent electro-
chemical performances of ZIHSCs that are the result of care-
fully designed morphologies, structures, and/or controllable
surface features of some recently developed carbon materials.

Graphene as cathode. Graphene is a 2D carbon-based mate-
rial with high conductivity and exceptional electron mobility
produced via the arrangement of sp> hybridized carbon atoms
in a hexagonal honeycomb lattice. Additionally, the large
theoretical specific surface area (2630 m”> g~ ') and outstanding
mechanical stability make it an excellent choice for many
energy conversion and storage devices. Interestingly, in nano-
composites, graphene may function as a highly conducting
network and a buffer layer, which can successfully prevent
self-aggregation of nanoparticles and accommodate volume
expansion of active materials during electrochemical processes
and hence, could help in improving the cycle life and rate
performance of ZIHSCs.>”*® For instance, Zhao et al. synthe-
sized N/P co-doped graphene (NPG), which exhibited a unique
three-dimensional structure and a large specific surface area
showing great advantages as a cathode, to assemble a Zn//NPG
ZIHSC with Zn foil as the counter electrode.*” The device could
achieve a maximum energy density as high as 94.6 W h kg™*
and a large power density of 4500 W kg™ " working within a wide
potential window of 1.8 V in an aqueous ZnSO, electrolyte.
The device also maintained 82% capacity with almost 100%
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coulombic efficiency even after 15000 cycles. Similarly, Liu
et al. assembled ZIHSCs using a graphene cathode, flexible
Zn anode, and membrane as the electrolyte.®® At a current
density of 1 A g~ * the device delivered a specific capacitance of
162.6 F g~ ' at room temperature, 362.6 F g~ at 80 °C, and
404.2 F g~ " at 100 °C. Pattananuwat et al. utilized a polypyrrole
nanoparticle-embedded nitrogen-doped graphene composite
as a novel cathode and Zn foil as the anode with 2 M ZnSO,
electrolyte to fabricate a ZIHSC.*' The SC delivered the highest
capacity of 145.3 mA h g”" at 0.1 A ¢~ and maximum energy
density of 232.5 W h kg™ ' at a power density of 160 W kg~ " with
excellent cycling stability of 85% retention after 10 000 charge/
discharge cycles. Xu. et al. prepared p-phenylenediamine (PPD)
functionalized reduced graphene oxide (RGO) film for utiliza-
tion as a positive electrode in a ZIHSC with a Zn foil negative
electrode.®® This cell displayed a remarkable areal capacitance
of 3012.5 mF cm~> and a high energy density of 1.1 mW h cm ™2
at a power density of 0.8 mW cm™ > In another report, Jiang
et al. assembled a flexible ZIHSC by encapsulating the redox-
active phenanthraquinone (PQ)-fluffy graphene hydrogel (FGH)
and Zn foil face-to-face by commercial polyethylene.*”
It achieved an areal capacity of 1.31 mA h cm™? at 2 mA cm ™
and maintained 76.4% capacity (1 mA h cm ?) when the
current density was increased by 4-fold. The energy and
power densities were calculated to be 1.01 mW h ecm 2 and
1.54 mW cm™ 2, respectively, at a current density of 2 mA cm™>
which outperformed many recently reported values.

Activated carbons (ACs) as cathodes. Due to its high specific
surface area (SSA), abundant pores, tunable pore structure,
cheap cost, and physio-chemical stability, AC has been investi-
gated extensively as a viable and efficient electrode material for
ZIHSCs.*” Amongst others, Dong et al. were the first to report
the successful use of a commercial AC as the cathode in a high-
performance ZIHSC with Zn foil as the anode and an aqueous
ZnS0, electrolyte.>® The AC exhibited irregular morphology of
particles with rough surfaces, leading to an exceptionally high
SSA of 1923 m® g ', and resulted in a specific capacity of
121 mA h ¢ ' at 0.1 Ag™ ', an energy density of 84 W h kg™,
and a very large power density of 14.9 kW kg™~ ". The ZIHSC also
demonstrated excellent cycling stability with 91% capacity
retention after 10000 cycles. Following that, Zhang et al.
designed a novel form of on-chip micro ZIHSC using an AC
cathode and electro-deposited Zn nanosheets as an anode
material.*> The micro ZIHSC, benefitting from its cutting-
edge device design, demonstrated some impressive merits,
including an areal capacitance of 1297 mF cm 2 at a current
density of 0.16 mA cm ™2, which corresponds to 259.4 F g~ * at
0.05 A g~ ', an impressive energy density of 115.4 Wh cm ™ > ata
power density of 0.16 mW cm >, and a long cycle life.

Although these achievements with activated carbon-based
ZIHSCs are interesting, the energy density is still far from
satisfactory. Therefore, exploiting low-cost, eco-friendly, and
high-performance carbon materials with tunable pore struc-
tures is highly desired. In this regard, biomass-derived carbon
materials have offered a variety of physicochemical properties,
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including abundant reaction sites owing to their highly porous
structure and surface functional groups, excellent chemical
stability, and natural abundance. Such traits have made
biomass-derived carbons one of the potent candidates for
ZIHSC anodes. For instance, Yang et al. prepared coconut
shell-derived activated carbon (CSAC) for its usage in
ZIHSCs.>® The activated carbons were synthesized from dried
coconut shells through a simultaneous carbonization and
steam activation method, as depicted in Fig. 4a. The resultant
material possessed a SSA of 1260 m* g~ and a pore volume of
1.8 em® g7'. An aqueous ZIHSC was assembled using the
natural coconut shell-derived activated carbon as the cathode,
Zn(ClO,), as the electrolyte, and electro-deposited Zn as the
anode (Fig. 4b). The aqueous ZIHSC achieved an outstanding
specific capacitance of 423.5 F g~ ' with an excellent energy
density of 190.3 W h kg™ " at 89.8 W kg~ (as shown in Fig. 4c-f).
Interestingly, when anti-freezing hydrogel electrolyte replaced
the aqueous Zn(ClO,), solution, the quasi-solid-state CSAC//
PVA/MMT/Zn(ClO,), (gel)//Zn device maintained excellent anti-
freezing properties and stability. The cycling performance
of the ZIHSC device was evaluated by the GCD method over
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10000 cycles at a current density of 5 A g~ " which demonstrated
outstanding capacitance retentions of 99% and 98% at 25 °C
and at —20 °C, respectively. The results reveal excellent stability
of the quasi-solid-state ZIHSC device at room and even at ultra-
low temperatures. Even at temperatures as high as 60 °C, the
device could still retain a specific capacitance of 80% after
5500 cycles.

Porous carbons (PCs) as cathodes. PCs have been widely
explored as one of the most prospective electrode materials
for ZIHSCs due to their unique properties, including a cost-
effective and easy synthesis process, high surface area, large
pore volume, and unique pore size distribution. Many porous
carbon-based materials are available; biomass-d