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Abstract: Aqueous zinc-ion hybrid capacitors (ZIHCs) have emerged as a promising technology,
showing superior energy and power densities, as well as enhanced safety, inexpensive and eco-
friendly features. Although ZIHCs possess the advantages of both batteries and supercapacitors,
their energy density is still unsatisfactory. Therefore, it is extremely crucial to develop reasonably
matched electrode materials. Based on this challenge, a surge of studies has been conducted on the
modification of carbon-based electrode materials. Herein, we first summarize the progress of the
related research and elucidate the energy storage mechanism associated with carbon-based electrodes
for ZIHCs. Then, we investigate the influence of the synthesis routes and modification strategies
of the electrode materials on electrochemical stability. Finally, we summarize the current research
challenges facing ZIHCs and predict potential future research pathways. In addition, we suggest key
scientific questions to focus on and potential directions for further exploration.

Keywords: aqueous zinc-ion hybrid capacitors; carbon-based materials; cathode; energy storage
device; electrochemical stability

1. Introduction

With the rapid changes in the energy patterns of the world, the efficient utilization
and conversion of fossil fuels is an inevitable trend to achieve high-quality and sustainable
energy development [1]. Recently, lithium-ion batteries (LIBs) have occupied a dominant
position in the electronics industry, especially in portable electronics and electric vehicles [2].
However, limited Li resources and flammable organic electrolytes cause cost and safety
concerns [3]. Thus, aqueous energy storage devices (metal-ion batteries, hybrid capacitors,
and supercapacitors) have risen as potential solutions to the existing dilemma due to
their high safety [4–9]. Among them, sodium and potassium ions possess ionic radii of
0.95 nm and 1.33 nm, respectively. It leads to slow diffusion kinetics and serious electrode
polarization. In contrast, the ion radius of the zinc ion is relatively small (0.74 nm). Also,
zinc anodes are characterized by their high theoretical capacity of 820 mAh g−1, economical
price, easy availability, and a low redox potential of −0.762 eV relative to the standard
hydrogen electrode [10–12]. Nonetheless, the practical application of zinc anodes is limited
by the scarcity of matching cathode materials and low power density [13–16]. Energy
storage systems with high power densities and extremely long lifetimes can be fully
recharged in a short period of time. They are also less susceptible to volume changes
during cycling, which meets the needs of society for energy development. Zinc-ion hybrid
capacitors (ZIHCs) incorporate their many benefits over traditional zinc-ion batteries.
Generally, the device is featured by integrating the properties of a capacitive material with
those of a battery-type material in a mild Zn-based electrolyte [17–21]. Due to the different
operating potential ranges of these two types, the voltage of the matched device is extended.
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As a result, there is an increase in the energy and power density of the devices. This is
facilitated by the favorable combination of batteries and supercapacitors [22,23].

Since 2016, Wang and collaborators [24] have designed an aqueous zinc-ion capac-
itor assembled with oxidized carbon nanotubes and zinc metal as electrodes. It can be
repeatedly charged and discharged for 5000 cycles (10 mV s−1) with the working voltage
of 0–1.8 V. Then, Kang et al. [25] reported the study of aqueous activated carbon (AC)/Zn
capacitors with ultra-long lifetimes. ZIHCs are rapidly growing as a research hotspot [26].
Further, Kang’s group [27] constructed a hybrid ion capacitor with MnO2 and AC as cath-
ode and anode, respectively. The device with Zn2+ aqueous solution as electrolyte can
output a maximum power density of 13 kW kg−1. During the past decade, carbon-based
materials have been exploited as cathode materials owing to their high conductivity and
customizable pore structure, including biomass and polymer-derived carbon, metal organic
compounds derived carbon, graphene, and carbon nanotubes [28–30]. For example, Alsha-
reef’s group [31] prepared hybrid capacitors with oxygen-enriched porous carbon cathodes
and carbon-coated zinc anodes. Benefiting from the EDLC of the porous carbon and the
pseudocapacitance provided by the oxygen functional groups, the assembled ZIHCs obtain
a specific capacity of 179.8 mAh g−1. The energy density is up to 104.8 Wh kg−1 (0.1 A g−1)
with a voltage window of 0–1.9 V. Fan and co-workers [32] designed honeycomb porous
carbon using polyacrylonitrile (PAN) as a precursor through a pre-oxidation and activation
process. This abundant pore and interconnected structure facilitate rapid charge transfer
and generate numerous ion adsorption sites. The assembled capacitor shows a specific
capacity of 238 mAh g−1 at 0.1 A g−1. Furthermore, it achieves an energy density of
193.6 Wh kg−1, corresponding to a power density of 76.6 W kg−1. Li et al. [33] fabricated
porous carbon rich in pyridine nitrogen (PrN) with Zn and Co bimetallic organic skeletons
as precursors. The content of PrN can be controlled to 56% by changing the annealing
temperature. This high pyridine N content provides rich reaction sites for the structure of
materials. Moreover, the presence of residual cobalt nanoparticles contributes to acceler-
ating electron transfer. Based on this, the assembled ZIHCs deliver a specific capacity of
302 mAh g−1 (1 A g−1) and an energy density of 157.6 Wh kg−1.

The energy density of these reported devices is significantly weaker than expected. It
can be ascribed to the distinct energy storage mechanisms of these two electrodes. This
leads to the dynamic imbalance of ZIHCs, which fails to acquire high energy and power
density [34]. This asymmetric device tends to increase the overpotentials of hydrogen
and oxygen evolution in aqueous solutions. Its voltage range is generally restricted to
2.0 V [35,36]. Nevertheless, the energy density of aqueous ZIHCs is still far below that of
batteries. Therefore, the charge storage capacity and voltage window can be increased by
designing the electrode structure, electrolyte, and electrode/electrolyte interface [37].

Herein, we focus on the recent developments of carbon-based materials as electrodes
for aqueous ZIHCs. First, we distinguish the different types of ZIHCs according to the
properties of electrode materials. Then, we discuss the structure and morphology of
carbon-based materials. Their cycling, rate performance, and durability are demonstrated
when they are assembled as positive electrodes into capacitors. Further, we highlight
the modification strategies of carbon-based materials, including surface modification,
morphology and size tuning, and heterogeneous atom doping. We also summarize the
energy storage mechanism in conjunction with the electrode structural changes. Finally, we
present a conclusion and prospect the future development of ZIHCs.

2. The Bases of Zinc-Ion Capacitors
2.1. The Growth of Energy Storage Technologies

Among the various energy storage systems, supercapacitors and batteries are two
highly representative electrochemical energy storage technologies. The former is a promis-
ing device with the merits of rapid charge capabilities, longevity, and excellent power
density. The latter demonstrates high energy density and voltage window. Research on
energy storage devices began in the 1800s (Figure 1). H. I. Becker first discovered elec-



Batteries 2024, 10, 396 3 of 22

trochemical capacitors with a high farad in 1954. In the following 20 years, Whittingham
reported reversible electrochemical embedding reactions of layered TiS2 with lithium in
Li/TiS2 batteries [38]. However, Li/TiS2 batteries cannot be developed into commercially
promising secondary batteries. It can be attributed to the low open-circuit voltage of the
TiS2 cathode (2.2 V). Goodenough et al. [39] proposed that the layered LiCoO2 materials
can be used as the cathodes for LIBs. It presents an open-circuit voltage of 4.0 V, almost
twice that of the TiS2 electrode. In the 21st century, research on various metal-ion capacitors
has also become increasingly attractive with the massive growth in energy demand [40].
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Supercapacitors are mainly employed in portable electronic devices, rail public trans-
portation, heavy trucks, and backup energy for uninterruptible power supply (UPS) [41].
Based on the principles of charge accumulation, the cathode can be categorized into two
main types: double electric layer capacitors (EDLCs) and faradaic electrode materials [42,43].
The former involves the formation of a double layer by electrostatic adsorption of charges
at the electrode/electrolyte interface. The latter represents a prompt reversible redox pro-
cess occurring on/near the surface. The difference between the two is that EDLC is not
undergoing a faradaic process [44,45]. The electrode materials for supercapacitors include
carbonaceous materials, conducting polymers, and transition metal oxides and hydrox-
ides [46–49]. Notably, carbon-based materials are characterized by abundant resources,
inexpensiveness, extensive specific surface area, and superior electrical conductivity [50,51].
During the past few years, a multitude of studies have concentrated on the design of
the pore structure of such electrodes to modulate the electrochemical performance of the
devices [52]. Liu et al. [53] designed an activated porous carbon material with a specific
surface area of 843 m2 g−1 via rapid high-temperature shock carbonization and the HTS-
KOH activation approach. The prepared electrodes are assembled into supercapacitors
with an energy density of 25 Wh kg−1 and a power density of 582 W kg−1. Prabakar’s
group [54] synthesized activated carbon nanosheets with a specific surface area up to
2943 m2 g−1 by one-step activation method. The assembled symmetric supercapacitor
achieves a capacitance of 403 F g−1 with an energy density of 32.9 Wh kg−1 (0.5 A g−1).
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2.2. The Types of ZIHCs

Benefiting from the synergistic strengths of supercapacitors and batteries, the novel
ZIHCs are regarded as critical candidates for energy storage technologies. This is attributed
to their ability to satisfy market requirements for high energy and power density [55].
Among them, electrodes can be divided into capacitor-type and battery-type materials. The
former is mainly carbon-based electrodes (derived carbon and graphene-based materials)
and pseudocapacitive electrodes (MXene and polymer–carbon materials) [56]. Generally,
zinc ion adsorption/desorption reactions occur on their surfaces during charging and
discharging. The latter is generally metallic zinc, Mn, and V oxides, which mainly occur
in zinc ion insertion/extraction reactions. Based on the unique characteristics of carbon-
based electrodes, the cathode and anode materials of ZIHCs can be classified into carbon
materials/Zn foils and manganese-based or vanadium-based oxides/carbon materials.

Figure 2 illustrates the dual energy storage mechanisms of ZIHCs. From Figure 2a,
carbon-based cathodes utilize the EDLC mechanism to facilitate highly reversible ion
adsorption/desorption processes, thus providing excellent power densities. In fact, their
total capacitance is contributed by EDLC and pseudocapacitance. Therefore, a redox
reaction can occur on the surface or near the surface of a carbon electrode. On the anode
side, zinc ions in the electrolyte can be deposited and stripped on the zinc foil with the
charging and discharging process to obtain excellent energy density.
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In Figure 2b, a Mn-based oxide/carbon material hybrid capacitor is taken as an
example. When charging, zinc ions escape from the battery-type cathode and adhere to the
surface of the capacitor-type anode. In the discharge phase, zinc ions are desorbed from
the anode and embedded in the structure of the cathode. This reversible transfer of zinc
ions contributes to the stable electrochemical performance of ZIHCs.

Compared with the two systems, the capacitive material as the cathode can provide
rapid ion adsorption/desorption, thus achieving high power density. However, zinc anode
is prone to producing zinc dendrites, which leads to potential safety hazards. The battery
material as cathode enables a dendrite-free system. The voltage range of the device can
be extended up to 2 V, showing high energy density. However, their electrochemical
performance suffers from issues such as low rate capability and cycling stability, which are
attributed to the dissolution of the cathode material.

3. Carbon-Based Electrode Materials

Carbon is an indispensable material to promote social development and progress.
In the last two decades, carbon materials with various allotropic structures (graphene,
diamond, carbon fiber, and carbon nanotubes) have grown rapidly in a wide range of fields.
In particular, they stand out in new energy sources owing to their highly theoretically
specific surface area and superior electrical conductivity [57]. From Figure 3, carbon-based
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cathodes mainly include commercial activated carbon (AC), biomass or polymer-derived
carbon, metallic organic compound-derived carbon, nanofibers, and other graphite-like
carbon materials. This section mainly introduces the structure and morphology of these
carbon materials and their corresponding electrochemical performance.
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3.1. Amorphous Carbon Materials
3.1.1. Commercial Activated Carbon

In recent years, AC has attracted great interest as a promising candidate electrode
material for ZIHCs because of its specific surface area of 3000 m2 g−1, rich pore structure,
high chemical stability, and wide working potential window. They can usually be prepared
from various precursors such as polymers, biomass, coal, organometallic frameworks, and
organic salts. However, commercial AC has a specific capacity of only 100–200 mAh g−1.
The electrochemical performance of ZIHCs depends on the pore structure, conductivity,
and surface properties of carbon-based electrodes. Pore structure is critical for charge
storage and diffusion of hydrated Zn2+ ions [58]. Strategic designs of pore structures
(including pore volume, size distribution, and surface functional group chemistry) are
effective approaches to enhance the specific capacitance of electrodes.

Pore size distribution is an important parameter affecting zinc-ion storage. The pore
structures in AC are usually categorized into micropores with a size less than 2 nm, meso-
pores with a size of 2–50 nm, and macropores with a size over 50 nm [59–61]. However, not
all pores in the material are beneficial to charge storage. Both micropores and mesopores
contribute to the EDLC. However, a part of the micropores prevents the embedding of
electrolyte ions because of the distorted pore channel or small pore size. It also deprives
their electrochemical activity at high loadings. The solvated [Zn(H2O)6]2+ and SO4

2− are
the main carriers in the charging and discharging process of ZIHCs [62]. Its ion diameters
are 0.86 and 0.59 nm, respectively. After solvation, the radius of Zn2+ is increased compared
with the original one. For carbonaceous materials with pore sizes less than 1 nm, most
of the solvated Zn2+ ions are limited by the pore structure. This leads to their inability to
provide capacitive contributions.

From Figure 4, when there are various pores in the structure of carbon materials, they
are prone to diffuse in the one with large pore size. It contributes to enhancing the specific
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capacitance of the devices. The pore size structure affects the ion diffusion resistance of the
electrode. Small pore size enhances the diffusion resistance of electrolyte ions. The presence
of mesopores and macropores can shorten the ion migration path and contribute to the
rate capacity [63]. Zhang and colleagues [64] systematically compared various samples
with similar specific surface areas but distinct pore structures. It is found that the materials
with abundant micropore structure (0.6 nm) are generally lower in capacitance and rate
performance than those with mesoporous channels. This phenomenon is associated with
the partial failure of the microporous structure, which hinders the accommodation and
storage of hydrated zinc ions. Hence, it is the key to stabilizing the cycle performance to
match the appropriate pore channels.
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To address the issue of the low specific capacitance of commercial AC, researchers
have made many efforts. Dong et al. [25] designed the AC/Zn devices with a capacity
of 121 mAh g−1 and an energy density of 84 Wh kg−1. In fact, there is still space for
improvement in cycle performance. Surface-functionalized AC with reasonable pore size
enhances chemical binding with carriers, which contributes to an increase in specific
capacity [65]. For instance, An’s group [66] prepared the AC material with a mesoporous
structure by polymerization PVP dehydrogenation process. This increases the number of
oxygen groups on the surface of AC. The modified materials, such as cathodes, show an
abundance of electrochemical active sites and rapid ion diffusion and transmission ability.
Therefore, the assembled ZIHCs can still deliver a specific capacity of 72 mAh g−1 even
at a current density of 10 A g−1. In addition, the cycle life can reach 40,000 cycles with a
capacity retention rate of 78% (Figure 5a).

The specific capacity of AC electrodes is enhanced based on surface modulation
techniques, but there are limited improvements in their conductivity, wettability of the
electrode and electrolyte surfaces, and specific surface area. Therefore, researchers have
developed some effective modification strategies and superior electrode materials. Het-
erogeneous atom doping can introduce O-/N-containing functional groups. This offers
fast redox reactions for the electrodes and increases the pseudocapacitive contribution to
charge storage [67,68]. The construction of novel nanostructures or hierarchically porous
carbon materials can effectively increase the adsorption sites. This accelerates ion/electron
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transport and favors the rate capacity [69]. Further detailed discussions are presented in
the subsequent sections.

3.1.2. Metal–Organic Compound Derived Carbon

Metal–organic compounds are converted into nanostructured carbon materials through
high-temperature calcination or controlled chemical reactions. This conversion process
is conducive to the formation of porous architecture. This hierarchical porous structure
facilitates the optimization of electrochemical performance. Zhang and collaborators [70]
fabricated ultra-thin layered porous carbon nanoplates (Ca-900 samples) using calcium
gluconate precursor by in situ template method. The tuning of calcination temperature can
optimize the specific surface area and porosity of carbon materials. The assembled device
shows an energy density of 75.22 Wh kg−1 and a power density of 879.12 W kg−1. After
4000 times of charge and discharge, the capacitance retention rate is 90.9%.

Metal–organic frameworks (MOFs) constitute a class of crystalline compounds synthe-
sized by coordination of metal ions with organic linkers. MOF-derived carbon materials
can possess a wide range of specific surface areas and rich porous structures by high-
temperature calcination and etching processes [71]. Li et al. [72] designed a rod-like porous
carbon fabricated by pyrolysis of MOF (MIL-88B). Based on the structural features of MOF
and the synergistic effect of alkali activation, the carbon rod material possesses a specific
surface area (SSA) of 1272.4 m2 g−1. The assembled device can still show a specific capacity
of 73.5 mAh g−1 at 50 A g−1. The capacity retention of 96.5% (10 A g−1) is achieved after
10,000 cycles. Our group [20] prepared V metal–organic framework (MOF)-derived porous
carbon anodes. The assembled devices present specific capacities of 168 and 140 mAh g−1

with a capacity loss of 16.7% at 0.1 and 2 A g−1, respectively. These kinds of materials
are often treated by strong acid/alkali etching, which increases the technical difficulty
and cost. Therefore, there is an urgent need to design eco-friendly, high-performance
carbonaceous materials.

3.1.3. Polymer-Derived Porous Carbon

Polymers are complex structures composed of many macromolecular chains. They
possess nanoscale self-assembly ability. Compared with small molecular hydrocarbons,
polymers as carbon sources show controllability in structure and doping amount. A va-
riety of porous carbonaceous structures, including spherical particles, fibrous materials,
films, or membrane-type materials, can be prepared by matching suitable polymer pre-
cursors, such as polyacrylonitrile, polyphenylamine, and conjugated polymers. Due to
the unique atomic composition of polymer precursors, non-metallic atoms can be doped
by pyrolysis, including N, B, P, and S. These types of atoms are combined into the carbon
framework individually or jointly to optimize the energy storage capability of carbon
materials [73]. Yang et al. [74] developed a hierarchical porous carbon fiber derived
from polyvinylpyrrolidone/polyacrylonitrile (PVP/PAN) by electrospinning. The device
assembled with PVP-/PAN-derived porous carbon fibers shows a specific capacity of
208 mAh g−1 and a rate retention of 49.5% (0.5~5 A g−1). After 10,000 stable cycles, the
capacity maintains 72.25% of the initial capacity. This multi-channel structure is beneficial
to the specific capacity and rate performance of ZIHCs. However, the specific surface
area obtained by this direct pyrolysis is only 449.05 m2 g−1. Therefore, its cyclic stability
is limited. Liu group’s [75] studied the pyrolysis of chitosan aerogels to produce porous
carbon with 3D honeycomb lattice. The combination of nitrogen and oxygen realizes the
co-doping of carbon materials. However, the specific surface area of carbonized chitosan is
only 1000 m2 g−1, and it lacks essential micropores and mesopores. Combined with the
KOH activation strategy, its specific surface area can be increased to 2267 m2 g−1. Therefore,
the capacity retention of the assembled device can remain at 86.3% after 10,000 cycles.

Carbon materials derived from asphalt have garnered extensive research attention for
their applications in supercapacitors and LIBs [76–78]. However, the activation of asphalt
with complex compositions at high temperatures usually leads to violent volatilizing
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of light components and polymerization of polycyclic aromatic hydrocarbons [79]. To
regulate the pore size during fabrication, Liu and co-workers [80] proposed two steps
of carbonization and alkali activation to enhance its structural stability. In Figure 5b,
compared with commercial AC, the specific surface area of this material can be increased
to 3525 m2 g−1. The porous structure is composed of micropores and abundant mesopores,
which effectively increase the ion occupation sites. The fabricated device achieves a specific
capacity of 172.7 mAh g−1 at 1 A g−1, and it retains a capacity of 119.4 mAh g−1 at
20 A g−1 (Figure 5c). Lu and collaborators [81] designed an N-doped asphalt-derived
carbon material (NPC) as a cathode. In Figure 5d, incorporating N into the carbon electrode
material enhances its electrical conductivity, and the addition of pyridine N effectively
increases the electrochemical kinetics. They further proposed a nitrogen redox mechanism.
From Figure 5e, the activation energy (Ea2) of the NPC electrode is much superior to
that of PC one. This indicates that the addition of N triggers multiple redox processes in
favor of increasing the pseudocapacitance. The assembled device possesses a capacity of
136.2 mAh g−1. When the current density increases from 0.3 A g−1 to 15 A g−1, the capacity
retention rate is 50.8% (Figure 5f). In addition, it only experienced 4.6% self-discharge
capacity loss within 24 h.
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Figure 5. Effect of specific surface area on electrochemical performance of materials (a) The capacity
retention (10.0 A g−1) for the various electrodes. Reproduced with permission [66], Copyright 2020,
Elsevier B.V. (b) Nitrogen adsorption–desorption isotherms of the two materials. (c) Rate capability
of the assembled device. Reproduced with permission [80], Copyright 2020, Wiley-VCH GmbH.
(d) Schematic structure of NPC. (e) The activation energy comparison of PC and NPC. (f) Rate
performance. Reproduced with permission [81], Copyright 2021, American Chemical Society.
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3.1.4. Biomass-Derived Porous Carbon

Biomass-derived porous carbon materials are frequently applied as cathodes for capac-
itors due to their cost-effectiveness, structural diversity, and preparation convenience [82].
Li and co-workers [83] synthesized pencil shaving-derived carbon materials and obtained
optimal PSC-A600 electrodes by adjusting the pyrolysis temperature. This porous structure
enables a fast ion transport rate and provides sufficient charge storage space. Therefore,
the Zn/PSC-A600 device presents a specific capacity of 183.7 mAh g−1. From Figure 6a,
it can perform 10,000 cycles at 10 A g−1 and maintain a retention rate of 92.2%. Qiu’s
group [84] prepared porous carbon positive electrodes (LHPCs) by the self-templating
method employing lignin as a carbon precursor. The electrode material demonstrates fast
electrochemical kinetic processes. This is due to the rich pore structure and the introduction
of carboxyl functional groups. The assembled Zn/LHPCs capacitors obtain an energy
density of 135 Wh kg−1 at a power density of 101 W kg−1.

However, the impurities and functional groups of biomass carbon-based raw materials
accelerate the self-discharge speed of the assembled hybrid capacitor. This is closely related
to the pore structure of the carbon cathode. This pore effect exacerbates charge redistri-
bution and carbon oxidation [85]. Li et al. [86] synthesized oxygen-enriched multistage
porous carbon by olive pyrolysis through chemical activation. Oxygen-enriched functional
groups provide additional capacitance and boost the wettability and conductivity of porous
carbon. The as-built devices obtain an energy density of 136.3 Wh kg−1 and a self-discharge
rate of 2.3 mV h−1 (Figure 6b). They can achieve 20,000 charge and discharge cycles at
10 A g−1 (Figure 6c).
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Figure 6. The cycle capability of biomass-derived porous carbon. (a) Cycle performance. Reproduced
with permission [83], Copyright 2020, Elsevier B.V. (b) Self-discharge curves. (c) Cycling durability at
10 A g−1. Reproduced with permission [86], Copyright 2023, Wiley-VCH GmbH.

3.2. Carbon Nanofibers

Flexible wearable devices have been a hot research topic. Therefore, there is a demand
for the exploitation of flexibility electrodes. Typically, the fabrication of electrodes depends
on the support of current collectors and additives in addition to active materials, which
can reduce the total energy density. One-dimensional (1D) carbon nanofibers are highly
promising for the construction of freestanding cathodes, which is attributed to their favor-
able flexibility and abundant pore structure. However, their hydrophobicity hinders charge
transport at the electrolyte–electrode interface, demonstrating a large interfacial resistance.
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Surface modification improves the hydrophilicity of carbon-based materials. For instance,
this is a viable approach to enhance the chemisorption of metal ions on electrode materials.
Zhang and collaborators [87] synthesized flexible oxygen-enriched carbon fiber films by
electrostatic spinning and acid-assisted oxidation. ZIHCs with this carbon fiber cathode
show an energy density of 97.7 Wh kg−1 and a power density of 9.9 kW kg−1. Also, they
maintain long-term cycling stability (81%) of 50,000 cycles. Figure 7a demonstrates the
near-zero superhydrophilicity angle. It reduces the interfacial resistance between electrolyte
and electrode. The adsorption of zinc ions on the electrode surface is greatly enhanced.
Density functional theory (DFT) calculations show the chemisorption relationship between
zinc ions and C=O functional groups (Figure 7b). Among them, zinc ions are more easily
adsorbed between two carbonyl groups. The adsorption process is shown below:

2C=O + Zn2+ +2e−→C-O-Zn-O-C, (1)

The existence of oxygen-enriched functional groups significantly improves the wet-
tability of carbon fiber and promotes the chemisorption of zinc ions. In addition, these
cathodes could operate stably with a loading of 20 mg cm−2 and 180◦ bending. Their
specific capacity decreases by 19% (5 A g−1) after 50,000 cycles (Figure 7c).
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Figure 7. Wetting behavior and cycling stability. (a) Contact angles. (b) DFT calculations for zinc
storage behavior. Red, brown, white and gray balls represent oxygen, carbon, hydrogen and zinc
atoms, respectively. The regions indicate the increase (yellow) and decrease (blue) of electron density.
(c) Long-term cycle at 5 A g−1. The pink and orange curves represent capacity and coulombic
efficiency, respectively. Reproduced with permission [87], Copyright 2021, Elsevier B.V.
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3.3. Graphite-Type Carbon Materials

This refers to a high-performance material with a graphite-like microcrystalline
structure. Representative members include graphene, carbon nanotubes, and carbon
fibers [24,88]. These materials are characterized by a layered accumulation of carbon
atoms interconnected by van der Waals interactions. This unique layered structure endows
graphite-like carbon materials with favorable electrical and thermal properties, as well as
excellent chemical stability. Therefore, they show wide application potential in various
fields, including energy storage, electronic devices, composite materials, and catalytic
technology [89].

3.3.1. Carbon Nanotubes

One-dimensional carbon nanotube (CNT) materials offer unique fast carrier transfer
pathways, but the limited specific surface area (less than 500 m2 g−1) hinders their further
development. Previous studies have demonstrated that the introduction of pseudoca-
pacitive active sites on carbon nanotubes can increase the specific capacitance of carbon
nanotubes [24,90,91]. Wang’s group [24] used oxidized CNT (oCNT) as cathode and re-
vealed the role of oxygen groups in ion storage by electrochemical characterization. As
shown in Figure 8a, Zn2+ on the oxygen-containing groups of the oCNT electrode under-
goes electrochemical adsorption/desorption. The surface-endowed ZICs are confirmed to
provide better performance than the pure carbon nanotube cathode.

3.3.2. Graphene

Graphene, featuring a single atom thickness, superior electrical conductivity (106 S cm−1),
mechanical properties, and a specific surface area of 2630 m2 g−1, is a suitable positive ma-
terial for ZIHCs. However, two-dimensional (2D) graphene tends to aggregate. Moreover,
there are morphological defects such as holes, edges, cracks, and heteroatoms on the surface
of graphene [92]. This greatly limits its properties. Three-dimensional (3D) graphene is
a novel class of carbon nanomaterial composed of 2D graphene on a macroscopic scale.
When graphene nanosheets are interconnected as building blocks, they can be assembled
into 3D structures from the bottom up. Han et al. [93] fabricated a ZIHC based on 3D
nanostructures graphene and polyaniline composites as cathodes (Figure 8b). It shows an
energy density of 205 Wh kg−1 (0.1 A g−1). From Figure 8c, it can still maintain 80.5% of
the initial capacity after 6000 cycles of repeated charging and discharging. However, these
high-porosity materials always present low bulk density and high weight capacitance. It
reduces the volume capacitance and hinders the practical application of the device [88].
Therefore, it is very necessary to develop highly dense structures. Zheng’s group [94]
prepared a high-density nanoparticle 3D porous graphene (3D-PG-1) through capillary
evaporation. The pores formed through the evaporation process provide extensive path-
ways for the rapid diffusion of Zn2+. It also weakens the strong electrostatic force of Zn2+

embedded in the structure. This ensures that the electrode achieves 30,000 stable cycles
(Figure 8d).

Recently, graphene-derived 3D network/aerogel structures have been identified to
enhance the number of active sites in electrode materials. Compared with conventional
graphene films, graphene aerogels feature stable 3D networks and high pore volumes [95].
Okhay et al. [96] synthesized reduced graphene oxide aerogels with optimal properties by
tuning the freeze-drying conditions. The graphene oxide composite electrode demonstrates fa-
vorable uniformity and surface wettability with a specific capacitance of 129 F g−1 at 0.1 A g−1.
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Figure 8. The electrochemical performance of the other carbon electrodes. (a) Schematic of zinc
ion adsorption on the surface of oCNTs electrode, Reproduced with permission [24], Copyright
2016, Frontiers. (b) 3D cross-linked structure of graphene@PANI materials (c) The cycle stability
of graphene@PANI electrode at 5 A g−1. Reproduced with permission [93], Copyright 2018, Royal
Society of Chemistry. (d) Long cycle stability at 5 A g−1. Reproduced with permission [94], Copyright
2021, Elsevier Ltd.

4. Modification Strategies

These carbon materials suffer from many issues as electrode materials, including struc-
tural instability, poor wettability, and slow electrochemical kinetic. This hinders efficient
carrier transport. Therefore, it is essential to modify the carbon-based materials to mitigate
these adverse effects. Researchers have proposed several effective strategies, including
surface modification, morphology and size tuning, and heterogeneous atom doping.

4.1. Surface Modification

To further improve the cycle stability, it is a feasible method to construct novel
carbon-based composites. Xin et al. [97] prepared a poly(4,40-thiodiphenol, TDP)-modified
nanoporous AC cathode material. The introduction of this polymer increases the capaci-
tance contribution and broadens the voltage window to 1.9 V through the faraday process.
The areal energy density of the device is 1.03 mWh cm−2, and the corresponding power
density can reach 0.9 mW cm−2. The increase in voltage is related to their charge stor-
age mechanism. During the charging, Zn2+ first extracts from the cathode due to strong
electrostatic interaction. Then, H+ is released from the carbonyl group of poly(4,40-TDP).
This continuous extraction leads to a wide voltage window of the device. The interfacial
redox reaction is also a viable strategy for increasing the energy density of the device.
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Ramanujam’s group [98] synthesized a porous AC from chitosan and N, N′-bis(glycinyl)
naphthalene diimide (H2BNDI) composite electrode material. The porous structure can
reduce the transmission path of ions to facilitate the rapid transfer of ions. The presence of
oxygen functional groups and N-enriched sites on the electrode surface can provide addi-
tional pseudocapacitance. Therefore, the fabricated devices deliver a specific capacitance of
500 F g−1 with an energy density of 250 Wh kg−1 at 0.1 A g−1.

Graphene and CNT materials produce severe agglomeration and re-stacking. This
significantly reduces their actual specific surface area and causes a reduction in the specific
capacity. To address these drawbacks, it is necessary to fabricate composites with optimal
structures. It is a common approach to prevent agglomeration by functionalizing graphene
oxide with redox-active organic molecules. For example, Chen’s group [99] introduced the
p-phenylenediamine (PPD) into the interlayer of the graphene film. This enlarges the inter-
layer distance and exposes more ion-accessible regions. In addition, the partial reduction
of the amino group improves the conductivity of the RGO film. Benefiting from the redox
activity of PPD, the RGO@PPD film electrode shows high pseudocapacitance and EDLC for
charge storage. Yang et al. [100] prepared a composite electrode of electrochemical graphene
oxide (EGO) and polypyrrole (PPy) by one-step electrochemical co-deposition. The Zn-
PPy/EGO hybrid capacitor obtains an energy density of 72.1 Wh kg−1 at 12.4 kW kg−1 and
maintains the long-term cycle stability of 81% after 5000 cycles. Compared with chemical
graphene oxide (CGO), EGO material possesses strong π-π interaction with PPy due to less
structural destruction of graphene [101]. It is beneficial to enhance the conductivity of the
composite material.

The lamination issue between 2D nanosheets can be effectively resolved by introduc-
ing additional dimensional materials, such as 1D carbon nanotubes [102,103]. Zhang and
co-workers [104] developed kapok-derived N- and P-rich 2D thin-walled microporous
carbon tiles (CTs). Leveraging the superior conductivity of single-walled carbon nanotubes
(SWNTs), they constructed CT/SWNT porous paper cathodes with considerable specific
surface area. The uniformly doped thin walled (~700 nm) structure can effectively shorten
the ion diffusion path. The submicron layer spacing between the CTs with suitable cur-
vature and carbon nanotubes builds a fast ion/charge transport channel. Based on this
synergistic effect, this carbon cathode delivers a specific capacity of 127.6 mAh g−1 at
0.1 A g−1. Even at 20 A g−1, its specific capacity can still be kept at 72.4 mAh g−1.

4.2. Morphology Regulation

The microstructure of carbon materials plays a pivotal role in regulating the elec-
trochemical performance of energy storage devices. Carbon materials can be generally
categorized into 0D carbon spheres, 1D carbon nanofibers, 2D carbon nanosheets, and 3D
porous structures [30]. According to various preparation approaches, carbon spheres can
be adjusted into hollow, yolk–shell, and core–shell structures. It possesses favorable con-
ductivity and controllable particle size distribution. The hollow architecture facilitates the
rapid transport of carriers and relieves the volume expansion in the long-term cycle [105].

The template method is commonly utilized to prepare hollow structures. Yan’s
group [106] synthesized mesoporous hollow carbon spheres by the SiO2 template method.
They are used as cathodes and MCHSs-coated Zn foils as anodes to assemble hybrid
capacitors in 2M ZnSO4 electrolyte. The nanostructures of MCHSs electrodes provide
abundant ion diffusion channels. In addition, the cladding layer inhibits the growth of
dendrites/protrusions on the Zn anode surface. Based on the above advantages, the devices
show a high energy density of 129.3 Wh kg−1 at 266.4 W kg−1 and a cycle retention of
96% after 10,000 cycles at 1 A g−1. Further, they found that the capacity of the devices
with different mass loadings decayed as the mass of the active substance increased. This
is attributed to the sluggish ion and charge transport of thick electrodes. Nonetheless,
the device can still achieve a specific capacity of 110 mAh g−1 at a high mass loading
(20 mg cm−2). Chen et al. [107] reported a copolymer-derived (polyaniline-co-polypyrrole)
hollow carbon sphere using surfactant as a soft template. This cavity sphere possesses
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a high surface area, which facilitates the increase of the active site of the electrode. The
hollow structure expands the contact area between electrode and electrolyte. Therefore,
the assembled capacitor shows an energy density of 59.7 Wh kg−1 and a power density of
447.8 W kg−1. In addition, it can be stably cycled 15,000 times at 1 A g−1 with less capacity
loss (2%).

4.3. Heteroatom Doping

Carbon materials doped with N, S, P, B, and other heteroatoms are increasingly gaining at-
tention due to their high electron mobility and enhanced energy storage capacity [67,108,109].
The interaction between the heteroatoms and the host material improves the adsorption
of electrolyte ions as well as optimizing the surface wettability and conductivity. This
promotes rapid charge transfer, which effectively accelerates the point electrochemical
kinetics. We mentioned above that the AC cathode suffers from a low practical specific
capacity. In addition, it shows weak wettability at the interface with the electrolyte. This
constrains the longevity of the device at high current densities [110]. Due to the formation
of polar functional groups, the combination of N and O in carbon materials enhances
the interaction with electrolytes, thus improving wettability. Wang et al. [111] reported
that doping onion-like carbon with N and P elements significantly increased the surface
area available for ion adsorption. The assembled N, P-OLC-based devices provide 63%
capacity retention at 20 A g−1. Their energy and power densities are 149.5 Wh kg−1 and
26.7 kW kg−1. Among them, the doping of N significantly increases the hydrophilicity of
the electrode interface, thus optimizing the contact resistance between the electrode and the
electrolyte. Also, a nitric acid treatment can provide oxygen-containing functional groups
on the surface of porous carbon, which contributes to the improvement of wettability [112].
Therefore, the device can obtain superior rate performance at high current density [113].

Dong’s group [114] constructed a fiber-carbon cathode HPCF with a layered porous
surface and O/N functional groups. The surface of the electrode contains a large number
of micropores to provide high capacity, and the mesopores and macropores can ensure
superior rate capability (Figure 9a). The CV curve further reveals that HPCF cathodes
store more Zn2+ cations and SO4

2− anions at high scanning rates. This indicates that most
of the stored charge of the cathode comes from SO4

2− anion storage. Figure 9b shows
the capacitance contribution of the electrode gradually increases with the scanning rate.
The reason could be that the rich N/O heteroatoms in HPCF cathode can enhance the
interaction between pseudocapacitance behavior and electrolyte ions. The mechanism of
charge storage is explored through combining various characterization methods. When the
electrode is in the discharge state, Zn4SO4(OH)6·5H2O flakes (BZS) appear. At charging,
most of the flakes disappear. This may be due to the following reactions:

4Zn2+ +6OH− + SO4
2− + 5H2O → Zn4SO4(OH)6·5H2O↓, (2)

In addition, the H+ provided by the acidic electrolyte adsorbs on the electrode surface,
which results in an increase in the pH of the electrolyte. This suppresses the hydrogen
evolution potential of the electrolyte. Only BZS products are detected in the structure of
the HPCF cathode. This further confirms the energy storage mechanism of ion adsorp-
tion/desorption occurring at the surface of the electrode. Zheng et al. [69] designed an
O-doped 3D porous carbon material. The combination of 3D porous structure and oxygen-
containing functional group can endow the electrode with fast ion/electron transport and
strong pseudocapacitance. The assembled flexible device can be recharged and discharged
10,000 times at 1.0 A g−1 with a capacity retention rate of 87.6%. Zhang’s group [115]
utilized potassium chloroacetate (ClCH2COOK) as a carbon source and template to form
oxygen-enriched porous carbon (ORCs) with an average pore size of 1.95–2.19 nm. This
strategy can construct ORCs with high oxygen doping (4.38 atomic%). As a cathode
material, it shows high EDLC and pseudocapacitance.

However, excessive oxygen functional groups can diminish the interaction between
electrolyte ions and the carbon surface, which induces the aggravation of the self-discharge
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behavior. This directly inhibits the dynamic process of the device [85]. Yuan et al. [116]
modulated the temperature range during their hydrogen thermal reduction process to
prepare superior starch-based porous carbon materials. It reveals the structural evolution of
the reactive deoxygenation process. The results indicate that the pyrolysis and hydrogena-
tion of oxygen functional groups may occur simultaneously. Among them, the HAC-700
electrode can be maintained for 10 h at an open-circuit voltage of 2.29 V, demonstrating
strong resistance to self-discharge (Figure 9c). This may be associated with the suitable
pore size in the carbon skeleton and the consumption of instable COOH and R-COOR
groups. They can effectively improve the wettability of the electrode and prevent the
electrolyte from irreversibly reacting with the unstable oxygen functional groups on the
carbon electrode surface.

The addition of N can reduce the energy barrier of C-O interaction with Zn ions [117].
Lu’s group [37] constructed capacitors with a lifetime of 100,000 cycles based on nitrogen-
doped layered porous carbon (HNPC) as the cathode (Figure 9d). The existence of the N
element optimizes the conductivity, electrochemical active surface area (ECSA) of the electrode,
and surface wettability. It also improves the efficient transfer of ions/electrons and ensures
sufficient storage space for charges. DFT calculation reveals the whole process of zinc ion
adsorption and desorption. The adsorption of zinc ions causes the O-H bond to form a
C-O-Zn bond, resulting in the release of H+ ions. In Figure 9e, the reaction of an N-doped
HNPC electrode only needs to overcome the energy barrier of 1.25 eV (2.13 eV for an undoped
electrode). It effectively promotes the chemical adsorption of Zn ions on the electrode surface.

Biomass-derived porous carbon possesses inherent functional groups, or heteroatoms.
It can offer sufficient active sites and surface wettability for the reaction. Therefore, the
addition of chemical activators can further increase the specific surface area and optimize
the pore structure, which is beneficial to the improvement of electrochemical performance.
Wang et al. [118] proposed a novel potassium thioacetate activation technique. The pine
needles are pyrolyzed as a carbon source to produce sulfur-doped 3D porous carbon (S-
3DPCs). The prepared S-3DPCs material shows a specific surface area of 2336.9 m2 g−1

and a certain amount of sulfur (0.88–3.60 at%). Therefore, the capacitor assembled with the
S-3DPC-800 positive electrode can provide a specific capacity of 203.3 mAh g−1 (0.2 A g−1)
and 81 mAh g−1 (20 A g−1). In addition, it can be recycled 18,000 times at 10 A g−1, and
the specific capacity retention reaches 96.8%.
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Lu and his collaborators [119] designed the activation mechanism of microporous
carbon (DSPCs) derived from sodium alginate through double templates. Highly active
micropores (about 0.7–2.0 nm) endow the material with reasonable specific surface area
and rich reaction sites. The assembled device shows an energy density of 99.22 Wh kg−1

(200 W kg−1). The reversible specific capacity of the electrode is 87.5 mAh g−1 at 0.2 A g−1.
The capacity of 18.1 mAh g−1 can be maintained when the current density rises to 40 A g−1.

In Table 1, we summarize the electrochemical performance of the various carbon-based
electrodes. All of these electrode materials can achieve a long cycle life up to more than
10,000 cycles. Among them, the specific capacity of the hierarchical porous material is
higher than that of the AC material. Oxygen-rich carbon electrodes can show a cycle life of
more than 20,000 cycles. The atom-doped electrode materials demonstrate a long cycle life
of up to 60,000 cycles with a capacity retention of 98.9% and a maximum power density of
48.8 kW kg−1.

Table 1. The electrochemical performance of the various electrodes for ZIHCs.

Cathode Electrolyte Voltage (V)
Capacity/
Current Density
(mAh g−1/A g−1)

Capacity Retention/
Current Density/
The Long-Term Cycle
(%/A g−1/cycles)

Energy
Density
(Wh kg−1)

Power
Density
(kW kg−1)

Refs.

AC 2M ZnSO4 0.2–1.8 121/0.1 91/10/10,000 30 14.9 [25]
O-rich porous carbon 3 M Zn(ClO4)2 0–1.9 179.8/0.1 99.2/20/30,000 40.4 48.8 [31]
Mesoporous AC 2M ZnSO4 0.3–1.8 176/0.5 78/10/40,000 77 10.7 [66]
Porous AC 3M Zn(CF3SO3)2 0.01–1.8 231/0.5 70/10/18,000 77.5 11.4 [80]
N doped pitch-derived carbon 1 M ZnSO4 0–1.8 136.2/0.3 98.9/10/60,000 81.1 12.8 [81]
Porous carbon 1M Zn(CF3SO3)2 0.2–1.8 183.7/0.2 92.2/10/10,000 65.4 15.7 [83]
O-rich porous carbon 2M ZnSO4 0.2–1.8 317.8/0.5 91/10/20,000 136.3 20 [86]
O-enriched carbon fiber gelatin/ZnSO4 gel 0.2–1.8 136.4/0.1 81/5/50,000 97.7 9.9 [89]
3D graphene@PANI composite 2M ZnSO4 0.3–1.6 154/0.1 80.5/5/6000 205 45.8 [93]
3D graphene 3M Zn(CF3SO3)2 0.1–1.8 299 F cm−3/0.1 85/5/30,000 61 Wh/L 23.2 kW/L [94]
H2BNDI@Ch-C 2 M ZnSO4 0.1–1.9 500/0.1 80/5/10,000 55 9.5 [98]
PPy/EGO 1 M ZnCl2 0.5–1.5 444.2/0.35 81/5 mA cm−2/5000 72.1 12.4 [100]
Hollow carbon spheres 2M ZnSO4 0.2–1.8 174.7/0.1 96/1/10,000 36.8 13.7 [106]
S-doped 3D porous carbon 2M ZnSO4 0.2–1.8 203.3/0.2 96.8/10/18,000 64.8 16 [118]

5. Summary and Outlook

In summary, carbon-based materials are of interest owing to their structural diversity,
superior electrical conductivity, and large specific surface area. These features render them
crucial electrode materials in ZIHCs. We concentrate on the research advances of carbon
cathode and discuss their energy storage mechanism, electrochemical performance, and
electrode material structure optimization strategies. Some progress has been achieved, but
there are still challenges in applications, especially in improving the energy power density
and specific capacitance. At present, ZIHCs are in the infancy stage of growth, and more
efforts are needed to propose new innovations to overcome these problems (Figure 10).

1. It is still difficult to identify the energy storage mechanism of ZIHCs. In the current
study, carbon materials are often compounded with some materials for structural
optimization in order to increase the specific capacity of electrodes. The pseudoca-
pacitance during charge storage provides a partial contribution rather than simple
ion adsorption/desorption. Furthermore, there is no complete clarification about the
contribution ratio of the charge storage behavior. The combination of first-principles
calculations, electrochemical kinetic analysis, and in situ structural characterization
can also illustrate the structural changes of the electrode during charging and discharg-
ing and reveal the energy storage mechanism. The effect of by-product generation on
electrode performance is still controversial.

2. Carbon-based electrode materials inherently show low specific capacitance and poor
energy density. Suitable structural modifications, including heteroatom doping, mi-
crostructure modulation, and surface modification, can effectively improve the charge
storage capacity of carbon-based materials. However, the constitutive relationship
and intrinsic connection between structural improvement and electrochemical perfor-
mance are still not clearly explained.
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3. Commercially available zinc foils are usually the counter electrodes of the devices.
Although they present high theoretical capacity, issues such as dendrite growth,
corrosion, and HER reactions limit the high performance of ZIHCs. Therefore, it
is essential to develop the structural design of anode materials to facilitate their
advancement. For example, 3D nanostructured zinc electrodes possess rich active
sites and a large electrolyte/electrode contact area. The uniformly distributed electric
field can retard the growth of dendrites and promote the diffusion of ions.

4. Fully charged hybrid capacitors often suffer from spontaneous charge loss and voltage
drop, resulting in self-discharge. The existence of the self-discharge process limits its
market application. For carbon-based electrodes, ash and oxygen-containing func-
tional groups can weaken the interaction between electrolyte ions and the electrode
surface and enhance the self-discharge rate. In addition, the pore effect of porous
structures leads to the redistribution of charges in carbon materials. We should also
focus on the self-discharge behavior of devices in diverse working conditions. The
corresponding approach is established to suppress the self-discharge of the device.
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In the future, we consider that ZIHCs should concern the following aspects:

1. It is necessary to explore novel electrode material synthesis tactics to obtain porous
carbon with favorable pore size and electrolyte ion compatibility. Various carbon-
based precursor materials, such as biomass, asphalt, and polymers, possess diverse
physical and chemical properties. It is helpful to design reasonable approaches
according to their properties to give full play to the characteristics of raw materials
and avoid their shortcomings.

2. The development of gel electrolyte is in line with the future development trend. Or-
dinary diaphragm is easy to be pierced by zinc branches in long-term circulation,
resulting in a short circuit. Hydrogel electrolyte shows certain flexibility and me-
chanical strength, which can effectively slow down the growth of zinc dendrites. In
addition, with the development of wearable flexible devices, positive and negative
electrodes as well as the matching of the diaphragm are a key concern. The electrodes
of flexible capacitors need to meet the characteristics of superior mechanical flexibility,
light weight, and high-pressure resistance. For instance, Wu’s group [120] prepared a
super-folded conductive carbon material based on the bionic design idea of silkworm
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spinning–cocooning–reeling, which can withstand 1 million or even unlimited folds
without any damage. These structural materials possess superior mechanical prop-
erties. Their integration with ZIHCs can greatly improve the durability and life of
devices. This synergy can promote the technological innovation of wearable devices.

3. Combining advanced in situ characterization techniques, it allows an intensive inves-
tigation into the structure of the electrodes and the dynamic changes in the energy
storage process. It is essential for revealing the electrode energy storage process. Also,
the structural design of electrode materials combined with theoretical calculation
can provide theoretical guidance for structural stability, reaction-free energy, ion
adsorption, diffusion, and reaction processes.
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