Open Access Article. Published on 27 2566. Downloaded on 13/2/2569 19:31:05.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Energy & o

Environmental S%Yé\..%éﬁ.%'?%
. L

Science

REVIEW View Article Online

View Journal | View Issue

]'m Checkforupdates‘ Recent advances in carbon-based nanomaterials
for multivalent-ion hybrid capacitors: a review

Cite this: Energy Environ. Sci.,

202316, 1364 Xuan Gao,?® Haoyu Wu,® Chang Su,? Chuanming Lu,® Yuhang Dai, 2 ® Siyu Zhao,”

Xueying Hu,® Fangjia Zhao,® Wei Zhang, (2 ¢ Ivan P. Parkin, (2 ¢ Claire J. Carmalt (2 *°
and Guanjie He (0 *2°

Hybrid capacitors are emerging because of their ability to store large amounts of energy, cycle through
charges quickly, and maintain stability even in harsh environments or at extreme temperatures. Hybrid
capacitors with monovalent cations such as Li*, Na*, and K* have been extensively studied. However,
the flammable nature of organic electrolytes and the reactive alkali metallic electrodes have raised safety
concerns. This has prompted the development of novel aqueous multivalent cation storage systems,
which can provide several benefits, including high capacity and energy density, rapid charge transfer,
and low cost. With these advantages and the energy storage properties, multivalent cations such as
Zn?*, Mg?*, Ca®*, and A** have been applied to multivalent-ion hybrid capacitors (MIHCs), and the
latest developments and design ideas for these have been recently reviewed. However, an overview
from the perspective of materials with unique advantages and experimental designs remains limited.
Carbon-based nanomaterials are leading candidates for next-generation energy storage devices due to
their outstanding properties in MIHCs. The use of carbon-based nanomaterials is attractive because
these materials are inexpensive, scalable, safe, and non-toxic. They are also bioactive at the anode
interface, allowing them to promote electrochemical reactions with redox species that would otherwise
not take place. This paper reviews recent advances in MIHCs and related carbon-based materials and
discusses the utilization of carbon materials in MIHCs and ideas for material design, electrochemical
behavior, energy storage mechanisms, electrode design, and future research prospects. Based on the
integration of related challenges and development, we aim to provide insights and commercialization
reference for laboratory research. For the first time, combined with global intellectual property analysis, this

Received 17th November 2022, paper summarizes the current main research institutions and enterprises of various hybrid capacitors, and
Accepted 27th February 2023 provides important technical competition information and development trends for researchers and
DOI: 10.1039/d2ee03719j practitioners in the field of energy storage. Simultaneously, we provide a perspective for the development of

MIHCs, a description of the existing research, and guidelines for the design, production, commercialization,
rsc.li/ees and advancement of unique high-performance electrochemical energy storage devices.

Broader context

This paper reviews recent advances in MIHCs and related carbon-based materials, discusses the utilization of carbon materials in MIHCs and ideas for material
design, electrochemical behavior, energy storage mechanisms, electrode design, and future research prospects. Based on the integration of related challenges
and development, we aim to provide insights and commercialization reference for laboratory research. In addition to summarizing the research progress in
energy storage technology, materials science, etc., the global commercialization of the energy storage field is also discussed. For the first time, combined with
global intellectual property analysis, this paper summarizes the current main research institutions and enterprises of various hybrid capacitors, and provides
important technical competition information and development trends for researchers and practitioners in the field of energy storage. Simultaneously,
we provide a perspective for the development of MIHCs, a description of the existing research, and guidelines for the design, production, commercialization,
and advancement of unique high-performance electrochemical energy storage devices.
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1. Introduction

Due to the rapid emergence and increasing popularity of
electric vehicles and portable electronics, energy storage
devices have gained considerable attention. Over the last few
decades, supercapacitors have emerged as one of the most
exciting new battery technologies.'” Unlike conventional bat-
teries, which store energy by means of chemical reactions,
supercapacitors can be charged and discharged almost
instantly, and can deliver sufficient power rapidly.*” Since
supercapacitors are less expensive and lighter in weight than
batteries, they have the potential to be employed in a wide
range of applications. Their high charge-discharge rate, long
service life, and broad application temperature range make
them ideal for various electrical and electronic systems.® However,
poor energy density significantly restricts their scalability.

By combining the advantages of batteries with supercapacitors,
hybrid capacitors are suggested as alternative technologies.
Hybrid capacitors are emerging because of their ability to store
large amounts of energy, cycle through charges quickly, and
maintain stability even in harsh environments or at extreme
temperatures.” Electrode materials with different features are
used, one of which demonstrates electrostatic capacitance,
while the other primarily demonstrates electrochemical
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capacitance. The electrolyte creates an ionically conductive
medium between the two electrodes. Hybrid capacitors with
monovalent cations such as Li", Na', and K" have been extensively
studied. However, the flammable nature of organic electrolytes
and the reactive alkali metallic electrodes have raised safety
concerns. This has prompted the development of novel aqueous
multivalent cation storage systems which can provide several
benefits, including high capacity and energy density, rapid charge
transfer, and low cost.*”

With these advantages, the energy storage mechanism of
multivalent cations (Zn**, Mg>", Ca®>", and AI’") has been
applied to multivalent-ion hybrid capacitors (MIHCs), and the
latest developments and design ideas for these have been
recently reviewed.''™* However, an overview from the perspec-
tive of materials with unique advantages and experimental
designs remains limited. Carbon-based nanomaterials are lead-
ing candidates for next-generation energy storage devices due
to their outstanding properties in MIHCs. The use of carbon-
based nanomaterials is attractive because these materials are
inexpensive, scalable, safe, and non-toxic while also being
bioactive at the anode interface, which allows them to promote
electrochemical reactions with redox species that would not
otherwise take place.'

In fact, various energy storage technologies with metal
cations as charge carriers are at different stages in the industry.
Patents are legally protected against the copying of proprietary
technology by competitors and provide a strong safeguard for
commercialization. Hence, patents can reveal the current status
of technological development effectively. Fig. 1 displays the
patent analysis of different energy storage technologies with
different charge carriers and the institutes or companies that
currently hold the most patents for the corresponding technol-
ogies. As shown in Fig. 1, Li-ion energy storage techniques,
which were on an upward trend from 2012, have gradually
declined from 2017 onwards. Japanese companies (e.g., Toyota
Motor Corporation, Panasonic Holdings Corporation, and
Semiconductor Energy Laboratory) are the leaders in the indus-
trial application of this technology. The Na-ion energy storage
technology is the second most mature technology after lithium,
with 3440 patents being recorded for the technology over the
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Fig. 1 Patent overview of different energy storage technologies.

last decade. However, most of the patents are held by Chinese
universities, reflecting the fact that Chinese companies have
not yet commercialized sodium ion energy storage technology
to a high degree. Similar to Li-ion energy storage technology,
Japanese companies (e.g., Panasonic Co., Ltd, Semiconductor
Energy Laboratory, and HITACHI) have the majority of patents
in Zn-ion energy storage technology, as depicted in Fig. 1.
Interestingly, this technology doubled in 2017 and 2019, with
declining trends in the other years. China and the USA have
mastered K-ion energy storage technology with comparable
strength. However, while in the US, the technology is mainly
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held by companies, in China, it is still held by universities and
research institutions. In contrast, Japanese companies keep
leading the way in Mg-ion energy storage technologies, how-
ever, the available patents are not huge in number for this
technology as a whole. Aluminum-ion energy storage technol-
ogy is another developing area. The Netherlands mastery of the
technology is impressive, while Japan and the USA also con-
tributed to this technology. Finally, the development of Ca-ion
energy storage technology is the slowest of all until now. Only
1200 technological patents have been granted in the last
decade, which is in contrast to the number of patents for other

This journal is © The Royal Society of Chemistry 2023
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cationic energy storage technologies. The competition for this
technology is fierce, and various countries (e.g., UK, USA, Japan,
China, and Germany) are actively involved.

The most recent developments in MIHCs and related
carbon-based materials are reviewed herein. The integrated
characteristics of hybrid capacitors, related to the structures
and mechanisms of MIHCs are covered first. Then the applica-
tion of carbon materials in MIHCs is explained, including the
types of carbon materials, material design concepts, electro-
chemical behaviors, energy storage mechanisms, electrode
designs, and future research directions. In addition to a sum-
mary of existing research, we present an outlook for the
development of MIHCs and give the direction for the design,
manufacture, and development of high-performance electro-
chemical energy storage devices.

2. Design mechanism of MIHCs

Since MIHCs are designed based on the mechanism of super-
capacitors and multivalent cation batteries, as shown in Fig. 2,
the structures and mechanisms of supercapacitors and multi-
valent cation batteries are discussed first.

2.1. Concepts of supercapacitors and multivalent cation
batteries
2.1.1. Supercapacitors. Electric double-layer capacitors

(EDLCs) and pseudo-capacitors are two kinds of supercapaci-
tors that are presently being investigated the most in terms of
their varied energy storage mechanisms, as shown in Table 1.
The energy storage mechanism of an EDLC is mostly dependent

View Article Online
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on the electric double layer produced at the interface of each
electrode and electrolyte in order to complete the electrostatic
adsorption and desorption processes. This process is physical
and thus, the formed electric double layer is extremely
stable and generates a stable potential between the electrodes,
providing high power densities and stable cycling performance.
Faradaic capacitors, also called pseudo-capacitors, generate
capacitance due to the occurrence of rapid reversible chemical
adsorption/desorption or redox reactions at the electrodes.
Compared with EDLCs, pseudo-capacitors have higher energy
density. However, the charge/discharge power and cycle life of
pseudo-capacitors are lower than those of EDLCs owing to
the electrochemical reaction kinetics and the unavoidable
irreversibility of the reaction throughout the cycle.

2.1.2. Multivalent cation batteries. Multivalent cations are
the charge carriers shuttling between the cathode and anode
during the discharging and charging process without causing
drastic changes in the composition of the electrolyte solution.
This is an example of a rocking chair type battery, which is
similar to Li-ion batteries.> The motivations for carrying out
more research on multivalent cation batteries include the
demand for new energy storage technologies because of the
continuous rise in the price of lithium resources, and the use of
relatively inactive metals as safe anodes. The working principle
of multivalent cation batteries is similar to that of Li-ion
batteries, which means that the basic understanding and
manufacturing experiences accumulated for Li-ion batteries
are available, which accelerates the industrial adaptation of
multivalent cation batteries. Multivalent cation batteries based
on divalent zinc ions, magnesium ions, calcium ions, and
trivalent aluminum ions are being widely studied. However,
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This journal is © The Royal Society of Chemistry 2023

Energy Environ. Sci., 2023, 16, 1364-1383 | 1367


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2ee03719j

Open Access Article. Published on 27 2566. Downloaded on 13/2/2569 19:31:05.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Energy & Environmental Science

View Article Online

Review

Table 1 Comparison of the advantages and disadvantages of electric double-layer capacitors and pseudo-capacitors

Item EDLCs

Pseudo-capacitors

Carbon materials
No
Physical absorption

Electrode material
Electrode with chemical activity
Energy storage mechanism

Advantages Stable performance in long-term cycle
Fast charge and discharge
High power density
Wide operating temperature window
Disadvantages Low energy density (<15 W h kg™")

their development also depends on whether multivalent metals
bring enough benefits over lithium to be worthy of considera-
tion as a substitute. As shown in Fig. 3a, compared with
lithium-based anodes, the oxidation-reduction potential of
multivalent metals is generally lower, which is also a problem
faced by researchers currently and they are making efforts to
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overcome it. However, multivalent cation batteries have a
higher volumetric energy density than monovalent cation bat-
teries, which is an advantage for next generation energy storage
technology. In addition to competing with mature Li-ion bat-
teries, various multivalent cation batteries have also become
internal technical competition.
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2.2. Concept of multivalent-ion hybrid capacitors

Supercapacitors have excellent characteristics, such as fast
charging rates and long service life, however, their power
density is low, which limits the industrial application of super-
capacitors. Multivalent cation batteries have a high energy
density, but their output power and cycle stability have also
defined their application range. MIHCs combine the advantages
of both and circumvents the disadvantages of supercapacitors and
multivalent cation batteries through the combination of battery-
type electrodes and capacitor-type electrodes. When the capacitor-
type electrode acts as the cathode of MIHCs and the battery-type
electrode acts as the anode of MIHCs, the cathode acquires an
electric double layer (EDL) or Faradaic intercalation occurs during
charging, while anions and high-valent metal cations diffuse back
into the electrolyte during discharge. When the capacitor-type
electrode is used as the anode of MIHCs and the battery-type
electrode is used as the cathode of MIHCs, the adsorption of high-
valent cations on the battery-type cathode enables the MIHCs to
have a high power density.

MIHCs has several advantages over conventional supercapa-
citors and multivalent cation batteries. First, MIHCs exhibit
high energy densities, similar to batteries, and high power
densities, similar to supercapacitors. This combination makes
them suitable for applications that require both high energy
and high power delivery, such as electric vehicles and renew-
able energy storage. Second, MIHCs use multivalent ions, such
as zinc, magnesium or aluminum, in the electrolyte, which
results in faster charging and discharging compared to tradi-
tional supercapacitors that use only monovalent ions. MIHCs
also have longer cycle lives than traditional supercapacitors, as
they are not limited by the same capacitance fading mechan-
isms. Furthermore, MIHCs can be made safer than batteries
due to the use of non-flammable electrolytes and the absence of
high voltage, which reduces the risk of thermal runaway and
short-circuit events. Additionally, MIHCs can be made more
environmentally friendly compared to batteries by using bio-
degradable materials and reducing the use of heavy metals.

2.3. Electrolytes

Electrolytes are usually divided into aqueous and nonaqueous,
as described below, and play an important role in improving
electrode reaction efficiency and increasing the reaction rate.
Improving the ionic and electronic conductivity of electrolytes
is one of the current research focuses of researchers, which
affects the reversible capacity and cycle stability of MIHCs.

2.3.1. Aqueous electrolytes. Aqueous electrolytes have been
utilized in MIHCs because they are more ecologically friendly,
safer, and less costly than nonaqueous electrolytes. Some
inorganic salts with anions S0,>”, NO,;~, Cl”, CH,COO*,
CF;S0,%", etc. are commonly used as electrolytes for aqueous
MIHCs due to their high conductivity, low cost, and environ-
mental friendliness. Due to the fact that ions migrate more
quickly in water, aqueous electrolytes may provide a larger ionic
concentration and lower resistance, hence improving the rate
performance of the devices.

This journal is © The Royal Society of Chemistry 2023
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In 2021, a novel redox bromide-ion additive aqueous Mg-ion
hybrid capacitor (MHC) was proposed by inserting the Br*~/Br~
redox additive into 1 M MgSO, electrolyte in an effort to
increase its energy density.'® The designed hybrid capacitor
has a maximum specific capacity of 268.1 mA h g™ " at a current
density of 2 A g~ " across a broad voltage range of 2.6 V. (0-2.6 V).
In addition, a maximum energy density of 262.3 W h kg™ " may be
attained at a power density of 1956.8 W kg™ ". In the field of Zn-ion
hybrid capacitors (ZHCs), Wu et al. studied the electrochemical
characteristics of aqueous Zn-ion energy storage technology
related to the electrolyte type and concentration.'” The average
Coulombic efficiency (CE) of Zn stripping/plating was determined
to be as follows: Zn(CF;SO3), — Zn(CH;COO), — ZnCl, — ZnSO,
— Zn(NOjy),, as shown in Fig. 4. Additionally, the electrolyte
concentration had a noticeable influence on the CE of ZHCs,
with the CE rising as the electrolyte concentration rises. The
highest CE of Zn stripping/plating was achieved with
Zn(CF3S03), electrolyte at concentrations of 3 to 4 M. This is
due to the higher interaction between H,O and CF;SO;™ anions
than between Zn>" cations and H,0, which limits the generation
of by-products during zinc plating procedures.

2.3.2. Nonaqueous electrolytes. Nonaqueous electrolytes,
such as organic and ionic liquid electrolytes, have recently
attracted increased interest. Compared with aqueous electro-
Iytes, organic or ionic liquid electrolytes exhibit a broader
working potential window, resulting in a higher energy density.

2.3.2.1. Organic electrolyte. In 2021, Wang et al. proposed
ZHCs with a nonaqueous electrolyte which achieved high
cathode mass loading and high anode zinc utilization rates
while maintaining a high capacity.'® The proposed ZHCs con-
sist of a porous carbon cathode generated from a metal organic
framework (MOF), a metallic zinc anode, and N,N-dimethyl-
formamide (DMF) electrolyte containing Zn**. The cathode’s
charge storage occurs mainly in macropores, demonstrating
good rate performance under high mass loading. The DMF-
based electrolyte may help in smooth deposition, permitting
dendrite-free Zn plating/stripping, while its aprotic nature
avoids unwanted H, evolution. It was determined that the
majority of the charge storage of the MOF-derived porous
carbon cathode was due to anion and cation adsorption/
exchange in macropores, as shown by in situ attenuated total
reflection-Fourier transform infrared spectroscopy (ATR-FTIR).
As a result, the capacitor exhibits stability after 9000 cycles and
a zinc utilization rate of 2.2%. With a high mass loading of
40 mg cm %, the energy density approached 25.9 W h kg™ .
DMF-based electrolytes provide a feasible solution for capacitors
operating at both high and low temperatures (—65 to 100 °C).

2.3.2.2. Ionic liquid electrolytes. Recently, trifluoromethane-
sulfonyl (TFSI") has been commonly used in ionic liquid
electrolytes. Tobias et al. proposed the reversible (de)intercala-
tion of TFSI anions from a Mg-based ionic liquid electrolyte,
Mg(TFSI), in Pyry,TFSI, within graphite//activated carbon
hybrid dual-ion capacitors (DICs)."® The Mg-based DICs were
compared to cells with pure Pyr;,TFSI and LiTFSI-Pyr,,TFSI

Energy Environ. Sci., 2023, 16, 1364-1383 | 1369
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Fig. 4 Characterization of the Zn plating behavior in electrolytes containing different Zn salts. (a) XRD patterns and (b—f) SEM images of pristine Zn and Ti
foils, and Ti foils with Zn layer plated in different 1 M Zn salts. (g) CEs of Zn stripping/plating in electrolytes containing different 1 M zinc salts. (h) CEs in
Zn(CF3S03), electrolyte of different concentrations, inset: magnified view of the first 100 cycles denoted by grey dashed lines.'” Reused with permission

from Wiley.

electrolytes (Pry;,: N-butyl-N-methylpyrrolidinium), as well as
graphite//Li metal dual-ion cells with LiTFSI-Pyr,,TFSI electro-
lytes. At 5.2 V vs. Li/Li", Mg-containing DIC cells outperform Li-
based cells, exhibiting a greater capacity (87 vs. 85 mA h g™ ')
and better CE (98 vs. 96%). These findings may pave the way for
more research on and performance enhancements of Mg-based
energy storage technology, as well as hybrid DIC chemistry with
other cations, particularly multivalent cations.

With TFSI anions, Li et al. developed a new non-aqueous
electrolyte (Zn(TFSI),/Pyr,,TFSI/AN) based on acetonitrile (AN)
combined with ionic liquids (Pyr;,TFSI) and Zn(TFSI),.>°
According to the study, the Raman spectral peaks changed
dramatically with addition of 4 and 6 vt% AN. In the electrolyte
containing 4 vt% AN, the free AN fraction predominates in
comparison to the quantity of Zn**-bound AN, while the
electrolyte containing 6 vt% AN exhibits a reverse relationship.

1370 | Energy Environ. Sci., 2023, 16, 1364-1383

Additionally, the findings illustrate the development of a Zn>*
solvated structure. The coordination number of Zn-TFSI fell
from 3.897 to 3.593 as the AN amount increased, but the
coordination number of Zn-AN grew from 0.1 to 0.403. Simulta-
neously, the frequency of AN molecules in the initial solvation
shell of Zn>" increased steadily as the quantity of AN increased.
As a result, the coordination number of Zn-AN increased as the
quantity of AN increased. This indicates a competition between
TFSI” and AN molecules, as well as a significant interaction
between the AN molecules and Zn*" in the hybrid electrolyte.

3. Classification of MIHCs

Hybrid capacitors are designed to have the most significant
qualities of supercapacitors, namely, high-power capability and

This journal is © The Royal Society of Chemistry 2023
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extended cycle life, while having a better specific energy density
than symmetric supercapacitors, which have solely electrostatic
interactions between two electrodes. Typically, this is accom-
plished by building an asymmetric cell with an EDLC electrode
and a redox battery electrode. The ideal case is that the specific
capacitance of a battery electrode (Cgarr) is semi-infinite. As a
result, the EDLC electrode dominates the full-cell specific
capacitance (Cy,) of a hybrid capacitor. EDLC electrodes are
often constructed from high surface area activated carbon (AC),
and hence their capacitance may be approximated from the
specific capacitance of the activated carbon (Cyc) from which
they are constructed. As a result, the hybrid, asymmetric super-
capacitor’s specific capacitance, Cy,, is comparable to that of
AC. This follows the formula:

1/(MocCrot) = 1/(MacCac) + 1/(MparrCrarr)

where m, denotes the mass of component x.

For symmetrical supercapacitors, on the other hand, Cy is
restricted to 0.25C,c according to the following formula:
1/(MotCrot) = 2/(MacCac), Where my,, equals 2 times myc in this
instance. As a result, hybrid capacitors have a higher C;, than
symmetrical supercapacitors.

3.1. Classification by multivalent ion

3.1.1. Zn-ion hybrid capacitors. Researchers have investi-
gated MIHCs intensively, especially in ZHCs, in recent years
because of their cheap cost, high safety, environmental friend-
liness, good electrochemical performance, and large theoretical
capacity. As shown in Fig. 3a, compared to standard hydrogen
electrodes, the redox potential of metallic zinc is (—0.76 V).
More importantly, a high theoretical gravimetric capacity of
823 mA h g ! and a high volumetric capacity of 5845 A h L™*
make ZHCs a promising prospect. However, zinc has the same
defects as the atoms of other multivalent metals, and the
weight energy density of zinc is slightly lower than that of
lithium metal. Some researchers have also proposed that the
volumetric energy density exhibited by the application of Zn>**
in energy storage should not be too high. However, with the
continuous research and development of electrodes and elec-
trolytes, ZHCs are still a promising technology, which will have
a certain share in the future energy technology competition.
The research progress and design of ZHCs will be systematically
discussed in Sections 3.2 and 3.3.

3.1.2. Mg-ion hybrid capacitors. MHCs have superior elec-
trochemical performance due to high energy density, large
capacities, and rapid charge transfer kinetics. What is more
noteworthy is that magnesium is a unique active metal for
battery-type electrodes in hybrid capacitors, having a volu-
metric capacity of 3833 mA h cc™' (much higher than that of
lithium of 2046 mA h cc™'). Additionally, the electrochemical
deposition of magnesium does not create dendrites, which is a
key concern when using other metallic anodes in rechargeable
devices.”!

MHCs are still in their infancy, due to the issue of passiva-
tion coatings forming on the surface of the metallic magnesium
anode in electrolytes. This issue precludes the long-term

This journal is © The Royal Society of Chemistry 2023
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reversible deposition/dissolution of Mg”" ions and so limits
the practical use of MHCs. Due to the fact that the passivation
films created on magnesium anodes are impermeable to Mg>*
ions, reversible magnesium deposition/dissolution requires
solutions based on ether solvents and magnesium organo-
haloaluminate complex electrolytes without forming passiva-
tion films on magnesium electrodes. Compatibility concerns
make it difficult to match these complicated electrolyte solu-
tions with cathodes; the magnesium organo-haloaluminate
electrolytes are often nucleophilic and chemically reactive with
electrophilic oxide electrodes. Additionally, due to the large
ionic size of the magnesium ionic complexes, cathodes made
usinhg porous carbon cannot be used in the magnesium
organo-haloaluminate electrolytes. As a result, proper electrode
materials and electrolytes, as well as thorough investigation,
are critical.

In 2022, Pan et al. developed an MHC with high capacity and
stability based on expanded layer spacing MoS, (E-MoS,)
nanosheet anodes.?* The authors demonstrated that expanded
layer spacing reduced ion diffusion resistance and offered more
active sites so that MoS, with expanded interlayer spacing was a
prospective negative electrode material for rechargeable MHCs.
The E-MoS,-based MHC exhibited an advantageous specific
capacitance of 274.2 F g " at 0.5 A g ' and a high energy
density of 192.8 W h kg~ at a power density of 1682.7 W kg™ .
Notably, the proposed MHC demonstrated superior long-term
capacity retention, retaining 93.8% of its capacitance after
30000 cycles. The enhanced capacity and stability were attri-
buted to the increased number of active sites for Mg>" storage
and the decreased ion diffusion resistance provided by the
expansion of the MoS, layer spacing.

3.1.3. Ca-ion hybrid capacitors. Ca>* has superior kinetics
compared to other multivalent chemistries due to its moderate
charge density and polarization strength, which translates into
a greater power advantage. Ca®>" energy storage technology,
when combined with its abundance (2500 times that of lithium),
has the potential to produce high-capacity, high-power, and low-
cost devices. However, the electrochemical performances of pre-
viously described Ca*>" hybrid capacitors (CHCs) remain unsatis-
factory for practical applications. Research on CHCs has shown a
decreasing trend in recent years although discussions on the
development of Ca®" energy storage devices have been ongoing
for three decades. Aurbach et al. stated for the first time in 1991
that Ca deposition in organic solutions is impossible at room
temperature. Aurbach believed that, although molten salt cells
have been shown to be highly reversible at extreme operating
temperatures (550-700 °C), they were difficult to achieve in room
temperature applications.

It has been challenging to create Ca-based energy storage
devices based on the standard rocking-chair mechanism due to
the lack of an ideal mix of compatible electrode materials and
electrolytes. Direct application of metallic calcium anodes falls
short of achieving the criteria of commercialization, especially
showing a poor CE in low-power state. The reversibility of
metallic calcium anodes is limited because of the creation of
a passivation layer during the oxidation of Ca>". Sn is utilized as
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the battery electrode in the majority of Ca energy storage
systems. Sn combines with Ca®* during the process to generate
a Ca-Sn alloy (Ca,Sng). When the alloy interacts, the electrons
exhibit fast transmission.

Tang et al. deconstructed the basic challenge-confronting
calcium-based energy storage devices and established a multi-
ion reaction method necessary to develop a full device.*
To develop a comprehensive Ca-ion energy storage device, a
multi-ion reaction method was devised, and a capacitor-battery
hybrid mechanism was purposefully chosen. To achieve a
longer life span, quicker kinetics, increased capacity, and
higher voltage, a capacitor-battery hybrid mechanism was used
to build a hybrid Ca-ion energy storage device at ambient
temperature using typical organic electrolytes. Due to the
intricate design, it has a good reversible capacity of 92 mA h g *
after 1000 cycles.

3.1.4. Alion hybrid capacitors. In comparison to Li
resources, Al is available around the planet at a far cheaper
cost. Rechargeable Al-ion batteries with ionic liquid and
aqueous electrolytes have just recently become available. There
are, however, very few investigations on Al-ion hybrid capaci-
tors (AHCs). The primary reason for this is that suitable
electrochemical performance electrode materials for AHC are
scarce.

Meanwhile, AHCs have long been constrained in their
kinetics and reversibility by the high electrostatic field around
the bare AI**. While using hydrated AI** as charge carriers may
alleviate this problem, their huge size puts stringent restric-
tions on the pore architecture of electrode materials. Qu et al.
devised an adaptive pore-structure remolding technique for
capacitive electrode materials in order to achieve very compact
and orderly storage of hydrated AI**.>* The cathode was made
by graphene-based remolding of highly ordered and compact
porous carbon (RHOPC) and the anode was made by remolding
alkali-treated Ti;C,T, (RAT-Ti;C,T,). The proposed AHC
demonstrated a high operating voltage of up to 2.0 V, an energy
density of 112 W h L', and a power density of 30000 W L™"
after 10 000 cycles.

3.2. Classification by configuration

From the configuration point of view, MIHCs consist of
battery-type electrodes, electrolyte, and capacitor-type electro-
des. They are classified into two types: (1) capacitor-type
cathodes (carbon materials or pseudocapacitive materials)
versus battery-type anodes (metallic electrodes) and (2) battery-
type cathodes (transition metal oxides) versus capacitor-type
anodes (carbon materials or pseudocapacitive materials). The
energy storage process in capacitive electrodes is asso-
ciated with the adsorption/desorption or intercalation/de-
intercalation of ions at the cathode or anode. The energy
storage process in the battery-type electrode differs signifi-
cantly. The former is due to metal ion deposition/stripping at
anodes, whereas the latter is due to metal ion insertion/
extraction at cathodes.

3.2.1. Configuration of capacitor-type cathodes versus
battery-type anodes. The capacitor-type electrode is a critical

1372 | Energy Environ. Sci., 2023, 16, 1364-1383

View Article Online

Review

component of MIHCs, while the battery-type electrode has
been shown to be usually made of metal. Typically, capacitor-
type electrode materials are usually made of carbon and
pseudocapacitive materials. Capacitor-type electrode materials
have higher rate capability and cycling stability than battery-
type electrode materials due to the adsorption/desorption (or
intercalation/de-intercalation) of metal ions, but their specific
capacitance is lower. The device’s energy density is governed by
the capacitor-type electrode materials, which are themselves
determined by the short board effect. Therefore, the develop-
ment of high-capacitance electrode materials has been a recent
focus of research in the field of MIHCs, especially in ZHCs.
As an important candidate for capacitor-type cathodes, carbon
materials have always received great attention.

3.2.2. Configuration of battery-type cathodes
capacitor-type anodes. For the configuration of battery-type
cathodes versus capacitor-type anodes, the battery-type elec-
trode is another critical component of MIHCs. Apart from
metals, the majority of battery-type electrode materials are
transition metal oxides, such as manganese- and vanadium-
based oxides. Although battery-type electrode materials have a
greater specific capacity than capacitor-type electrode materials
owing to the deposition/stripping (or insertion/extraction) of
metal ions, their rate capability and cycle performance are
much lower. In other words, the materials used in battery-
type electrodes dictate the device’s power capability and cycle
performance. As a result, it is critical to develop and commer-
cialize high-rate, stable battery-type electrode materials for MIHCs.
Table 2 summarizes current research on these battery-type cathode
materials with corresponding carbon-material capacitor-type
anodes in MIHCs. In recent years, the research on MIHCs has
mainly focused on ZHCs, while the research results on Mg, Al, and
Ca-based hybrid capacitors are fewer due to kinetic limitations,
leading to the development of more electrode materials suitable for
Zn-ion energy storage.

versus

4. Carbon-based nanomaterials in
MIHCs

Carbon materials occur in a variety of forms. Due to their high
SSA, plentiful pores, chemical inertness, and good conductivity,
porous carbon (PC), graphene, carbon aerogels (CAs), and
carbon nanotubes (CNTs) are intriguing research topics for
application in MIHCs. When carbon materials are reduced to
the nanoscale, their characteristics significantly alter. The
varying dimensions of the carbon nanostructure impart diverse
qualities to carbon-based materials. As a result, this section
will explore numerous carbon nanostructures with varying
dimensions. The current classification of different carbon
nanomaterials is shown in Fig. 5.

Currently, for carbon nanomaterials, effective ways to
increase performance include doping, hybridization, surface
modification and specific structure construction. The carbon-
based nanomaterials used for different MIHCs and their
performance with potentials intervals are shown in Table 3.

This journal is © The Royal Society of Chemistry 2023
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Table 2 Electrochemical performance of recently reported battery-type anodes with carbon materials as the capacitor-type cathode in MIHCs

Electrode material Electrolyte Voltage (V) Energy density Power density Performance Application Ref.
Zn-doped 3-MnO, 2 M ZnSO, 0-2 1572 Whkg™' 16000 W kg™ ' 80.2% after 30000 cyclesat 2 Ag~"  Zn-based 25
AMX-Zn 2 M ZnSO, 0.3-1.9 60.2 Whkg ' 7.04 kW kg ' 92.5% after 10000 cycles at 3.3 Ag~ ' Zn-based 26
V,05 2 M ZnSO, —1to1.5 346 Whkg ' 13Lkwkg ' 97.3% after 6000 cycles at 0.5 Ag '  Zn-based 27
V,0s-activated 3 M Zn(CF;S0;3),  0-2 53.13 W h kg™ 1384.6 W kg™ ' ~99% after 4000 cycles at 0.1 mA cm™ > Zn-based 28
carbon
MnO,-CNTs 2.69 M ZnSO, 0-2 98.6 Wh kg™ ' 2480.6 Wkg ' 83.6% after 15000 cycles at 1 A g~ Zn-based 29
and 0.135 M MnSO,
PDA@3DVAG 2 M ZnSO, 0.5-2 46.14 W h kg™" 2183 W kg™  61.8% after 3000 cycles at 1 A g~* Zn-based 30
3-MnO,@CAC 2 M ZnSO, 0-1.9 90W hkg '  3838Wkg ' 80.7% after 16000 cyclesat 10 Ag™ '  Zn-based 31
V,CT, 1 M LiSO, 0.1-1.85 3862 Whkg ' — 100% after 18000 cycles at 10 Ag~ '  Zn-based 32
2 M ZnSO,
MnO,/graphite 2 M ZnSO, 0.8-1.8 247Whkg ' 11.78 kWkg ' 80.8% after 1000 cyclesat 1 Ag " Zn-based 33
hybrids 0.5 M MnSO,
K-MnO, 1 M MgSO, 0-1.8 852 Whkg ' 360Wkg ' 96.7% after 20000 cycles at 5Ag™"  Mg-based 34
E-MoS, 1 M MgSO, 0-1.8 192.8 Wh kg™' 1627 W kg™  93.8% after 30000 cyclesat 5Ag~"  Mg-based 35
ALMnO,-z/AC 0.5 M MgSO, 0-2 104.86 W h kg™ " 69.44 W kg™ " 86% after 2000 cycles at 1 A g ™" Mg-based 36
Mg-OMS-2/graphene 0.5 M Mg(NO,), 0-2 469 Whke™" 70Wkg' 93% after 300 cycles at 0.1 A g~* Mg-based 37
Mg-OMS-2/graphene 0.5 M MgCl, 0-2 — — 75.7% after 300 cycles at 0.1 A g~ Mg-based 37
Mg-OMS-2/graphene 0.5 M MgSO, 0-2 — — 57.5% after 300 cycles at 0.1 A g~ " Mg-based 37
RAT-Ti;C, Ty 1 M Al,(SO,); 0-2 112WhL™ 30000 W L™' 91.8% after 10000 cycles at 5 A g~ Al-based 24
CuFe-PBA 1 M Al(NO3); 0-2 13Whkg' — ~80% after 1000 cycles at 0.25 A g~ ' Al-based 38
MCM/V,05 1 M Al,(SO,); 0-1.6 18.0 Whkg™ 147 Wkg "  88% after 10000 cycles at 0.5 Ag~"  Al-based 39
Sn Ca(PFs), 1.5-4.8 — — 84% after 1000 cycles at 0.2 A g " Ca-based 23
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Fig. 5 An overview of mainstream carbon material classification.

The research on carbon materials used in ZHCs dominates the
development of carbon materials for MIHCs.

4.1. Zero-dimensional carbon materials

The term ‘‘zero-dimensional (0-D) carbon materials” refers to
sphere-shaped carbon materials with an aspect ratio of ~1.
Activated carbon (AC), carbon quantum dots (CQD), nanodia-
monds, and carbon nanospheres are the most common 0-D
carbon materials. 0-D carbon materials usually show high SSAs
(hundreds to thousands of m* g ') and customizable pore size

This journal is © The Royal Society of Chemistry 2023

and distribution, which are crucial parameters affecting the
supercapacitor’s performance.

0-D carbon materials are extensively employed as electrode
materials, with electrons provided either by hopping between
neighboring nanoparticles’ trap states or via diffusive move-
ment within the extended states, which is hindered by (de)trap-
ping processes.®®®® The absence of continuity between carbon
nanoparticles is unfavorable for enhancing the electrical con-
ductivity and, as a result, the power density reduces. Typically,
0-D carbon compounds are synthesized from carbon-rich
precursors by thermal activation at high temperatures (700-
1200 °C) with H,0, CO,, and air, or chemical activation at lower
temperatures (600-800 °C) with H3PO,, KOH, ZnCl,, and
others.”® Previously published data indicate that activated
carbon could show a specific capacitance of 100-300 F g~*.7*"7
Song et al. effectively prepared activated carbon cathode mate-
rial for ZHCs by direct KOH activation utilizing pitch coke
(PHC) and petroleum coke (PMC) as precursors.*” The results
exhibited excellent electrochemical performances with an
exceptional specific capacitance of 146.4 mA h g ' at
0.1 A g~ " after 5000 cycles.

0-D carbon nanospheres have a multitude of applications
in MIHCs, where they may facilitate the conduction of cations
in electrodes with an optimal pore size distribution. Chen
et al. presented an electrode strategy for dual ion adsorption
and manufactured nitrogen-doped mesoporous carbon nano-
spheres for ZHCs, as shown in Fig. 6.”* The study illustrates
the usage of nitrogen-doped mesoporous carbon nanospheres
(NMCSs) with hierarchically distributed pores and improved
Zn>" storage capacity. The as-prepared aqueous ZHCs had a
notable specific capacity of 157.8 mA h g !, a maximum
energy density of 126.2 W h kg™" at 0.2 A g7, and an ultra-
high power density of 39.9 kW kg~ ' with a rapid charging time
of 5.5 s.
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Fig. 6 (a) Schematic illustration of the fabrication of NMCSs. SEM images of (b) SiO,@SiO,/C and (c) NMCSs. (d and e) TEM and (f) high-resolution
(9) HAADF-STEM image and elemental mappings of NMCSs.”* Reused with permission from Springer Nature.

4.2. One-dimensional carbon materials

One-dimensional (1-D) carbon materials are attractive candi-
dates for MIHCs electrodes owing to their lengthy 1-D nano-
structure, which facilitates the formation of a sequential net-
work for charge transfer.”®

4.2.1. Carbon nanotubes. Carbon nanotubes (CNTs) are
one of the most common kinds of 1-D carbon material. They
have garnered considerable interest since their discovery
and have far greater electrical conductivity than AC. CNTs
are classified as single- or multi-walled carbon nanotubes
(SWCNTs or MWCNTs). Usually, they can be synthesized using
arc discharge, pulsed laser vaporization, high pressure carbon
monoxide disproportionation and chemical vapor deposition
(CvD).’*7® The microdistribution of CNTs significantly
affected the electrochemical properties, and the aligned CNTs
have better electronic conductivity than the entangled CNTs.”®
Pure carbon nanotubes were previously reported to have a
specific capacitance in the range of 20-100 F g~ ' in an aqueous
electrolyte.®*®> However, the capacitance of CNTs is restricted
due to the hydrophobic feature and the small SSA. The specific
capacitance of carbon nanotubes remains approximately
150 F g~ when treated with acid.®*

Aqueous ZHCs have been widely explored in the literature.
Dong et al. have indicated that functionalized carbon nano-
tubes outperform pristine CNTs in terms of electrochemical
performance taking advantage of better chemical adsorption
ability and hydrophilicity of Zn**, and the functionalized
carbon nanotube (f-CNT)/polyaniline (PANI) nanocomposites
successfully integrated capacitive energy storage mechanism of

This journal is © The Royal Society of Chemistry 2023
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Fig. 7 SEM images of (a) pure PANI and (b) h-CNT/PANI nanomaterial.
(c) TEM image of h-CNT/PANI nanomaterial. (d) XRD patterns of h-CNTs,
pure PANI and h-CNT/PANI nanomaterial.*’ Reused with permission from
Elsevier.

f-CNTs with the redox reaction energy storage mechanism of
PANI, therefore exhibiting better comprehensive electrochemi-
cal properties, such as good rate performance, high capacity,
and long cycle life.*” In addition, with the prepared nano-
material, flexible and high-performance zinc-based devices
have been generated. Micromorphologies of pure PANI and
hydroxylated carbon nanotube (h-CNT)/PANI nanocomposites
are shown in Fig. 7a-c.*” Pure PANI samples generated by
oxidation polymerization were nanorods with a diameter of
less than 50 nm. In h-CNT/PANI nanocomposites, the particles

Energy Environ. Sci., 2023, 16, 1364-1383 | 1375


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d2ee03719j

Open Access Article. Published on 27 2566. Downloaded on 13/2/2569 19:31:05.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Energy & Environmental Science

showed similar nanorod-like morphology, albeit their width
and length were much reduced. The TEM in Fig. 7c¢ demon-
strates the PANI coating on the surface of h-CNTs in the h-CNT/
PANI nanocomposite. In such a situation, electrons may travel
via highly conductive h-CNTs to PANI, hence facilitating PANT’s
involvement in redox processes. The presence of h-CNT con-
tributes to the enhancement of PANI’s hydrophilicity.

4.2.1. Carbon nanofibers. Carbon nanofibers (CNFs) are
another intriguing 1-D carbon material for flexible electrodes
that may be synthesized using CVD or via simple electrospin-
ning technologies.®**®® Appropriate pore size and distribution
are important factors for the application of CNFs in energy
storage. The low energy density of CNFs limits their utility in
MIHCs because of the lack of active sites. Recently, Zhang et al.
proposed a carbon nanofiber-based flexible electrode with
numerous adsorption sites.’” The study describes an in situ
exfoliation technique for modifying the chemisorption sites
of carbon nanofibers by means of high pyridine/pyrrole
nitrogen doping and carbonyl functionalization. The highly
electronegative pyridine/pyrrole nitrogen dopants can not only
lower the binding energy between carbonyl groups and Zn>* by
causing the charge delocalization of carbonyl groups, but they
can also increase the adsorption of Zn>' by interacting with
carbonyl groups. The resulting carbon nanofiber thin film
cathode exhibited a high energy density of 98.28 W h kg™ " at
a power density of 72.27 W kg~ ' and an ultra-long lifetime with
a capacity retention of 99.2% after 200 000 cycles at 40 A g~ "
under the condition of high loading (14.45 mg cm ™ >).

4.3. Two-dimensional carbon materials

Two-dimensional (2-D) carbon materials, such as graphene,
have garnered significant interest for their use in hybrid
capacitor electrodes due to several unique properties. First of
all, 2-D carbon materials possess high mechanical stability and
flexibility, making them ideal for use in flexible electronic
devices and energy storage systems. The mechanical stability
of 2-D carbon materials enables them to withstand the repeated
charge-discharge cycles and electrochemical reactions that
occur in hybrid capacitors, while their flexibility makes them
well-suited for use in flexible and bendable electronics. On the
other hand, 2-D carbon materials have high electrical conduc-
tivity and thermal conductivity, making them ideal for use as
electrodes in hybrid capacitors. The high electrical conductivity
enables fast and efficient flow of charge in the capacitor,
reducing the internal resistance and improving the power
density of the device. The high thermal conductivity helps to
dissipate heat during high-power operation, reducing the risk
of thermal damage to the device. In addition, 2-D carbon
materials have a high surface area and chemical stability,
making them highly resistant to degradation in aqueous and
non-aqueous electrolytes. The high surface area provides ample
room for electrochemical reactions to occur, resulting in a
higher capacitance compared to that of traditional 3-D electro-
des. The chemical stability of 2-D carbon materials helps to
extend the life of the capacitor, increasing its reliability and
durability.
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4.3.1. Graphene. Graphene is a typical 2-D carbon material
that consists of a one-atom-thick monolayer of sp>hybridized
carbon. It is a zero-band gap semi-metallic material with a
Dirac cone-like energy band structure near the Fermi plane,
resulting in a very high room-temperature carrier mobility
(15000 cm® V™' s7'). Graphene possesses a number of inherent
chemical and physical properties, including high mechanical
strength (1 TPa), excellent mass and heat transfer capability,
extremely high light transmittance (97%), and a large SSA
(2675 m* g™ 1).

Recently, Dou et al. have found that it is currently challen-
ging to create cathode materials that are compatible with
Zn-ion hybrid capacitors due to the poor knowledge of charge
storage behavior,*® as shown in Fig. 8. However, the bulk of
previous research has concentrated on understanding the
influence of oxygen-containing groups without taking the gra-
phitic structure into account. The surface properties of reduced
graphene oxide (rGO) nanosheets are used to optimize their
charge storage capacity and electrochemical kinetics. In addition
to the contribution of oxygen-containing groups, the reversible
adsorption/desorption of H' on carbon atoms of rGO sheets has
been shown to contribute. Electrochemical studies and density
functional theory calculations show that H" causes cloud rupture
in the aromatic domain, as well as graphitic structural distortion/
restoration and C sp®>-sp® re-hybridization. The rGO thermally
treated at 200 °C achieves the optimum electrochemical perfor-
mance with a specific capacitance of 245 F g~ ' at 0.5A g 'and a
retention of 53% at 20 A g~ '. The mentioned study has pushed
the frontiers of proton adsorption chemistry and provided
additional information on the development of novel electrode
materials.

4.3.2. Graphdiyne. Graphdiyne (GDY) is a novel class of 2-D
carbon materials generated by the joining of sp and sp®
hybridized carbon, as shown in Fig. 9.%° Due to the presence
of sp hybridized carbon, graphene has a structure that is
fundamentally different from that of conventional carbon
materials, resulting in distinct characteristics. For example,
sp and sp> hybridized carbons allow GDY to have a higher
chemical activity while maintaining stable physical features.
The activity of the C=C bond may enhance the chemical
characteristics of carbon compounds when stimulated exter-
nally (light, magnet, and electricity).

Additionally, enriched-conjugated systems exhibit excellent
theoretical conductivity and charge transfer rates. Due to these
qualities, GDY has the potential to significantly enhance the
manufacture of high-performance electrical products. The pro-
cesses used to synthesize GDY are classified as dry or wet
methods.’*®? Li et al. utilized a 2D all-carbon GDY with super-
ior 2D strength and strong mixed conductivities for both
electrons and ions to shield multidimensional nickel cobalt
oxide nanostructures and got an electrode for hybrid super-
capacitors. The in situ formed GDY forms 3D interpenetrating
networks with nanostructures, resulting in a considerable
increase in conductivity and prevention of structural deterioration.
The built hybrid asymmetric supercapacitor exhibited an excellent
capacitance of 200.9 F g~ at 1 A g~ ', with an energy density of
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density of the states of rGO with the H* and Zn?* adsorption.®® Reused with permission from Wiley.

62.8 W h kg~ ' and a power density of 747.9 W kg™ . In a long-
term 10 000-cycle test at a current density of 20 A g™, the
capacity retention can reach 97.7%.

4.4. Three-dimensional carbon materials

Increased dimensionality means that a greater proportion of
the active surface is in contact with the electrolyte, which
significantly improves the electrochemical characteristics of
electrode materials.”® A three-dimensional (3-D) structure with
well-connected holes, from this vantage point, not only pro-
vides continuous channels for optimal electrolyte contact, but
also speeds up the charge transfer by minimizing diffusion
paths.’* 3-D carbon materials garnered significant interest for
their use in hybrid capacitors due to several unique properties.
First, 3-D carbon materials possess high surface area and
conductivity, making them ideal for use as electrodes. The high
surface area provides ample room for electrochemical reactions
to occur, resulting in a higher capacitance compared to 2-D
electrodes. The high conductivity of 3-D carbon materials
ensures that the flow of charge is fast and efficient, reducing
the internal resistance and improving the power density of the

This journal is © The Royal Society of Chemistry 2023

hybrid capacitors. Second, 3-D carbon materials are flexible and
lightweight, making them suitable for use in energy storage
systems. Their mechanical stability and durability also make
them ideal for use in demanding applications where high-
performance energy storage is required. Third, 3-D carbon
materials have a high chemical stability and corrosion resis-
tance, making them highly resistant to degradation in aqueous
and non-aqueous electrolytes. This property is particularly
important in hybrid capacitors, where the electrode materials
are subjected to repeated charge-discharge cycles and electro-
chemical reactions. The high chemical stability of 3-D carbon
materials helps to extend the life of the capacitor, increasing its
reliability and durability. Fourth, 3-D carbon materials are
environmentally friendly, as they are made from renewable
resources and do not contain harmful or toxic chemicals. This
property makes them suitable for use in environmentally
sensitive applications, such as in the automotive and aerospace
industries, where the use of hazardous materials is strictly
regulated.

Typically, 3-D carbon materials are generated using CVD,
hydrothermal, or template methods. Due to sustainable
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development requirements, researchers have adopted some
bio-residue-derived biochars for 3-D carbon material construc-
tion. Milica et al. suggested using a porous activated carbon
produced from biochar to obtain Al-ion supercapacitors.
As shown in Fig. 10, carbonized vine shoots (VS) were tested
as electrode material for supercapacitors with aqueous electro-
lyte. Biochar prepared by pre-carbonization of VS (at 300 °C)
was impregnated with ZnCl, at 600-700 °C to produce carbon
with large micropore and mesopore volumes and a large SSA of
close to 1500 m”> g~ *. A high specific capacitance was achieved
in an Al-based electrolyte, allowing a working voltage of 1.8 V
and delivering an energy density of 24 Wh kg " at 1 A g%

4.5. Carbon-based cathode design

The mechanism of adsorption/desorption or embedding/
de-embedding of multivalent metal cations on carbon-based
electrodes relies on the study of the solvation properties of
various metals, mostly thought to correspond to the ion dia-
meter. Understanding the solvation environment of each metal
cation system and the energy required for desolvation may
facilitate the study of carbon-based cathodes. Multivalent cations
have a high charge density and strong interaction with the
electrolyte and cathode material, making dissociation and
solid-state diffusion kinetically unfavorable, which is one of the
biggest challenges in developing multivalent metal cation bat-
teries and other energy storage devices.”® Typically, researchers
look to low current densities and high temperatures to promote
the embedding of metal cations, but under these conditions, side
reactions tend to contribute more to capacity and are detrimental

1378 | Energy Environ. Sci., 2023, 16, 1364-1383

to cycling stability. In recent studies, proton embedding has been
the dominant reaction in many multivalent cationic energy
storage devices, largely due to the aqueous electrolyte being
employed.®” In fact, however, protons can still be generated by
solvent decomposition even in anhydrous systems. Cathode
design usually takes the storage of solvated molecules or
complex ions (e.g., MgCl', AICl,~, etc. in chlorine-containing
systems) into consideration rather than the bare metal cations
after stripping.”® For example, much of the work in ZHC
research has focused on studying aqueous solutions, such as
ZnSO, or Zn(CF3S0,),, as electrolyte systems. The presence of
zinc salts in the electrolyte system inevitably produces zinc ions
and solvated Zn([Zn(H,0)e]*") ions. Their diameters differ
greatly between 1.48 and 8.60 A, respectively, and this increased
size limits their embedding in the micro-pores of the carbon
material, thus limiting the capacity.’®

The weak bonding of multivalent metal cations to the sur-
face of the carbon material is also a limitation for the capacity
of MIHCs, especially for Mg>". William et al. illustrated through
the energy band structure that when Mg>* are adsorbed onto
graphene, the Fermi energy level remains at the Dirac point
and thus no charge transfer occurs.”® Adjusting the layer
spacing of the carbon material to adjust the Fermi energy level
is a possible strategy, which can be inspired by the design
of monovalent cationic capacitors.'®® These challenges and
realities have led researchers to focus on the design of cathode
structures. It has been shown that the insertion of surface
functional groups, heteroatom doping, and the introduction of
surface defects are key methods for enhancing the electrochemical

This journal is © The Royal Society of Chemistry 2023
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HZSO4.95 Reused with permission from Elsevier.

characteristics of carbon-based materials. Moreover, researchers
have expended effort in optimizing the SSA and pore size
distribution of carbon-based electrode materials. Nevertheless,
the link between the pore characteristics of carbon materials
and their energy storage capacity is ambiguous and needs
further experimental and theoretical support.

The physical adsorption/desorption of ions on the surface of
carbon materials is thought to be strongly influenced by the
SSA. Kang et al. found that when activated carbon particles with
an SSA of 142 m~2 g~ ' were used as a cathode, the discharge
capacity of the assembled ZHCs was only 9 mA h g~ ' at a
current density of 0.1 Ag™"; when a carbon black particle with a

This journal is © The Royal Society of Chemistry 2023

higher SSA of 1408 m~> g~ " was used as the cathode material, it
achieved a discharge capacity of 78 mA h g™' at 0.1 A g~ *.'**
Notably, the cathode is involved in a series of side reactions in
addition to the physical adsorption/desorption of cations.
In the case of ZHCs, for example, the deposition/dissolution
of Zn,SO,(OH)s-5H,0 is involved in the cathode reaction. This
deposition/dissolution process is irreversible and may lead to a
rise in pH throughout the charge/discharge cycle of the ZHC,
resulting in the creation of zinc oxide and the development of
undesirable Zn dendrites.

Some researchers have argued that the SSA is not the only
factor that affects MIHCs capacity. First, not all micropores on
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the electrode material are accessible to the electrolyte ions.
A cathode material design that considers both a suitable pore
size distribution and a high specific surface area is an effective
strategy to increase the capacity of MIHCs. An ideal pore
structure should have a hierarchical structure with macropores
(>50 nm) for electrolyte penetration, mesopores (2-50 nm) for
ion transport, and micropores (2 nm) for charge storage.'** Ion
migration in micropores is proportional to the size of the
solvated molecules and the diameter of the pore.'®® In other
words, ions have trouble crossing the energy barrier and
entering pores when the size of the solvent molecules and
solvated ions is larger than the size of the pores. Thus, although
increasing the number of micropores increases the SSA, this is
not necessarily accompanied by an increase in capacitance.
Due to their pore size, mesoporous materials facilitate the fast
transport of ions, hence improving electrochemical characteris-
tics.'® Additionally, a porous structure with a restricted dis-
tribution might shorten the ion transit length, improving the
electrode kinetics."*

5. Conclusion and outlook

Compared to conventional metal ion batteries and super-
capacitors, MIHCs offer high energy density and high-power
density, ultra-long cycle life, safety, and more available poly-
valent metal resources, making them very competitive for use in
the energy storage industry. To fulfill the urgent need for high-
performance energy storage and conversion, it is desired to
develop innovative electrode materials for MIHCs. In particu-
lar, cathode development remains a major general challenge.
As the multivalent metal cation energy storage technologies of
interest have covered zinc, magnesium, calcium, aluminum,
etc., new members will be validated by drawing on the test
procedures of mature energy storage technologies, such as
monovalent ion supercapacitors, etc. It is worth noting that
various research groups have invested efforts in improving the
overall performance of MIHCs with the help of carbon nano-
materials of different dimensions (0, 1, 2, and 3) and asym-
metrically designed pseudocapacitive materials, which has
improved the specific capacitance of MIHCs devices. In this
review, we comprehensively summarise the recent progress of
multivalent cation hybrid capacitors and carbon-based electro-
des, and from the existing representative results and compar-
isons, we draw the challenges that still need to be solved and
the scope of future work.

(1) More battery-type electrode active materials should be
developed, especially ‘“beyond metal” type electrodes, and their
reaction mechanisms should be studied in more detail. Due to
the constraint of electrode materials, the majority of studies
focus on ZHCs, whereas MHCs, CHCs, and AHCs get relatively
little attention. The “beyond metal” material is crucial to the
development of the anodes for these three hybrid capacitors,
allowing for more stable cycling and increased efficiency. The
future development of MIHCs anodes will focus on making
them lightweight, highly stable, and cost-efficient. Moreover,
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the electrochemical reaction mechanism of multivalent cations
in MIHCs electrodes remains obscure. In contrast to mono-
valent cations, the ionic diameter, charge number, reactivity,
ionic diffusion coefficient, and binding energy between ions
and active materials of multivalent cations result in a distinct
insertion-extraction kinetic energy storage mechanism in
battery-type electrodes. The complexity of energy storage research
is increasing. Other energy storage processes should exist in
battery-type electrodes of MIHCs than ion adsorption/desorption,
necessitating the adoption of more efficient and improved
material characterization methodologies and electrochemical
tests. With the advancement of technology, in situ infrared
spectroscopy, in situ X-ray diffraction, and X-ray photoelectron
spectroscopy may be used to monitor the surface groups,
phases, and chemical states of electrodes in different charge-
discharge states.

(2) Optimizing the structure of carbon-based electrode
materials is an area that needs further attention. The cycling
behaviour and power density of electrodes for all pseudocapa-
citive energy storage techniques must be enhanced since their
performance is limited by the slow redox kinetics associated
with intrinsic ion/electron transport. It is necessary to expand
the potential window of carbon-based electrode materials in
order to increase their working potential and energy density.
Controlling the porosity of carbon-based materials is another
crucial area of study. The optimal pore shape and size, as well
as the relationship between carbonization precursors and
carbonization procedures should be examined, in order to
discover the optimum kinetics of carbon-based materials in
the cycling behaviour of MIHCs. 3-D carbon compounds are
structurally more appropriate for use as electrodes. Consider-
ing the recent research progress and the properties of carbon
materials, the 3-D structure is more suitable for MIHC energy
storage than 0-D, 1-D, and 2-D.

(3) Developing ecologically responsible, low-cost, and
energy-efficient industrial manufacturing techniques for car-
bon nanomaterials. One obstacle preventing the industrializa-
tion of carbon-based materials is the high cost and high energy
consumption of the carbonization and activation process.
Therefore, it is vital to establish new manufacturing methods
that are more streamlined. Notably, despite the fact that fine
carbon material structures have been validated in the labora-
tory and have shown outstanding electrochemical performance,
obstacles still exist in the synthesis of carbon nanomaterials on
an industrial scale. Due to the mismatch between industrial
test standards and laboratory test standards, a gap arises
between scientific study and practical application that can only
be bridged by the adoption of unified test standards. Under-
standing the compatibility of carbon materials with the devel-
opment of electrode coating processes is essential, and special
configurations of MIHCs can be achieved using screen printing,
3-D printing and other methods.

(4) The commercialization of carbon materials for use in
MIHCs has been driven by the growing demand for high-power
energy storage devices in a variety of industries, including
consumer electronics, renewable energy, and electric vehicles.

This journal is © The Royal Society of Chemistry 2023
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In recent years, the production of carbon-based materials
for hybrid capacitors has become more industrialized, with
companies investing in large-scale production facilities and
expanding their product offerings to meet the growing demand.
Various energy storage technologies using metal cations as
charge carriers are at different industrial stages. Japanese
companies have succesfully applied lithium-ion energy storage,
sodium-ion energy storage and magnesium-ion energy storage
technologies to industrial production, while Chinese compa-
nies are making efforts to commercialize sodium-ion energy
storage technologies to a higher degree and the market size of
sodium-ion energy storage is predicted to be over USD 6 billion
in China by 2025. Dutch companies’ mastery of aluminum ion
energy storage technology is impressive, while calcium ion
energy storage technology has been the slowest to develop in
recent years. In the future, the commercialization of energy
storage technology should be the focus of the development of
enterprises in various countries. Despite the rapid growth and
industrialization of carbon materials in hybrid capacitors, there
are still some challenges that must be overcome to fully realize
the potential of these materials. These include issues related to
increasing mass loading in electrodes, scaling up production,
improving performance, and reducing cost. Nevertheless, the
continuous development and commercialization of carbon
materials for hybrid capacitors has the potential to be greatly
improved in the next decade.
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